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1 Fundamentals of set theory

1.1 Formulating and describing sets

Intuitively, a set is a group of items that (generally) share some common property; items
in a set are called elements or members of the set. Sets are conventionally denoted by
uppercase letters, e.g. A, B, X,Y, while their elements are usually denoted by lowercase
letters, e.g. a,b,x,y.

Set theory is based on the concept of membership, i.e. of some item “being an element
of” a set. The notation a € A means that a is an element of the set A, while the notation
a ¢ A means that a is not an element of the set A.

A set is fully described by specifying all of its elements. Two sets are said to be equal
when they have identical elements; more precisely, two sets A and B are equal when every
element of A is also an element of B, and every element of B is also an element of A. The
notation A = B means that the sets A and B are equal. Order and repetition of elements
do not affect set equality, for example

{1,2,1} ={1,2} = {2,1} (these three sets are all equal).

Definition 1.1: Subsets

A set B is said to be a subset of a set A if every element of B is also an element of
A; the notation B C A means that B is a subset of A.

The definition of set equality implies that

A=DBif and only if, BC A and A C B.

| r

Topic 1.1: Ways of defining sets

A set can be explicitly defined by writing its elements, separated by commas, between
two braces; for example, the notation

A=1{1,2,3,4}
defines a set A whose elements are the first four natural numbers, 1, 2, 3, and 4.

When a set’s elements follow a well-defined pattern, the set can also be defined, albeit
informally, by listing only the first few elements followed by an ellipsis; the remaining
elements are implicitly deduced from the pattern given by the first few elements. For
example, the natural numbers, denoted by N, can be informally defined in the form

N=1{1,2,3,4,5,...} (the natural numbers, defined informally).

Although the above definition obviously does not explicitly state all of the natural
numbers, the pattern in the first few elements makes it reasonably clear that the set
N also contains the numbers 6,7, 8, and so on. We will define the natural numbers
more formally in Chapter 2.

A set, say B, may also be defined as the subset of an already-defined set A based on
some property P in the form

B = {a € A; a has the property P};




in this case B contains all a € A for which a has the property P. As an example,
the set of all even natural numbers, denoted by 2N, can be defined as

2N ={n e N;niseven} CN;

the first few elements of this set are 2,4, 6, and so on.

Definition 1.2: The empty set

The set containing no elements at all is called the empty set, is denoted by (), and
can be written as

0={} (the empty set).

1.1.1 Basic operations on sets

This section defines some common operations on sets that again yield a set.

Definition 1.3: Intersection of sets and disjoint sets

The intersection of two sets A and B, denoted by A N B, is the set of all items that
are elements of both A and B. The intersection AN B can be defined in the following
equivalent forms:

ANB={a€A;aeB}={beB;bc A} ={a€ A;a€ Aandac B}

Two sets are said to be disjoint if their intersection is the empty set, i.e. the sets A
and B are disjoint if AN B = ().

Because AN B is the set of all elements that lie in both A and B, the intersection AN B is
necessarily a subset of both A and B. Here is a simple example of a set intersection:

{1,2,3}n{2,3,4} = {2,3}.
Set intersections are commutative and associative, i.e.

ANB=BNA (intersections are commutative)
AN(BNC)=(ANnB)nC (intersections are associative);

these properties follow from two sets being equal when they contain the same elements,
regardless of the order and repetition of these elements. The associativity of set intersection
motivates the definition of the intersection of n € N sets as

ﬂAk:AlﬂA2ﬂ~--ﬂAn_1ﬂAn

k=1
:Alﬁ(AQH---(An_lﬁAn)'--).

Definition 1.4: Difference of sets

The difference of the sets A and B, denoted by A\ B, is the set of all elements of A




that are not elements of B. The set difference A\ B is defined as

A\B={a€ A;a¢ B}

The difference A \ B is the set of all elements of A that are not also elements of B, so
A\ B is a subset of A, but not necessarily a subset of B. Here is a simple example of a set
difference:

{1,2,3}\ {2,3,4} = {1}.
Definition 1.5: Union of sets

The union of the sets A and B, denoted by A U B, is the set of all items that are
elements of both A and B. The set union A U B is defined as

AUB={a;a€c Aorac B}.

The union A U B is the set of all elements either in A or in B, so A and B are both subsets
of AU B. Here is a simple example of a set union:

{1,2,3}U{2,3,4} ={1,2,3,4}.
Like the set intersection, the set union is both commutative and associative, i.e.

AUB=BNA (unions are commutative)
Au(BNC)=(ANnB)NC (unions are associative).

The associativity of set unions motivates the definition of the union of n € N sets as.

n
LJAk:AluA2u~-UAm4UAn
k=1
=A1U(AQU--'(An_lLJAn)"').

Definition 1.6: Cartesian product of sets

The Cartesian product of the sets A and B is denoted by A x B and defined as
Ax B={(a,b); a € Abe B}.

In words, the Cartesian product A x B is the set of all ordered pairs (a, b) satisfying
the conditions:

eacA
ebeB
e (a,b) = (a/,V) if, and only if, a = a’ and b =V'.

Here is a simple example of a Cartesian product:

{1,2} x{2,3} ={(1,2),(1,3),(2,2),(2,3)}.



The Cartesian product of n € N sets Ay, As, ..., A, is defined as

HAk:AleQX---XAn
k=1
:{(al,ag,...,an);al €A1,...,an€An},

where (a1,...,an) = (a},...,ay) if, and only if, ay = aj, for all k =1,...,n.

Definition 1.7: Complement of a set

Let A be a subset of some universal set U, i.e. A C U (this sounds abstract here, but
the universal set is usually clear from context). The complement of A with respect
to the universal set U is denoted by A® and defined as

A°=U\NA={aecU;a¢ A}

The set A€ contains all elements of U that are not elements of A.

Note that a set complement is well-defined only with respect to a given universal set; i.e.
the expression A€ is not well-defined without specifying the universal set with respect to
which the complement is taken. In practice, the universal set will be either explicitly stated
or clear from context.

As a simple example, let A ={1,2} and U = {1, 2, 3,4}; then
A° = {3,4} (with respect to the set U);
however, if U’ = {1,2,3,4,5}, then

A° = {3,4,5} (with respect to the set U’).

1.1.2 Indexed families of sets

Let J be an arbitrary nonempty set, and for each element j € J define the set A;. The
collection of all the sets A; for all indices j € J is called an indexed family of sets and is
written

(Aj)j cJ (notation: indexed family of sets).
In this context .J is called the index set of the indexed family (Aj)j e and the elements
j € J are called indices. The intersection and union of an indexed family of sets (Aj)j cJ
are defined as

n Aj={a;ac Ajforall jeJ} (intersection of an indexed family of sets)

Jje€J

U Aj={a;a€ Ajfor some j € J}  (union of an indexed family of sets).

Jj€J
The set of all sets in an indexed family of sets is called a family of sets; if (Aj)j ¢y Is an
indexed family of sets indexed by the set J, then the corresponding family of sets, which
we will denote by A, is defined as

A={4;:j€J}.



The intersection and union of a family of sets A are defined as

NA = ﬂ A; (intersection of a family of sets)
j€J

UA = U A; (union of a family of sets).
jeJ

Example 1.8: Families of sets and the natural numbers

Let n € N be a natural number, let J = {1,2,...,n} be an indexing set, and let
Aj={neN;n>j} c Nforall j € J. (The set A; holds all natural numbers
greater than or equal to j, for example A3 = {3,4,5,...}.) In this case:

e N=A; ={1,2,3,...} by the definition of A; and N.
e Ay DAy D A3 D -+, ie. each set A; is a subset of the previous set A;_;.

e () A; =0, i.e no natural number n € N occurs in all A;.
jeJ

e |J A; =N, ie. every natural number n € N occurs in at least one A;.
JjeJ

We conclude this section with de Morgan’s laws, which are a pair of rules important in
logic and Boolean algebra.

Proposition 1.9: De Morgan’s laws

Let (Aj)j ¢ be an indexed family of sets indexed by the set J, and for all j € J let
A;j be a subset of the same universal set U. In this case

UAEZ(ﬂAj)C and ﬂA;:(UAj)C.

jeJ jeJ jeJ jeJ

Proof. We begin with LHS of the first equality and consider an arbitrary element
ael ieJ Aj5. The element a necessarily occurs in at least one of the A;, so there
exists some index jo € J for which a € A5 . By the definition of the set complement,

it follows that a ¢ Aj,, and so a ¢ (;c; A;j, which in turn implies that

a€ <jD]Aj>C

More so, a ¢ ) jes Aj by the definition of the set complement, so there exists some
index jo € J for which a ¢ Aj,. The result a ¢ Aj, means that a € A5, which in
turn implies that a € Uje J A;, proving the first equality.

The proof of the second equality is analogous. O




1.2 Functions

1.2.1 Basic concepts related to functions
Definition 1.10: Function, domain, codomain, and image

A function f from a set A to a set B, denoted by f: A — B, is a mapping that
assigns a single element b = f(a) € B to each element a € A. Phrased equivalently,
for each element a € A, a function f: A — B associates a with a single element
b € B, denoted by b = f(a).

We define the following additional terminology and notation for a function f: A — B:
e The set A is called the function’s domain.
e The set B is called the function’s codomain.

e For each a € A, the function f is said to map the element a € A to the value
f(a) € B; this relationship is sometimes denoted by f: a — f(a). The value
f(a) is called the image of the element a under the function f.

| r

Remark 1.11: Specifying a function

A function is fully specified by its domain, codomain, and mapping formula, i.e.
the formula specifying how elements of the domain are mapped to elements of the
codomain. Two functions are equal only if they share the same mapping formula
and their domains and codomains are equal.

Definition 1.12: Graph of a function

| V

The graph of a function f: A — B is denoted by G(f) and defined as

G(f)={(a,b) e Ax B; b= f(a)}.

In words, the graph G(f) is the set of all ordered pairs (a,b) for which a € A and
b= f(a) for some a € A.

\.

Note that, in general, G(f) C A x B, i.e. G(f) is a subset of A x B (even though one
might intuitively expect G(f) = A x B). The relationship G(f) C A x B stems from the
fact that a function does not necessarily have to map to every element in its codomain. As
a result, the b in (a,b) € G(f) in general don’t encompass all b € B, but only those b € B
for which b = f(a) for some a € A, and so G(f) is a subset of A x B.

Definition 1.13: Image of a function

The image of a function is the set of all elements in the function’s codomain that
are images of at least one element in the function’s domain. In symbols, the image
of a function f: A — B, denoted by image(f), is the set

image(f) = {b € B; b= f(a) for at least one a € A}.

In general, image(f) C B, i.e. a function’s image is a subset of its codomain; this is for
the same reason mentioned above in the discussion of a function’s graph—a function does
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not in general map to every element in its codomain. As a simple example, consider the
function f: N — N with the mapping formula f(n) = 2n. This function is defined to have
the codomain B = N, but the function’s image is

image(f) = 2N = {2,4,6,8,...} # B.

Topic 1.2: Image of a subset of a function’s domain

Consider a function f: A — B mapping from the set A to the set B, and let X C A
denote an arbitrary subset of f’s domain. The image of the subset X C A under the
function f is the set

f(X)={be B; b= f(a) for at least one a € X} C B.

It follows immediately that f(A) = image(f) in the special case when X = A.

The notation for defining f(X) is admittedly a bit verbose; we will often use the
following shorter notation instead:

f(X)={be B; b= f(a) for at least one a € X}
={f(a);ae€ X}.

More generally, letting P denote any property that can be unambiguously ascribed
to the elements of the domain A, we can extend the above shorthand notation to

f({a € X ; a obeys property 73}) = {f(a); a € X and a obeys property 73}.

Definition 1.14: Inverse image

Consider a function f: A — B mapping from the set A to the set B, and let Y C B
denote an arbitrary subset of f’s codomain. The inverse image or preimage of the
subset Y C B under the function f, denoted by f~1(Y), is the set

YY) ={a€e4; fla)eY}).

In words, the inverse image f~!(Y) holds those elements in f’s domain that are
mapped to elements of Y. It directly follows that f~!(Y) C A and, in the special
case when Y = B, that f~1(B) = A.

Definition 1.15: Fiber of a single subset of the codomain

Consider a function f: A — B mapping from the set A to the set B, let b € B
be an arbitrary point in f’s codomain, and let {b} C B denote the single-element
(singleton) set containing b. The inverse image f~!({b}), i.e. the set of all elements
of f’s domain that are mapped to b, is called the fiber of the function f over the
point b C B.

By the definition of the fiber,
e f71({b}) C A if there exists at least one element a € A for which b = f(a),
o f71({b}) = 0 if there does not exist any a € A for which b = f(a).

11



e The function image image(f) contains all points b € B whose fibers f~1({b}) are
nonempty.

Example 1.16: Some important functions

(i) (The identity function) The identity function (for an arbitrary set A) is the
function id4: A — A with the mapping formula

idg(a) = a for all a € A.

In words, the identity function id 4 maps every element in A to itself.

(i1) (Restriction of a function to a subset) Consider a function f: A — B mapping
from the set A to the set B, and let X C A be an arbitrary subset of f’s
domain. The restriction of the function f to the subset X, denoted by f|x, is
the function f|x: X — B with the mapping formula

(flx)(a) = f(a) for all a € X.

If the restriction f ‘  has some property P, then the parent function f: A — B
is said to have the property P on the subset X C A.

(i) (Inclusion of a subset into a superset) Consider an arbitrary set A and let
X C A be an arbitrary subset of A. The inclusion map of the subset X into
the superset A, denoted by incx 4, is the function incx 4: X — A with the
mapping formula

incx a(a) =a for all a € X.

Interpretation: incx, 4(a) is similar to the identity function idx, except that
all a in image(incy 4) are treated as elements of the superset A (instead of
elements of X, as for idy).

(iv) (Projection) Let Ay, Ag,..., A, be a collection of n € N sets, let the tuple
(a1,as,...,a,) denote an arbitrary element of the Cartesian product A; x Ag x
-+« X Ay, and define the integer k € {1,2,...,n}.

A projection onto the k-th component of the Cartesian product Ay x Agx- - - X Ay,
denoted by pry, is a function of the form prj,: A} x Ay x --- x A, — Ay with
the mapping formula

prk((al,...,an)) = ay for all (ay,...,a,) € Ap X -+ X A,.

In words, the projection pr;, takes as input n-tuples (ay, ..., a,) from the entire
Cartesian product A; X - -+ x A, and outputs only the tuple’s k-th component,
which is an element of Ay.

12



1.2.2 Composition of functions

Definition 1.17: Injective, surjective, and bijective functions

Consider a function f: A — B mapping from the set A to the set B.

(i) The function f is said to be injective if f(a) # f(a') for any two elements
a,a’ € A for which a # a/. In words, f is injective if for any two unique
elements a and d’ in its domain, the images f(a) and f(a’) of these elements
under the function f are also unique.

(ii) The function f is said to be surjective if f(A) = B. In words, f is surjective if
its image f(A) equals its codomain B, i.e. if every element in its codomain is
mapped to by some element in its domain.

(iii) The function f is said to be bijective if it is both injective and surjective.

Definition 1.18: Function composition

Let A, B, and C be three arbitrary sets and consider two functions f: A — B and
g: B — C; note that f is chosen to map into ¢g’s domain. The composition of f and
g is the function go f: A — C with the mapping formula

(go f)(a) =g(f(a)) for all a € A.

The composition g o f is defined only if f’s codomain equals g’s domain.

We now list two important properties of function composition; let A, B, C, and D be four
arbitrary sets and consider three functions f: A - B, g: B— C, and h: C — D. In this
case:

(i) (hog)of=ho(gof) (composition is associative)

(ii) foidsa = f and idg o f = f, which means that the identity function is a neutral
element under composition.

Example 1.19: Composition

Consider the functions f,g: R — R given by the mapping formulae f(z) = 22 and
g(x) = 2z. In this case:

(1) (fog)=f(9()) = f(22) = 4a?,
(i) (90f)=g(f(2)) = g(2?) = 222

1.2.3 The inverse of a function

Definition 1.20: The inverse of a function

Consider a function f: A — B mapping from the set A to the set B.
(i) The function g: B — A is called a left inverse of f if

gOfZidA,

13



where id 4 is the identity function on f’s domain A, defined in Example 1.16 (i).
(ii) The function h: B — A is called a right inverse of f if

foh:idB.

(iii) An arbitrary function is called the inverse of f if it is both f’s left and right
inverse. We will sometimes call a function’s inverse its two-sided inverse to
distinguish it from a left or right inverse.

Note that, in general, a function can have either multiple left inverses or multiple right
inverses. As a simple example of a function with multiple left inverses, define the functions

(i) f:{0,1} — {10,11,12}, f(0) =10, f(1) =11,
(i) go: {10,11,12} — {0,1}, go(10) =0, go(11) =1, go(12) = 0, and
(iii) g1: {10,11,12} — {0,1}, g1(10) = 0, g1 (11) = 1, g1(12) = 1.
In this case go o f = g1 0 f =1id{g,1}, S0 go and g1 are both left inverses of f.
As a simple example of a function with multiple right inverses, define the functions
(i) ¢: (0.1} — {2}, 6(0) = 6(1) = 2,
(ii) ho: {2} — {0,1}, ho(2) =0, and
(iii) hy: {2} — {0,1}, h1(2) = 1.

In this case fohg = ¢ohy =idyz}, so both kg and hy are right inverses of ¢. These two
examples show that left and right inverses are not, in general, unique. However, a function’s
inverse (when it exists), is unique, as we will prove shortly.

Proposition 1.21: Left and right inverses must be equal

If a function has both a left and right inverse, the left and right inverses are identical.

Proof. Suppose a function f: A — B has both a left inverse g: B — A and a right
inverse h: B — A. We can then show that h = g with the calculation

(2) ()

i, 0n & ©

(gof)ohLgo(fon) ©

= goidp =y,
where (a) and (e) follow from the definition of the identity function, (b) because g is

the left inverse of f, (c) by the associativity of composition, and (d) because g is the
left inverse of f. O

Corollary 1.22: A function’s inverse is unique

A function can have at most one two-sided inverse. This statement follows directly
from Proposition 1.21, which implies that for any function with one or more right
inverses and one more left inverses, all of the left and right inverses are equal to the
same two-sided inverse.




Definition 1.23: An invertible function

A function f: A — B mapping from the set A to the set B is said to be invertible if
it has an inverse. In this case f’s inverse is denoted by f~': B — A.

We now list two basic properties of any two invertible functions f: A - B and g: B — C:

(i) The inverse of an invertible function is again an invertible function and obeys
—1y—1
() =1
(ii) The composition of two invertible functions is again an invertible function and obeys

(gof)y™=ftog™h

Proposition 1.24: Invertible and bijective functions

For any function f: A — B:
(i) If f is injective and A # (0, then f has a left inverse.
(ii) If f has a left inverse, then f is injective.
(iii) The function f is surjective if, and only if, f has a right inverse.
)

(iv) The function f is bijective if, and only if, f is invertible.

Proof.

(i) We will prove this point by constructing a function g: B — A that is a left
inverse of f. Assuming f is injective, for each domain element a € A there
exists exactly one corresponding image element b = f(a) € f(A), for which we
define g(b) = a.

We must also consider elements in f’s codomain that are not in f’s image:
because A is not empty, we may choose some element ayg € A and, for all
non-image elements &’ € B\ f(A), define ag = g(v'). The thus-defined function
g: B — Ais a left inverse of f.

(ii) Let g be a left inverse of f. For any two elements a,a’ € A for which a # @/, it
holds that g(f(a)) = a # o’ = g(f(a’)), from which follows that f(a) # f(a’),
i.e. f is injective.

(iii) («) Let h be a right inverse of f, in which case we may write each element
b € B in the form b = f(h(b)); this means that b is in f’s image, i.e. that f is
surjective.

(=) Assume that f is surjective; in this case every element of f’s codomain
B is mapped to by some element in its domain A, and so for each element
b € B the preimage f~1({b}) € A is nonempty. Let a; = f~({b}) € A denote
any element in the preimage f~1({b}) (ap always exists because the preimage
is nonempty), and let the function h: B — A be defined by h(b) = a;. The
thus-defined function h: B — A is a right inverse of f.
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(iv) This point follows directly from the above points and the definition of an
invertible and bijective function. O

1.3 Set cardinality

Loosely, set cardinality refers to the number of elements in a set. We develop this concept
more formally in this section.

Definition 1.25: Equipotence

The set A is equipotent to the set B if there exists a bijection from A to B. In this
case we write

|A| = | B| (notation: A and B are equipotent).

Set equipotence obeys the following three properties for any three sets A, B, and C:
(i) (Reflexivity) Every set is equipotent to itself.
(i1) (Symmetry) If the set A is equipotent to the set B, then B is also equipotent to A.

(iii) (Transitivity) If the set A is equipotent to the set B and B is equipotent to the set
C, then A is also equipotent to C.

Because it is reflexive, symmetric, and transitive, equipotence is an equivalence relation.

Definition 1.26: Classes of set cardinality

Consider an arbitrary set A and natural number n € N.
(i) The set A is said to contain n elements if A is equipotent to the set {1,2,...,n}.

(ii) The set A is said to be finite either if A is empty or if A has n elements for
some natural number n € N.

(i) The set A is said to be infinite if it is not finite.

(iv) The set A is said to be countably infinite if it is equipotent to the set of natural
numbers N, i.e. if there exists a bijection f: N — A.

(v) The set A is said to be countable either if A is finite or if A is countably infinite.

\.

Here are two more properties related to set equipotence and cardinality:

(i) Two nonempty, finite sets are equipotent if, and only if, they have the same number
of elements.

(ii) The empty set is equipotent only to itself.

Example 1.27: The set 2N of even natural numbers

Perhaps counterintuitively, the set 2N = {2,4,6,...} of even natural numbers is
equipotent to the natural numbers N = {1,2,3,...}, since there exists a bijection
between the two sets, namely the function f: N — 2N defined by f(n) = 2n.
The corresponding inverse function is f~': 2N — N with the mapping formula
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f~(n) = n/2.

Example 1.28: The set N x N is countable

The Cartesian product N x N is countably infinite (and thus countable). To show
this, we arrange the elements of N x N in the form

and construction a bijection f: N — N x N by arranging the elements of N x N along
the diagonals from top left to bottom right, i.e.

(1,1),(2,1),(1,2),(3,1),(2,2),(1,3),. ...

The corresponding inverse function f~': N x N — N has the mapping formula

71 ((m,n)) =n+%(m+n—2)(m+n—1) for all (m,n) € N x N.

Proposition 1.29: Subsets of countable sets are countable

Every subset of a countable set is itself countable.

Proof. Since every countable set can be related with a bijection to a subset of the
natural numbers, it suffices to prove the theorem for subsets of the natural numbers.

Let A C N be an arbitrary infinite subset of N. (If A were finite the proof would be
trivial, since every finite set is by definition countable.) We aim to prove that A is
countably infinite, i.e. that there exists a bijection f: N — A from N and A.

We construct the bijection as follows: let f(1) be the smallest natural number in A,
then let f(2) be the smallest natural number in A\ {f(1)}, and so on, so that f(n+1)
is the smallest natural number in the set A\ {f(1), f(2),..., f(n)}; this smallest
number is guaranteed to exist because A is an infinite subset of the natural numbers.
The function f: N — A is injective by construction, since any two n,n’ € N with
n # n’ map to two different a,a’ € A. More so, because each element in A is larger
than only a finite number of natural numbers, every element in A is mapped to, and
so f is also surjective. The function f is thus bijective, and so A is countably infinite
and thus countable. O

Proposition 1.30: Relating surjective and injective functions to countable

domains and codomains
Consider a function f: A — B mapping from the set A to the set B.

(i) If the function f is injective and its codomain B is countable, then its domain
A is also countable.
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(ii) If the function f is surjective and its domain A is countable, then its codomain
B is also countable.

Proof.

(i) The map A — f(A) (from A to f’s image f(A)) is necessarily surjective; more
so, because f is injective, the map A — f(A) is also bijective. The function
f’s codomain B is countable, so by Proposition 1.29 its image f(A) C B is
also countable. Since f(A) is countable and there exists a bijection between
f(A) and A, the domain A must also be countable.

(ii) Because f is surjective, f must have a right inverse h: B — A by Proposi-
tion 1.24 (iii). The function A thus has a left inverse f, and so h is injective by
Proposition 1.24 (ii). Since h is injective and h’s codomain A is countable, h’s
domain (and f’s codomain) B must be countable by point (i). O

Corollary 1.31: Relating surjective and injective functions to countable
sets

The natural numbers are by definition countable, so Proposition 1.30 directly implies:

(i) An arbitrary set A is countable if, and only if, there exists an injective function
of the form f: A — N.

(ii) An arbitrary nonempty set A is countable if, and only if, there exists a surjective
function N — A.

Proposition 1.32: Cartesian product of two countable sets

The Cartesian product of any two countable sets is also a countable set.

Proof. Let A and B be two countable sets and let a and b denote arbitrary elements
of A and B, respectively. By Corollary 1.31 (i) there exist injective functions of the
form f: A > N and g: B — N. Using f and g, we then define the new function
fxg:Ax B — Nx N with mapping formula (f x g)(a,b) = (f(a),g(a)). The
function f x g is injective by construction (since f and g are injective); more so,
because the codomain N x N is countable by Example 1.28, the domain A x B is also
countable by Proposition 1.30 (i). Because A and B were arbitrary, the proposition
holds for arbitrary countable sets. O

Corollary 1.33: Cartesian product of n countable sets

The Cartesian product of any finite number of countable sets is also a countable set.

Proof. Let Ay, As,..., A, be countable sets for some natural number n € N. We
first define the bijection

A X Ay XX Ap_1 X Ap = A1 X (Ag X -+ (Ano1 X Ap) -+ );
(a1,az,...,6p-1,0,) = (a1, (az,...(an_1,an)...)),

and then successively apply Proposition 1.32 to the Cartesian products A; x As,
(A x Ag) x As, and so on until (A X Ag X -+- X A1) X Ay. O




Proposition 1.34: Countable unions of countable sets are countable

The union of a countably many countable sets is itself a countable set.

Proof. Let (Aj)jes be an indexed family of countable sets indexed by a countable
index set J. We aim to prove that the set A ={J,c; A; is countable. Without loss
of generality, we may assume that A and all A; are nonempty (if they were empty,
they would still be countable). Because the A; are countable, by Corollary 1.31 (ii)
there exist surjective functions f;: N — A; for all j € J. We then define the function
g: J x N — A with the mapping formula

g(4,n) = fj(n) for all j € J and n € N.

The function g is surjective by construction, since all f; are surjective. Additionally,
the set J x N, a Cartesian product of two countable sets, is also countable by
Proposition 1.32. Because ¢g’s domain j X N is countable and g is surjective, g’s
codomain A is also countable by Proposition 1.30 (ii). O

Corollary 1.35: The integers are countable
The set of integers Z is countably infinite.
Proof. For review, the integers are (informally)® defined as the set
Z={.,-2-1,012..}.
We prove the corollary by writing the integers as the union
Z=-NU{0}UN,

where —N = {—1,—-2,-3,...}. The sets —N, {0}, and N are all countable, so Z is
also countable by Proposition 1.34. O

“We will define the integers formally in Chapter 2.

Corollary 1.36: The rational numbers are countable

The set of rational numbers Q is countably infinite.

Proof. For review, the rational numbers are defined as the set
k
Q=<—-€eR;keZ,neN;,
n

and can be loosely thought of as the set of all ratios of integer numbers. We prove
the corollary by writing the rational numbers as the union

Q= | 4n, whereAn:{EeR;keZ}.
neN n

This construction formulates Q as a countable union of countable sets, so Q is itself
countable by Proposition 1.34. O




Proposition 1.37: The real numbers are not countable

The set of real numbers R is not countable.

Proof. We will prove the proposition by contradiction. Assume R is countable. In
this case, by Proposition 1.29, the subset A = {x € R; 0 <z < 1} C R would also
be countable; there would then exist bijection between A and N, and so could index
A’s elements in the sequential form

A =A{x1,z2,23,...}.

We will now use the fact that every real number in A can be uniquely written in
the decimal form 0.cjcacs, ... where ¢, € {0,1,2,...,9}, under the condition that 9
does not repeat infinitely from some point onward.® All x, could then be written in
the decimal form

T = O.a1,1a1,2a173 0oo
9 = 0.a2,1a2,2a2’3 coo

T3 = 0.a3,1a372a3’3 Ce

Tp = 0.an10n20n3 - ..

We then define, in decimal form, the number y = 0.b1b2b3 ... € A, where

1 1
= dt WL Een
2 aprp=1

By construction, y differs from every x,, at least at the n-th decimal, and is thus
different from all x,,. The existence of such a y contradicts the assertion that A
could be written in the form A = {z1,x2,z3,...}, and so the assumption that R is
countable is incorrect. O

“We will cover the decimal representation of real numbers in Chapter 2.
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2 Numbers

2.1 The natural numbers

The natural numbers, denoted by N, can be informally defined as the set
N=1{1,2,3,...} (the natural numbers).

Of course, this definition is somewhat lacking—it neither lists every natural number explicitly,
nor does it rigorously formulate how the omitted members of the set are generated (relying
instead on the intuitive pattern of “repeatedly adding one”).

In this section we will adopt a different approach to defining the natural numbers, namely
listing a set of fundamental properties that uniquely define the set of natural numbers (in
the sense that only one set satisfies the properties, and we then call the thus-specified set
the set of natural numbers). One possible set of these fundamental properties is the Peano
axioms, which we state below.

Topic 2.1: The Peano axioms

P1) The number 1 is a natural number.

P2) Every natural number n has a unique successor, which we denote by n™.

(P1)
(P2)
(P3) Any two different natural numbers have different successors.
(P4) The number 1 is not the successor of any natural number.
(P5)

P5) If A is a subset of the natural numbers, if 1 € A, and if n* € A for each n € A,
then A contains all the natural numbers.

Note: some formulations of the Peano axioms use 0 (instead of 1) as the “first”
natural number, i.e. the only natural number that is not the successor of another
natural number.

\.

All other properties of the natural numbers follow from the Peano axioms, including the
familiar operations of addition and multiplication, which we state below.

Topic 2.2: Addition and multiplication of natural numbers

Addition of natural numbers follows from the notion of the successor stated in
the Peano axioms. We first introduce the following notation for successive natural

numbers:
2=1%, 3=2% 4=3" andso on;

we are essentially assigning the numeric symbols (i.e. 1, 2, 3, 4, 5, and so on) familiar
from everyday life to successive natural numbers defined using the Peano axioms.
For an arbitrary natural number n € N we then define addition using the rule

n+1l=n".

The rule n +1 = nT can be combined with the notion of a successor to define the
sum of any two natural numbers as follows:

n+l=n", n+2=mn+1)", n+3=(n+2)", and so on.




We can then use addition of natural numbers to define multiplication as follows:

n-l=n, n-2=(Mm-1)+n, n-3=(n-2)+mn, and so on.

Topic 2.3: Proof by induction

The fifth Peano axiom (P5) is called the induction axiom, and can be used to prove
that some property P(n) holds for all natural numbers n € N. This process is called
proof by induction and follows two steps:

(1) (The base case) Show the number 1 has the property P.

(2) (The induction step) Show that for every natural number n with the property
P, its successor nT also has the property P.

Example 2.1: The sum of n numbers

Let us show by induction that

1+2+---+n:g(n+1)forallneN. (2.1)

We first verify the base case, which holds because 1 = % -(14+1)=1whenn=1.
We then perform the induction step, first assuming that

1+2+~-+n=g(n+1) for some n € N.

We then add n + 1 to both sides and rearrange to get
1+2+---+n—|—n—|—1:g(n—i-l)—i-(n-I—l)
n
=+ 1) (5+1)
(n+1)

== (n+2).

Theresult 1+2+---+n+n+1= (nZLl)(n + 2) means that if Equation 2.1 holds

for n, it also holds for the successor n™ = n + 1, completing the induction step.

\. .

2.2 The real numbers

We will define the real numbers in an axiomatic manner analogous to our definition of the
natural numbers, i.e. we will list a set of axioms the uniquely specify the set of natural
numbers. The end result will be Definition 2.18.

2.2.1 Axiomatic definition of the real numbers

The following axioms define the addition of real numbers.



Topic 2.4: Addition axioms for the real numbers

For any x,y, z € R, we assume the following axioms:

(A1) Addition of real numbers is associative, i.e.

z+ (y+z)=(+y)+zforall z,y,z €R.

(A2) Addition of real numbers is commutative, i.e.

r+y=y+aforall z,y,z R

(A3) There exists a real number 0 € R, called the additive identity, for which

z+0=0+2 =2 for all x € R.

(A4) For each x € R there exists a number —z € R, called the additive inverse to
the number z, for which

Axioms (A1)—(A4) can be used to define the subtraction operation, which we define as
—RxR—=R, (ryy)—mz—y=x+(-y) eR.

The result of the addition of two real numbers is called the numbers’ sum, and the result of
the subtraction of two real numbers is called the numbers’ difference.

Remark 2.2: Abelian groups

Any set equipped with an operation® satisfying Axioms (A1)—(A4) is called an Abelian
group under the given operation. The real numbers are thus an Abelian group under
addition. Meanwhile (for example) the natural numbers are not an Abelian group
under addition because they obey neither Axiom (A3) nor Axiom (A4)—mno natural
number has an additive inverse.

“More specifically, an internal binary operation.

Proposition 2.3: Properties of real addition

Addition of real numbers obeys the following properties:

(i) The number 0 € R is uniquely determined by the condition
r4+0=0+2z =z for all x € R.

(ii) For all z € R, the number —z € R is uniquely determined by the condition
z+ (—z)=(—z)+z=0.

(iii) The number 0 is its own additive inverse, i.e. —0 = 0.
(iv) Negation is distributive over addition, i.e.

—(x+y)=(—y) + (—=z) for all z,y € R.
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(v)
(vi)

(vii)

Negation is an involutory operation, i.e. —(—x) = z for all z € R.

Ifz+y=2z+4+yforall z,y,z € R then x = z. This property is sometimes
called the the cancellation property for addition.

For all a,b € R, the equation  + a = b for the unknown real number x € R
has the unique solution x = b — a.

Proof. Each of these properties fundamentally follows from Axioms (A1)—(A4).

(1)

(i)

(iii)

(iv)

Assume 0/ € R were an additional additive identity element (in addition to
0 € R) for which  + 0’ = 0"+ 2 = z for all z € R. In this case, combining the
additive identity equations for 0 and 0/, we see that 0/ = 0’ +0 = 0. Evidently
0’ = 0 and the additive identity is unique.

Assume T € R were an additional additive inverse element (in addition to
—x € R) for which x +7 =z + 2 = 0 for all z € R. We then combine
Axioms (A1), (A3), and (A4) to conclude that

§@5+0@)5+(az+(—x))

(©)

= (z+z)+ (—x)

Dot (-2)¥ o,
where (a) and (e) use (A3), (b) uses (A4), (c) uses (Al), and (d) holds by (A4)
assuming z is x’s additive inverse. Evidently Z = —x and the additive inverse

is unique.

We begin with the trivial equality 0 = 0, then apply (A3) (with = 0) to get
0 =0+ 0. By point (ii) above, the additive inverse (—x) for which any real
number z obeys 0 = = + (—x) is unique, so the RHS of the equality 0 = 0 + 0
implies 0 = —0.

We combine (A1), (A3), and (A4) to get
@+y)+ [+ ()] =2+ [y+ (-y] + (-2) =2+ 0+ (-z)
(

(
=(-y) + [(-x) +z] +y
= [(-=v) + (—2)] + (= +v),

where the steps from (a) onward are simply a reversal of the steps so far. The
result of this calculation is the equality

@+y)+ [(-y)+(-2)] =0=[(=y) + (-2)] + (z +y),

which we combine with the uniqueness of the additive inverse in point (ii) to
conclude that —(z +y) = (—y) + (—x).

The property —(—z) = z follows from the equality
x4+ (—x)=(—z)+zx=0foralzeR

(which implies that x plays the role of —(—x)) and the fact that the additive
inverse is unique.
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(vi) We begin with the assumed equality = + y = z + y and then apply Ax-
ioms (Al), (A3), and (A4) to conclude that

r=z+0=z+[y+ (-y)] = (@+y)+ (—-y)

—

a

= (z4+y)+ (—y) =2+ [y + ()]
=24+0=2,

N

where (a) uses ¢ +y = z + v.

(vii) We will first show that b — a is a solution of x + a = b, then show it is the only
solution. We begin with the calculation
(b—a)+a 2 b+ (—a)]+a=0b+[(—a)+a] =b+0=b,
where (a) uses the definition of subtraction. The result (b — a) + a = b means
that (b — a) is a solution of x + a = b.

We now show b — a is the only solution z 4+ a = b. Let y € R be an arbitrary
solution of the equation, so that
_
y+a=>b= (b—a)+a,
where (a) holds because (b — a) is also a solution of the equation. We then

apply the cancellation property for addition (vi) to conclude that y = b — a,
meaning b — a is the only solution to z + a = b. O

The following axioms define the multiplication of real numbers.

Topic 2.5: Multiplication axioms for the real numbers

For any x,y, 2 € R we assume the following axioms:

(A5) Multiplication of real numbers is associative, i.e.

x-(y-z)=(x-y)- zforall z,y,z € R.

(A6) Multiplication of real numbers is commutative, i.e.

x-y=y-x forall z,y € R.

(A7) There exists a real number 1 € R, called the multiplicative identity, for which

z-1=1-2 =z for all z € R.

(A8) For each z € R\ {0}, there exists a number =1 € R, called the multiplicative
inverse to the number x, for which

Axioms (A5)—(A8) can be used to define the subtraction operation, which we define, for all

25



z € Rand y € R\ {0}, as
—:RxR\{0} =R, (z,y)—z+y=x-y "
Two other common notations for the division operation exist; these are

T
rry=zx/y= ” (equivalent notations for division).

The result of the multiplication of two real numbers is called the numbers’ product, and the
result of the division of two real numbers is called the numbers’ quotient.

Topic 2.6: Integer powers of real numbers

For each € R we define

o=z (x raised to the first power)

=gtz (x raised to the second power)

=22z (x raised to the third power)
(and so on...);

more generally, for each n € N we recursively define the number 2" as

2% =1 (x raised to the zeroth power)
r2=g1. 271 (x raised to the negative first power)
z3=g"2. 271 (x raised to the negative second power)

: (and so on...).

Note that we have not written =1, since this is already defined in (A8) as the
multiplicative inverse to x. More generally, for each n € N we recursively define

—(n+1) -n -1

Z =T Y

Remark 2.4: Comparing the addition and multiplication axioms

Axioms (A1)—(A4) are similar to Axioms (A5)—(A8). There are two important
differences, however:

e The number 0 does not have a multiplicative inverse, so the real numbers are
not an Abelian group under multiplication (the number 0 does have an additive
inverse).

e Division by zero is not defined for the real numbers (subtraction by zero is
well-defined).

\.

We now state two axioms that relate addition and multiplication of real numbers.
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Topic 2.7: Axioms relating addition and multiplication

We assume the following axioms:
(A9) The numbers 1 and 0 are different real numbers, i.e. 1 # 0.

(A10) Multiplication of real numbers is distributive over addition, i.e.

z-(y+z2)=(x-y)+ (z-2) for all z,y,z € R.

Proposition 2.5: Multiplication by zero

Multiplication by zero obeys the following two properties:

(i) z-0=0 for all z € R.
(ii) If z - y = 0 holds for any two z,y € R, then either x = 0 or y = 0 (or both).

Proof.
(i) We begin by applying (A10) to the quantity -0+ z -1 to get

(a)

20tz 1@ ® ()

z-(04+1)=z-1=0+x-1,

where (a) uses (A10) and (b) and (c) use (A3). We then apply the cancellation
property Proposition 2.3 (vi) to the equation z-0+x-1 =0+ -1 to get
z-0=0.

(ii) Suppose x -y = 0 and z # 0; we must then show that y = 0. Because = # 0,
by (A8) there exists a multiplicative inverse z—! for which 7! - 2 = 1. We
then make the calculation

O@x_l.o(g)x_l.(x.y):(;p_l.w).yzl.y:y,
where (a) uses point (i) above and (b) uses the assumed equality = -y = 0. The
proof is analogous if z = 0 and y # 0 and trivial if x =y = 0. O
Note: Proposition 2.5 together with Axioms (A5)—(A8) mean that the set R\ {0} is an
Abelian group under multiplication (refer to Remark 2.2 for review).

We now list some properties of real multiplication analogous to the properties of real
addition given in Proposition 2.3.

Proposition 2.6: Properties of real multiplication

Multiplication of real numbers obeys the following properties:

(i) The multiplicative identity 1 is uniquely defined by the condition

z-1=1-2=x for all z € R.

1

(ii) For each z € R\ {0}, the multiplicative inverse =" is uniquely defined by the

condition
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(iii) The number 1 is its own multiplicative inverse, i.e. 171 = 1.
(iv) Taking the multiplicative inverse is distributive over multiplication, i.e.
(x-y) P =yt 27! forall z,y € R\ {0}.
This property relies on the fact that = -y # 0 for all z,y, € R\ {0}, since the

quantity (x -y)~! would otherwise not be well-defined.

(v) Taking the multiplicative inverse is an involutory operation, i.e.

(™' =z for all 2z € R\ {0}.

(vijf z-y =2-y for xz,z € Rand y € R\ {0} then x = z. This property is
sometimes called the cancellation property for multiplication.

(vii) For all a € R\ {0} and b € R, the equation x - a = b for the unknown number
x € R has the unique solution z = b/a.

Proof. The proof is completely analogous to the proof of Proposition 2.3 (one can
almost proceed by blindly replacing addition with multiplication, 0 with 1, and the
additive inverse with the multiplicative inverse); we give the full proofs here only for
the sake of completeness.

(i) Assume 1’ € R were an additional multiplicative identity element (in addition
to 1 € R) for which 21" =1"-2 = «z for all x € R. In this case, combining
the multiplicative identity equations for 1 and 1/, we see that 1’ =1"-1 = 1.
Evidently 1’ = 1 and the multiplicative identity is unique.

(ii) Assume Z € R were an additional multiplicative inverse element (in addition
to x~! € R) for which x-Z =7 -z =1 for all x € R\ {0}. We then prove this
point with the calculation

~ (a)

8
I
2
H
G
N
)
€~2|
N

@, 1@

)

where (a) and (e) use (A7), (b) uses (A8), (c) uses (A5), and (d) holds
by (A8) assuming 7 is z’s multiplicative inverse. Evidently z = —z and the
multiplicative inverse is unique.

(iii) We begin with the trivial equality 1 = 1, then apply (A7) (with x = 1) to get
1 =1-1. By point (i) above, the multiplicative inverse ! for which any real
number z € \R \ {0} obeys 1 = z - 27! is unique, so the RHS of the equality
1=1-1implies 1 =171

(iv) We combine (A5), (A7), and (A8) to get

(@y) (g Ha )= (yy ) 2Tt =
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where the steps from (a) onward are simply a reversal of the steps so far. The
result of this calculation is the equality

(z-y) - aH)=1=@" 2" (z-y),

which we combine with the uniqueness of the multiplicative inverse in point (i)
to conclude that (z-y) ! =y~ 1 2%
-1

(v) The property (z~ = x follows from the equality

z-zl=2"1.z=1forall z € R\ {0}

(which implies that 2 plays the role of (z7!)~!) and the fact that the multi-
plicative inverse is unique.

(vi) We begin with the assumed equality x -y = z - y, then apply Axioms (A5),
(AT), and (A8) to conclude that

where (a) uses z -y = z - y.

(vii) We will first show that b/a is a solution of x - a = b, then show it is the only
solution. We begin with the calculation

®fa) a2 @B o) a=b-(a ! a)=b-1=b,

where (a) uses the definition of division. The result (b/a) - a = b means that
b/a is a solution of z - a = b.

We now show b/a is the only solution z -a = b. Let y € R be an arbitrary
solution of the equation, so that

yra=b ®/a)-q
where (a) holds because b/a is also a solution of the equation. We then apply

the cancellation property for multiplication (vi) to conclude that y = b/a,
meaning b/a is the only solution to x - a = b. O

. J

Remark 2.7: Commutative rings

A set equipped with two operations® satisfying Axioms (A1)—(A10) is called a
commutative ring. The real numbers are thus a commutative ring under real addition
and multiplication. The integers are also a commutative ring under integer addition
and multiplication.

“More specifically, two internal binary operations.

\. J

We now list some properties of the real numbers that follow as consequences of Axioms (Al)—
(A10); in fact, the general forms of the following properties hold for any commutative ring,
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since the properties fundamentally follow from Axioms (A1)-(A10).

Proposition 2.8: Consequences of Axioms (A1)—(A10)

The following properties hold for any x,y, z € R:

(i) Multiplication is distributive over subtraction, i.e.

z-(y—z)=z-y—x-z.

(ii) The order of negation and multiplication is interchangeable, i.e.

x-(—2)=—(z-2).

(iii) Division is distributive over addition, i.e.
z/y+z/y=(x+2)/yif y e R\ {0}
Proof.
(i) We begin with the calculation
x~(y—z)+x-z(i)x- [(y—2)+2] =2 - (y+0)=z-y,

where (a) uses (A10). We then apply Proposition 2.3 (vii) to the resulting
equation x - (y — z) + -z = x - y to conclude that x - (y — 2) =z -y —x - 2.

(ii) This point follows directly from (i) if we choose y = 0.

(iii) This point follows directly from the calculation

sfy+zfy=z-y 2yt (@ t2) -y = (z+2)/y,

where (a) follows from (A10) and y~! exists because y € R\ {0}. O

The following two axioms serve to define the positive real numbers.

Topic 2.8: Axioms for the positive real numbers

(A11) The real number 0 € R is not an element of R™; for any other real number
z € R\ {0}, either z € RT or —z € R™, but not both.

(A12) The positive real numbers R are closed under addition and multiplication, i.e.

r+y€RT and z-ye€RT forall z,y € R,

The positive real numbers can be used to define the negative real numbers as follows.

Definition 2.9: The negative real numbers

The negative real numbers, denoted by R™, are defined as the set

R™ ={-z;r€R"}.
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By Axiom (A11), the positive and negative real numbers are related as follows:
(i) R=RTUR™ U{0}.
(i) The sets R*, R™, and {0} are all mutually disjoint.

In words other words, for every real number = € R, exactly one of the following options is
possible: z is positive, negative, or zero. These properties in turn make it possible to define
a natural ordering for the real numbers, which we formalize below.

Definition 2.10: Ordering the real numbers

Let z,y € R be two arbitrary real numbers.

e The number z is said to be less than y if y — z € R™. In this case we write
x <y (notation: z is less than y).

Equivalently, we may also say that y is greater than x, denoted by y > x.

e The number z is said to be less than or equal to y if y —z € RT U {0}. In this
case we write

<y (notation: z is less than or equal to y).

Equivalently, we may say that y is greater than or equal to x, denoted by y > x.

e A real number z € R is said to be positive if 0 < z and negative if z < 0.

| V

Remark 2.11: Ordered rings

A set equipped with two internal binary operations satisfying Axioms (A1)—(A12) is
called an ordered ring. The real numbers are thus an ordered ring under real addition
and multiplication. The integers are also an ordered ring under integer addition and
multiplication.

\.

We now list some properties of the real numbers that follow as consequences of Axioms (Al)-
(A12); these axioms mostly concern the ordering of the real numbers. In fact, the general
forms of the following properties hold for any commutative ring, since the properties
fundamentally follow from Axioms (A1)—(A12).

Proposition 2.12: Consequences of Axioms (A1)—(A12)

The following properties hold for all x,y, z,w € R:

(i) The ordering of real numbers is a transitive relation, i.e.

it z <yandy< zthen z < z.

(i1) (The law of trichotomy) Exactly one of the following three possibilities holds:
either x <y, or y <z, or x = y.

(iii) If z <y, then x + 2 < y + z.

(iv) f z <y and z < w, then v + z < y + w.




(v) fz<yand 0 <z, thenz- -2z <y-z
(vi) If zx <0 and y <0, then 0 < z - y.
If x <0and 0 <y, then x-y < 0.
Ifx#0,then 0 < x - z.

(vil

i)
i)
(viii)
(ix) It holds that 0 < 1.
Proof.

(i) Since x < y and y < 2, by definition y —z € R™ and z —y € R*. Axiom (A12)
then implies that (y —z) + (z —y) =2z — 2z € RT, and so z > z.

(ii) This point follows directly from (A11) and the ordering of the real numbers in
Definition 2.10.

(iii) This point follows directly from the equation
y—r=y+(z-2)—z=@H+z)—(z+2).
Since z < y and thus y — 2z € R, it follows that (y + 2) — (z + 2) € RT and
thus z 4+ 2 <y + 2.

(iv) Point (iii) implies x 4+ z < y+ 2z and y+ 2z < y +w; and point (i) in turn implies
r+z<y-+w.

(v) The inequalities z < y and 0 < 2z mean y — x € RT and z € RT. Axiom (A12)
implies that (y —x) -2 =y -2z — -2z € RT, from which follows x - 2 < y - 2.

(vi) The inequalities z < 0 and y < 0 mean that z,y € R™, and so (—z), (—y) € R
by the definition of the negative real numbers. Axiom (A12) then implies that
(—z) - (—y) € RT. We then conclude the proof with the calculation

—~
=
—~

C

zy 2 [~ @y] ¥ [(2) 4] () (~y) R,

where (a) uses Proposition 2.3 (v) and (b) and (c) use Proposition 2.8 (ii).

~

(vii) The inequalities * < 0 and 0 < y mean that (—z) € R and y € R™, so
(—z) -y € RT by (A12). We then apply Proposition 2.8 (ii) to get
—(@-y) = (-z) -y €RT;
the result —(x - y) € RT means that (z-y) € R™.

(viii) If 0 < , then 0 < z - x follows directly from Axiom (A12), while if < 0, then
0 < z - z follows from point (vi).

(ix) This point follows from the inequality

021121

where (a) follows from point (viii). O

We are now equipped to introduce the important concept of boundedness, which will feature
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centrally throughout the remainder of this book.

Definition 2.13: Boundedness in the real numbers

Let A C R be an arbitrary subset of the real numbers.

o The subset A is said to be bounded above if there exists a number M € R for
which
xz < M for all z € A.

If such a number M exists, it is called an upper bound of the set A.

e The subset A is said to be bounded below if there exists a number m € R for
which
m < z for all x € A.

If such a number m exists, it is called a lower bound of the set A.

e The subset A is said to be bounded if it is bounded both above and below.

The definition of boundedness leads naturally to the concept of the supremum and infimum
of a set of real numbers, defined immediately below.

Definition 2.14: Supremum and infimum of a subset of R

Let A C R be an arbitrary subset of the real numbers.
e The number M € R is called the least upper bound or supremum of A if:
(1) the number M is an upper bound of A, and
(2) if M’ € R is also an upper bound of A, then M < M'.
If it exists, A’s supremum is denoted by sup(A).
e The number m € R is called the greatest lower bound or infimum of A if:
(1) the number m is a lower bound of A, and
(2) if m’ € R is also a lower bound of A, then m’ < m.

If it exists, A’s infimum is denoted by inf(A).

Directly from the definition, a set can have at most one supremum and at most one infimum.

Definition 2.15: Maximum and minimum of a subset of R

Let A C R be an arbitrary subset of the real numbers.

o If A has a supremum and sup(A) € A, then sup(A) is called the mazimum of
the set A and is denoted by

max(A) = sup(A) (maximum of A, if it exists).

e If A has an infimum and inf(A) € A, then inf(A) is called the minimum of the
set A and is denoted by

min(A) = inf(A) (minimum of A, if it exists).
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The maximum and minimum of a set are thus closely related to the set’s supremum and
infimum; the important distinction is that a maximum or minimum must be in the set,
while the supremum and infimum do not have this restriction. Thus every maximum is
also a supremum and every minimum is an also an infimum, but not vice versa, and it is
perfectly reasonable for a set to have a supremum (or infimum) but not a maximum (or
minimum).

We now offer some examples illustrating concepts related to boundedness.

Example 2.16: Boundedness

(i) The set A= {z € R; 0 < x < 1} is bounded—all real numbers greater than or
equal to 1 are upper bounds of A, while all real numbers less than or equal to
0 are lower bounds of A. The set A’s supremum and infimum are thus 1 and 0,
respectively. Because 1 and 0 are not in A, A does not have a maximum or
minimum.

However, 1 and 0 are the maximum and minimum of the slightly modified set
A" ={z € R; 0 < x < 1}, since the numbers 0 and 1 are both members of A’.

(ii) Theset B = {z € R; 0 < z} is not bounded above but is bounded below; it thus
has no supremum, while its infimum and minimum are inf(B) = min(B) = 0.

(iii) The empty set @ is bounded both above and below; every real number is both
an upper and lower bound of (), so () has neither a supremum or infimum.

(iv) For an arbitrary subset A C R, let —A = {—x; x € A}. The set A is bounded
above (or below) if, and only if, the set —A is bounded below (or above). If A
has a supremum (or infimum), then —A has an infimum (or supremum) for
which inf(—A) = —sup(—A) (or sup(—A) = —inf(A4)).

\. J

Having introduced boundedness, we are not prepared to state the final axiom describing
the real numbers.

Topic 2.9: The Dedekind axiom

(A13) Every nonempty, above-bounded subset of the real numbers has a supremum.

Axioms (A1l)-(A13) are satisfied by only a single ring, which we choose to call the real
numbers.

Corollary 2.17: Below-bounded sets have an infimum

Every nonempty, below-bounded subset of the real numbers has an infimum.

Proof. Let A € R be a nonempty, below-bounded subset of the real numbers. In
this case the set —A = {—x; x € A} is nonempty and bounded above and so has a
least upper bound sup(—A) by Axiom (A13). Thus (see e.g. Example 2.16 (iv)) the
original set A has a greatest lower bound equal to inf(A4) = —sup(—A). O

\. J

We conclude the section with the following definition:
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Definition 2.18: The real numbers

The real numbers are the set R together with the subset RT™ C R, equipped with
operation of real addition, defined as

+:RxR—-R, (z,y)—z+y,
the operation of real multiplication, defined as
T RxR=R, (z,y) = z-y=uxy,

and characterized by Axioms (A1)—(A13) described in the sections below.

2.2.2 Important subsets of the real numbers

In this short section we will show that the real numbers contain the natural numbers, the
integer numbers, and the rational numbers.

Topic 2.10: The natural, integer, and rational numbers in the real numbers

The natural numbers are constructed in the context of the real numbers as follows:
e The first natural number corresponds to the multiplicative identity 1 € R.

e The successor operation for the natural numbers is defined as real addition by
1 € R. This formulation leads to the sequence

2=1+1, 3=2+1, 4=3+1, andsoon,
which agrees with the construction 2 =17, 3 = 2%, etc. used in Topic 2.2.

The thus-defined set N = {1,2,3,...} C R satisfies the Peano axioms.

Having established the natural numbers as a subset of R, we construct the integers
in the context the real numbers as

Z=-NU{0}UN={...,-2,-1,0,1,2,...} CR.

Having established the integers as a subset of R, we construct the rational numbers
under the scope of the real numbers as

k
Q:{EGR;kEZ,nEN}CR.

For integers k, k' € Z and natural numbers n,n’ € N, the fractions k/n and k' /n’
correspond to the same rational number if, and only if, k- n’ = k" - n.

2.2.3 Consequences of the Dedekind axiom

In this section we explore some properties of boundedness that follow from the Dedekind
axiom.
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Proposition 2.19: Boundedness of the natural numbers

The set of natural numbers N C R is not bounded above.

Proof. We will prove the proposition by contradiction. Suppose N were bounded
above. By Dedekind’s axiom (A13), there would then exist a supremum M € R
of the set N. Since, in the context of the real numbers, the natural numbers are
separated by successive steps of the number 1, there would then exist a natural
number n € N for which M —1 < n, and thus M < n+1. But n+1 is also a natural
number, which contradicts the assumption that N is bounded above by M. O

Corollary 2.20: The integers are unbounded

| V

The set of integer numbers Z C R is neither bounded above nor bounded below.
Proof. By Proposition 2.19, the set N is not bounded above, and so the set —N is not

bounded below (see the discussion in Example 2.16 (iv)). Thus the integers, which
are constructed as Z = —N U {0} UN, are bounded neither above nor below. O

Proposition 2.21: Relating the natural and real numbers

The following three properties help relate the natural and real numbers.

(i) For each = € R there exists a natural number n € N for which z < n.
(i) For any two a,b € R there exists a natural number n € N for which b < na.

(iii) For each a € R™ there exists a natural number n € N for which 1/n < a.

Proof.

(i) The set N is not bounded above by Proposition 2.19, so the number z is not
an upper bound of N. There thus exists some n € N for which x < n.

(i) By point (i), there exists n € N for which b/a < n. Because a,b € R, it then
follows that b < na.

(iii) This point is a special case of point (ii) if we let b = 1 and rearrange. O

. J

We now offer some concrete examples and discussion of bounded sets.

Example 2.22: Bounded sets

(1) The set A = {1/n € R; n € N} is bounded both above and below, and its
supremum is sup(A) = 1. Evidently 0 is a lower bound of A, and, from the
combination of Proposition 2.21 (iii) and the fact that 0 is the largest real
number not in R*, 0 is in fact the greatest upper bound of A.

(2) For any real number ¢ > 1, the set B = {¢"; n € N} is not bounded above.

We can prove this claim by contradiction: suppose B were bounded above;
it would then have a supremum sup(B) = M. Because M/q < M, there
would exist some n € N for which M/q < ¢" < M. Multiplying the inequality




through by ¢ produces M < ¢"*!, which contradicts sup(B) = M. Thus B is
not bounded above.

(3) For any positive real number ¢ € R for which ¢ < 1, the set C' = {¢"; n € N}
is bounded below with infimum inf(C') = 0.

Proof: assuming g € R is less than one, then by point (2) the set {1/¢"; n €
N} is not bounded above. Thus for each positive ¢ € Rt there exists some
n € N for which 1/e < 1/¢" and thus ¢" < e. The set C’s infimum must then
be 0, i.e. the largest nonpositive real number.

(4) For any two sets A, B C R, let us define the set A + B as
A+B={a+bjac A be B} CR.

In this case:

(a) If both A and B are bounded above and nonempty, the set A + B is also
bounded above and nonempty, and obeys

sup(A + B) = sup(A) + sup(B).

(b) If both A and B are bounded below and nonempty, the set A + B is also
bounded below and nonempty, and obeys

inf(A + B) = inf(A) + inf(B).

(c) If A and B are both nonempty and a < b for all a € A and all b € B,
then A is bounded above, B is bounded below, and sup(A) < inf(B).

Proof.
(a) We first note that a < sup(A) and b < sup(B) for all a € A and all b € B,
so by Proposition 2.12 (iv)
a—+b<sup(A)+sup(B) for all a € A and b € B,

and so sup(A) + sup(B) is an upper bound of A + B.

To show that sup(A) + sup(B) is (A + B)’s least upper bound, let ¢ € R
be an arbitrary real number for which

¢ < sup(A) + sup(B).

Simple subtraction gives ¢ — sup(A) < sup(B), which by the definition
of sup(B) means there exists some b € B for which ¢ — sup(4) < b or
c—b < sup(4).

Analogously, subtraction gives ¢ — sup(B) < sup(A), or, in terms of the
above introduced b, ¢ — b < sup(A). By the definition of sup(A) there
exists some a € A for which ¢ —b < a or ¢ < a+ b. Because c < a+b, ¢
is not an upper bound of A + B, so sup(A) + sup(B) is indeed the least
upper bound of the set A + B.
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(b) Analogous to the proof of point (a).

(c¢) This point follows directly from the definition of boundedness, the supre-
mum, and the infimum together with the stated conditions on the sets A
and B. n

\. J

2.2.4 Representing the real numbers in decimal form

The decimal representation of a nonnegative real number a € RT U {0} takes the form
a = ap.a1a2as. . . (decimal representation of a),

where ap € NU {0} and a1,a9,as,... € {0,1,...,9}. In this context, the numbers
{a1,a9,as, ...} are called decimal digits.

Topic 2.11: Every nonnegative real number has a decimal representation

Every decimal representation ag.ajasas, . . . corresponds to a nonnegative real number.
To formulate this statement more precisely, for all £ € N we first define the rational
numbers 7 and s; as

iy = oy 0+1_02+ + 155 €@
ap + 1
= — e .
S = ag + 0+ 102 S ooo g 10 Q;

we also define the sets A and B as
A= {ry; ke N} and B = {sy; k € N}.

Because 1, < si for all £ € N; because s — rp = 10k = 107" for all k € N;
and because inf ({107%; k € N}) = 0, the sets A and B are bounded and obey
sup(A) = inf(B). As a result, the decimal representation ag.ajazas ... defines the
real number a € R given by

a = sup(A) = inf(B) = ag.ajaz2as ... € R.

Every nonnegative real number can be written in the above decimal form. To
show this, let a € R be an arbitrary nonnegative number. There then exists some
ap € NU {0} for which

ag < a<ag+1;

the number qg is the largest integer that is not larger than a. More so, there exists
some a; € {0,1,...,9} for which

al-l—l‘
10 7’

+ = <a<ap+
a a a
710 - 0

this number a; is the first decimal in a’s decimal notation. The remaining decimals
az,as,aq, ... are found analogously: if the numbers aq,as,...,a;,-1 € {0,1,...,9},
then ay € {0,1,...,9} is the uniquely defined number for which

ag ag+1 ap +1

ap + 0+1—()2+ 0k_a<a0+1—0+ 102 JpooooF 10k
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The procedure terminates if the sequence of decimal digits reaches a value of k for

which
aiq Qaf

a

a — = q;

0T 10 T 102 T
otherwise the procedure continues indefinitely to yield an infinite sequence of decimal
digits a1, as,as, .. .; in either case, the sequence of decimal digits together with the

integer ag define the decimal representation of the real number a as
4 = ap.010203 . . . .

The decimal representation resulting from the above-described algorithm is called
the standard decimal representation of the nonnegative number a € RT U {0}; in
particular, the algorithm is such that the number 9 will never repeat indefinitely
from some point onward in the sequence aq,ag,as, .. ..

Every nonnegative real number has a unique standard decimal representation, and
every standard decimal representation corresponds to a unique nonnegative real
number.

Topic 2.12: Extensions of the decimal representation

(i) (Decimal representation of negative numbers) An arbitrary negative real number
b € R~ is represented in the decimal form

b= —bg.bibobs ...,

where bg.b1bobs is the decimal representation of the nonnegative number (—b).

(ii) (Decimal representation of integer numbers) Integer numbers have a decimal
representation in which ag is equal to the integer itself and all decimal digits
ai,a9,as, ... are exactly equal to zero.

(iii) (Decimal representation of rational numbers) The decimal representation of
rational numbers is either finite, or infinitely repeating and periodic from
some point onward. An example of a rational number with a finite decimal
representation is 1/2 = 0.5; two examples of a rational number with an infinite
and periodically repeating decimal representation are

1/3=0.333... and 1/11 =0.090909....

The periodic repetition is abbreviated by drawing a line over the complete
repeating portion, for example

1/3=10.333...=0.3 and 1/11 =0.090909...= 0.09.

Remark 2.23: Bounded rational sets need not have a rational supremum

The sets A and B defined in the decimal representation are subsets of the rational
numbers. If the number a € R specified by A and B using the decimal construction
is not a rational number, then a is defined as the supremum of the set A C Q or,
equivalently, the infimum of the set B C Q. The set A is thus an example of a
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bounded set of rational numbers without a supremum in the rational numbers. As a
result, Dedekind’s axiom (A13) does not hold for the rational numbers.

2.2.5 Existence of the square root

2

Consider an arbitrary real number a € R and the equation x* = a for the unknown real

number x.

2

(a) If a < 0, the equation z= = a does not have any real solutions.

(b) If a = 0, the equation 22 = @ has the single solution z = 0.

(c) If @ > 0 and 1 is a solution of 22 = a, then —x is also a solution of #? = a, and
and —z1 are the only two solutions.

Proposition 2.24: Square root of a nonnegative number

For every nonnegative real number a € R* U {0}, the equation 22 = a for the

unknown variable x has exactly one nonnegative real solution, called the square root
of a and denoted by x = y/a. (We stress that if @ > 0 the equation also has a negative
solution x_ = —y/a; this proposition concerns only the nonnegative solution.)

Proof. Assume a is positive, i.e. a > 0, and define the subset
S ={zeR"; 2% <a}.

We first show that in this case S is nonempty; we do so by rearranging the inequality
a? < (1+ a)%a to produce
a?/(1+a)* < a.

The number a/(1 + a) € RT then satisfies the conditions for membership of S (it is
positive assuming a > 0 and also obeys [a/(1 + a)]? < a), so S is nonempty.

Because S is nonempty and bounded above (the number a, for example, is an
upper bound of S), it must have supremum by the Dedekind axiom (A13). Let
b = sup(S) € R denote S’s supremum; our plan is to show that b> = a and thus that
b solves the equation z = y/a from this proposition’s introduction. We will do this
by showing that neither b2 > a nor b> < a are correct, leaving b*> = a as the only
remaining possibility.

(i) Assume b? > a and consider the number

o=b- Tt =3 (0+).

By construction 0 < ¢ < b (assuming b? > a); in addition

b2_ 2 b2_ 2
02:b2—(b2—a)+—( a) =a+—( 4b2a)

b2 > a,

and so ¢ > a > 22, and thus ¢ > z, for each « € S. Thus c¢ is an upper bound
of S, which, together with ¢ < b, contradicts the assumption that b is S’s least
upper bound. The assumption b2 > a is thus incorrect.
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(i) Next, assume b* < a and consider a number d for which

a — b?

d<b d d :
0<d< an <3b’

from this choice of d it follows that
(b+d)?=b*+d2b+d) <b®+d(2b+b) <b*>+ (a—b*) =a.

The resulting inequality (b + d)? < a implies that b+ d € S. Since d > 0, the
quantity b 4+ d € S is larger than b, which contradicts the assumption that b is
an upper bound of S. Thus the assumption b < a is also incorrect.

(iii) Because both b*> > a and b? < a are incorrect by points (i) and (ii), respectively,
the only remaining possibility is that ? = a, completing the proof. O

\. J

The proof of Proposition 2.24 relied crucially on the fact that the set S C R has a real-valued
supremum because of Dedekind’s axiom. In the following proposition, we will show that
quadratic equations of the form z? = a, where a € RT, do not always have rational solutions
(even though such equations do always have a real solution). This lack of rational solutions
can be reverse engineered to imply that Dedekind’s axiom does not hold for the rational
numbers; it also means that, loosely, there are “more” real numbers than rational numbers.

Proposition 2.25: The square root of 2 is irrational

The equation 2 = 2 for the number x does not have a rational solution.

Proof. We will prove the proposition by contradiction. Assume the equation z? = 2
did have a rational solution, which we write in the form

(m/n)? =2,

where m/n is a fully reduced fraction of two natural numbers m,n € N. We rearrange
to get m? = 2n?, implying that m is an even number. Since m is even, we may write
m = 2k for some natural number k, producing

m? = 4k? = 2n° — n? = 2k>.

The last equality implies that n is also an even number, which contradicts the
assumption that the fraction m/n is reduced to lowest terms (since both m and n
are divisible by 2) and proves, by contradiction, that 2 = 2 does not have rational
solutions for the number z. O

Topic 2.13: Terminology: Irrational, algebraic, and transcendental numbers

We are now equipped to state some important classes of numbers:

e Irrational numbers are real numbers that are not rational; v/2 is an example of
an irrational number.

e Algebraic numbers are numbers that are the solution of a polynomial equation
with integer coefficients; the square roots of natural numbers are an example
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of algebraic numbers.

e Transcendental numbers are those real numbers that are neither rational nor
algebraic; m and e (Euler’s number) are two well-known examples of transcen-
dental numbers.

Although only a few transcendental numbers are commonly used in practice,
the vast majority of real numbers are transcendental. In fact, the set of all
transcendental numbers is equipotent to the set of all real numbers and thus
uncountably infinite, while the set of all algebraic numbers, like the set the set
of all rational numbers, can be shown to be only countably infinite.

2.2.6 Intervals, neighborhoods, and absolute value

The sections in this chapter thus far have mostly concerned algebraic properties of the real
numbers. However, the ordering concepts mentioned in the context of Remark 2.11 also
make it possible to equip the real numbers with topological concepts like “closeness” and
“farness”. Namely, it is possible to formulate in a precise manner which real numbers are
closer to and which are farther from any given real number. The topological structure of
the real numbers is the foundation for the concepts of continuity and differentiability used
in real analysis.

Definition 2.26: Intervals on the real line

Let a,b € R be two real numbers for which a < b. In this case, bounded intervals are
subsets of R of the form:

o (a,b) ={z € R; a <z < b}, called the open interval from a to b,

e [a,b] = {x € R; a <z < b}, called the closed interval from a to b,

o (a,b) ={r €eR;a<z<b}, and

o [a,b) ={r €eR;a<z<b}
In each of the four cases, a is the interval’s infimum and b is the interval’s supremum.
Meanwhile, unbounded intervals are subsets of R of the form:

o (—oo0,b]={zeR;z<b}

o (a,00)={r€eR;a<z}

o [a,00) ={zxeR;a<z}

o (—o0,00) =R.

\

Definition 2.27: Absolute value of a real number

The absolute value of a real number x € R, denoted by |z|, is defined as

, >0
|x|:{ T =T e Rt U {0}
-z, <0
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The absolute value is thus a function of the form
|[:R—=RTU{0}, 2+ |z
Note that |z| > 0 for all z € R and |z| = 0 if, and only if, z = 0.
The absolute value is used to straightforwardly define the distance between real numbers.
Definition 2.28: Distance between real numbers

The distance between any two real numbers z,y € R, denoted by d(z,y), is the
nonnegative real number

d(z,y) = |z — y| € RT U {0}.

Having defined intervals and absolute value, we are now equipped to introduce interior
points, exterior points, and neighborhoods, which will feature centrally throughout the
remainder of this book.

Definition 2.29: Interior, exterior, and boundary points on the real line

Let A C R be an arbitrary real set and let @ € R be an arbitrary real number.
(a—e€,a+e) =.

(i) The point a is called an interior point of A if there exists some positive real
number € € RT for which® (a — €,a + €) C A.

(ii) The point a is called an exterior point of A if a is an interior point of A’s
complement A° =R\ A.

(iii) The point a is called a boundary point of A C R if it is neither an interior point
nor an exterior point of A.

(iv) The set A is called a neighborhood of the point a if a is an interior point of A.

“The interval (a —¢, a+¢€) can be interpreted geometrically as the set of all real numbers separated
from a by a distance less than ¢; it is defined as

(a—c,ate)={zeR;a—e<z<a+e}={zeR;|z—al<e}

We may now generalize the concept of open and closed intervals to arbitrary subsets of R.

Definition 2.30: Open and closed real subsets

Let A C R be an arbitrary real subset.

(i) The set A is said to be open in R if A is a neighborhood of every point in A;
equivalently, the set A is open if all of its points are interior points.

(ii) The set A is said to be closed in R if its complement A =R\ A is open in R.

\.

Note that the definition of openness and closedness allows, perhaps counterintuitively on a
first encounter, for subsets of R to be either (1) neither open nor closed or (2) both open
and closed; we offer some examples below.

43



Example 2.31: Open and closed intervals

(i) The sets @ and R are both open and closed in R. It should be straightforward
to verify that R is open, which immediately implies that R® = () is closed.
The justification that () is open is less satisfactory; it is an example of what
mathematicians and logicians call a vacuous truth. Loosely, because there are
no points in the empty set in the first place, every one of the (nonexistent)
points in () can be interpreted as an interior point of (), and so the empty set is
open. It then immediately follows that R is closed, since R = () is open.

(ii) For all ¢,d € R for which ¢ < d, intervals of the form (c,d), (—oo,d), and
(c,0) are open in R.

(iii) For all ¢,d € R for which ¢ < d, intervals of the form [, d], (—o0, d], and [c, 00)
are closed in R (since the complements of these sets, i.e. (—o0,c) U (d, c0);
(d,00); and (—o0,c) are all open in R).

(iv) Intervals of the form [c,d) and (c,d] are neither open nor closed in R; this is
because the interval [c, d) is not a neighborhood of ¢ € [¢, d), while the interval
(¢, d] is not a neighborhood of d € (c,d]. To see this, note that for all e € RT,
however small € might be, the interval (¢ — €, ¢ + €) contains points not in [c, d)
and is thus not a subset of [c, d). Similarly, the interval (d — €, d + €) contains
points not in (¢, d], and is thus not a subset of (¢, d].

Proposition 2.32: Important equalities and inequalities on the real line

The following statements hold for all z,y € R:
(1) |zyl = [y,
(ii) |z +y| < |x| + |y| (this inequality is called the triangle inequality), and
(ii) || = [yl < |z +yl-

Proof.

(i) |zy| = |z||y| follows directly from applying the definition of the absolute value
to each of the possible cases z,y > 0; x,y < 0; £ >0, y < 0; and z < 0, y > 0.

(ii) We separately consider three possible cases:

(a) If x = 0ory =0, or if x and y are of the same sign, then evidently
|z + y| = || + |y| by the rules of real arithmetic and the definition of the
absolute value.

(b) If z < 0 and y > 0, we consider two subcases:

i. If x4y > 0, then by the definition of the absolute value the inequality
|z +y| < |z| + |y| simplifies to = +y < —x + y, which holds under
the assumption x < 0.

ii. If 2 +y < 0, then the inequality |z +y| < |z| + |y| simplifies to
—x —y < —x 4y, which holds under the assumption y > 0.
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(c) The case z > 0 and y < 0 is equivalent to the case z < 0 and y > 0, since
the labels z and y are arbitrary.

(iii) We first apply the triangle inequality to get
lyl=le+y—z| <|lz+yl+|-2z|=|z+y|+ |z,

then rearrange to get
—lz +y| < || = |yl

Similarly, make the calculation
2] =z +y—yl < e +yl+ -yl =z +yl+yl,

and rearrange to get
|| =yl < |z +yl.

The combination of |z| — |y| < |z 4+ y| and —|z + y| < |z| — |y| implies

|z = [yl <l +yl. .

2.3 The complex numbers

The complex numbers, denoted by C, are the set
C=RxR=H{(a,b); a,b e R}

equipped with the following addition and multiplication operations:

e (Complex addition) The sum of any two complex numbers (a, b), (a’,b') € C is

(a,b) + (a’,0') = (a+d',b+ 1) € C.

e (Complex multiplication) The product of any two complex numbers (a,b), (a’,b') € C is

(a,b) - (a’, V') = (a,b)(d, ) = (ad’ — bb',ab/ + ba’) € C.

Topic 2.14: Axioms for the complex numbers

The above-defined addition and multiplication operations satisfy a set of addition
and multiplication axioms completely analogous in structure to Axioms (A1)—(A10),
i.e. the addition and multiplication axioms for the real numbers. Because of this
similarity, we will not state the analogous complex number axioms here, and instead
only summarize the important modifications in generalizing Axioms (A1)—(A10) to
the complex numbers.

e The complex additive identity is (0,0) € C.

e The additive inverse to the complex number (a,b) is the complex number
—(a,b) = (—a,—b) € C.

e The complex multiplicative identity is (1,0) € C.
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e The multiplicative inverse to any complex number (a,b) € C\ {(0,0)} is

1 a —b
@)= = (a2+b2’a2+b2> '

The multiplicative inverse to (0,0) € C is undefined (just like the real multi-
plicative inverse to 0 € R is undefined).

Because they satisfy Axioms (A1)—(A10), the complex numbers form a commutative ring.
All properties and operations derived for the real numbers as a consequence of Axioms (A1l)—
(A10) (including Props. 2.3, 2.5, 2.6, and 2.8) have natural extensions to the complex
numbers (and in general to any commutative ring), and we will not restate them here.

However, the complex numbers do not satisfy Axioms (A11) or (A12) and thus do not form
an ordered ring—there is no natural ordering relation for the complex numbers.

Topic 2.15: Real numbers under the complex numbers

In the scope of the complex numbers, the real numbers are represented as the subset
{(a,0); a e R} =R x {0} C C;

the real number a € R corresponds to the complex number (a,0) € C.

Complex addition and multiplication restricted to the set R x {0} C C agrees with
real addition and multiplication, since

(a,0) + (a’,0) = (a+d’,0) and (a,0)-(a’,0) = (ad,0) for all a,a’ € R.

It is thus conventional to associate R with the set R x {0}, and write R = R x {0} C C
and a = (a,0) for every a € R.

Definition 2.33: Components of complex numbers

For shorthand, we conventionally denote an arbitrary complex number (a,b) € C
with the single letter z = (a,b) € C; any z = (a,b) € C thus has two components:

e The first component, a, is called z’s real component and is denoted by

Re(z) =a (real component of z = (a,b) € C).

e The second component, b, is called z’s imaginary component and is denoted by

Im(z) =0 (imaginary component of z = (a,b) € C).

| r
\

Definition 2.34: The imaginary unit

The imaginary unit, denoted by i, is the complex number

i=(0,1) e C




In terms of i, an arbitrary complex number z = (a,b) may be uniquely written as
z = (a,b) = (a,0)+ (0,1) - (b,0) = a +1ib.
By definition of complex multiplication, the imaginary unit i satisfies
?=(-1,00=-1 = +1=0.
More so, the imaginary unit obeys i = 1, i3 = —i, i* = 1, and so on.
In terms of i, the product of two complex numbers is

(a+ib)(a’' +ib') = ad’ + iba + aib’ + i*bb’
= (ad’ — bb') +i(ba + ab').

Definition 2.35: The complex conjugate

The complex conjugate of a complex number z = a + ib with real part ¢ € R and
imaginary part b € R is the complex number

Z=a —ib.

For all z,w € C and all x € R, the complex conjugate obeys the following properties:

o (Distributivity over addition), i.e. z +w =Z + w,

o (Commutativity over multiplication), i.e. ZW = Wz,
1

e i=—i and

e T =y forall z € R.

For an arbitrary complex number z = a + ib with real part a € R and imaginary part b € R
it holds that
2z =a’+b>>0.

The fact that z|z| is always nonnegative motivates defining the absolute value of an arbitrary
complex number z as in the following definition.

Definition 2.36: Absolute value of a complex number

The absolute value of the complex number z = (a,b) € C, denoted by |z|, is defined as
|2] = V2z = Va2 + b2

The complex absolute value, much like the real absolute value, obeys |z| = 0 if, and only if,
z = 0. More so, for real numbers z =a+1i-0 = a € R the complex absolute value obeys

2| = Va? >0,

which agrees with the real absolute value defined in Definition 2.27.

Complex conjugation and absolute value are used to define complex division.
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Definition 2.37: Complex division

The quotient of any two complex numbers z,w € C for which w # 0 is defined as

_zw _ zw _ Re(zw) iIrn(zw)
= = 2

|w

The above definition makes elegant use of the complex conjugate and absolute value:
multiplying the fraction z/w above and below by w/w transforms the original denominator
from the complex number w € C to the positive real number |w|* € R*, thus formulating
complex division as a straightforward extension of real division (or, equivalently, a simple
scaling of a complex number by a positive real scalar), but operations we have already
defined in this book.

Proposition 2.38: Properties of the complex absolute value

The following properties holds any two complex numbers z,w € C:
(i
(it

(ii

) |zw] = [2]|wl],
) |2+ w| <|z| + |w]| (this inequality is called the triangle inequality),
) 2] = [w]| < ]z 4w}, and
(iv) [lz] = |wl| < [z = wl.
Proof.
(i) We begin with the calculation

ZW|” = zwzw = 2wz w = zzww = |2|7|w|” = (|z||w])7,
2 2,12 2

then take the square root of both sides of the resulting equality |zw|? = (|z|jw])?
to get |zw| = |z||w].

(ii) We first define z = z+iy and w = a+ib, where z,y,a,b € R, and then compute

|2 +w| = |(z +a) +i(y + b)| = V(z + @) + (y + )2
=22 + 2za + a® + y2 + 2yb + b2
= /22 + 2za + a® + y2 + 2yb + b2

@.2)

= \/|z|2 + |w|? 4 2(az + by).

We also note that

jza +ybl = V/(za + yb)2 = /(2? + y?)(a? + b2) — (2b — ya)?,

which leads to the inequality

jza + yb| < /(22 +2)(a? + %) = |z]|w]

and in turn
—|2||w] < za + yb < |2]|w].
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We then substitute —|z||w| < za + yb < |z||w]| into Equation 2.2 to get

V12 + [l = 2Jzlhw] < |z +w] < Iz + |w]? + 2]z jw].

We can then prove (ii) with the calculation

2+l < /|2 + ol + 2zl ful = VR To]?
(a)
= [lzl + |wl| = [2] + [w],
where (a) holds because both |z| and |w| are necessarily nonnegative.

(iii) We prove (iii) with the calculation

2 2
|Z+w\2\/|2| + |w]” = 2[zffw| = V(|2] = |w])?

= Iz = |w]].
(iv) This point follows directly from the previous point and the calculation

()
2] = || = [l2] = |-w]| < [z 4 (-w)| = |z = wl,

where (a) holds by point (iii). O

\.

Note the similarities of points (i)—(iii) to their real-valued analogs in Proposition 2.32; this
similarity comes from the fact that the real and complex absolute value, addition, and
multiplication operations obey analogous properties.

We conclude this introductory section with a routine exercise in computing imaginary
components, complex conjugates, and absolute values.

Example 2.39: Practice with complex numbers

Let us compute the real and imaginary components, complex conjugate, and absolute
value of the complex number
a—+i

-, where a € R.
a—1

R —

We first multiply z above and below by its denominator’s complex conjugate and
rearrange to get

a+i a+i_ a®+2i-1 a®*—1,  2a

A= e at+i  a?+1 _a2+1+a2+11'
The number z’s components are thus
%
a“—1 2a
Re(z) = az——i—l and Im(z) = (12—-1—1

Meanwhile, by interchanging the sign of all i terms, z’s complex conjugate is

a—1
a+1i

z =
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which in turn allows to straightforwardly compute z’s absolute value:

zz:(“ﬂ) (“‘%):1 — |z| =vzz=1.

a—1 a—+1

2.3.1 Geometric representation of complex numbers

A complex number z € C can be represented geometrically as a point or vector in the
complex plane, i.e. as an arrow directed from the origin to the point z. In this vector
representation:

e The arrow’s length is the absolute value |z|.

e The angle ¢ between the arrow and the real axis, measured in the positive (counter-
clockwise) direction, is called z’s argument arg(z) = ¢ € [0, 27).

In terms of the trigonometric functions sine and cosine, any complex number can be written
in the form

z = |z|(cos ¢ +isin ¢).

Topic 2.16: Polar form of a complex number

The polar form of a complex number z € C is

z = |2|e* © |z|(cos ¢ + isin ¢);

equality (a) relies on Fuler’s identity e'¥ = cos ¢ + isin ¢, which we will prove in
Chapter 10, after covering power series. Euler’s identity holds for all ¢ € R.

Topic 2.17: Geometric view of complex addition and multiplication

The sum of two complex numbers z,w € C can be interpreted as the vector sum of z
and w taken as vectors in complex plane.

To geometrically interpret the product of two complex numbers z,w € C, we first
write z and w in the polar forms z = |z|e!® and w = |w|e!?. We then apply Euler’s
identity and trigonometric identities for sine and cosine to produce

2w = |z|e'|w|e!?

= |z||w|(cos ¢ + isin ¢)(cos 1) + isin 1))

= |z||w|(cos ¢ cos 1) — sin ¢ sin ) + icos ¢sin ) + isin ¢ cos)
— e[ cos(é + ) + isin(p + )]
i(

= |zwle' ¢+4),

Thus one finds the vector representing the product zw, by multiplying the vector
representing z by the scalar |w| and rotating it by the angle v in the positive direction.
In particular, this means that multiplying a complex number z by the imaginary unit
i corresponds rotating the vector representing z by an angle of w/2 counterclockwise.
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Topic 2.18: De Moivre’s formula

Repeatedly applying the result zw = |zw|e!(®+%) produces

22 = 22 = |2|e!?|2]e!® = |2|e2®

23 = 222 = |2|%e??|2]e!® = |2[°e3¢, and so on;

by the principle of induction it then follows that
P = 2k = |2]%e®®| 2] = |2|FT el BHDP for all k € N.
Taking k& + 1 = n produces de Moivre’s formula:
2 = (Jele)" = Jol"e";
substituting in Euler’s identity ' = cos ¢ + isin ¢ gives the equivalent form
2" = [|z|(cos ¢ + isin¢)]" = |z|" [ cos(ng) + isin(ng)],

which holds for all z = |z]e!® with ¢ € R and all n € N.

De Moivre’s formula is used to easily compute the n-th power of a complex number.

2.3.2 Roots of complex numbers

Consider a nonzero complex number w € C\ {0} and natural number n € N. Our goal in
this section is to solve equations of the form 2" = w for the unknown complex number z € C.

We begin by first writing z and w in their polar forms
z =z and w = |wleY,
and then applying de Moivre’s formula to get
n

|2]"e"? = |w|el¥ = 2" =w.

Two complex numbers are equal if they have equal absolute values and equal argument,
and so the equation |z|"e"® = |w|e!¥ is equivalent to the two simultaneous conditions

|2|" = |lw| and n¢ =1+ 27k, keEZ.

We then solve for |z| and ¢ to get

27k
2| = Yw and s T ez
n n
Unique solutions to 2" = w occur for k € {0,1,...,n — 1} and may be written in the form
2, = 3 ’w|el(%+%)

Interpreted geometrically, the solutions z; to the equation 2™ = w lie on a circle centered
at the origin with radius W . These solutions form the vertices of a regular n-gon (a
polygon with n vertices) in the complex plane. The n solutions to 2z = w are called the
n-th roots of the complex number w € C\ {0}.
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Topic 2.19: The complex roots of unity

The complex roots of the number 1 (a special case of the equation z" = w when
w = 1) are called the complex roots of unity. The n-th complex roots of unity are

{ei%; k:(),l,...,n—l} cC (n-th roots of unity).

In passing, we mention that the n-th roots of unity form an Abelian group under
multiplication.

Example 2.40: Roots of complex numbers

(1) Let us solve the complex equation z? = 2i.

We first write z = x + iy, where z,y € R, and multiply out to get
22 = 22 — y? + 2izy = 2i
We then equate real and imaginary parts on each side of the equation to get
22 —y?=0 and 2zy=2.

The equation 2zy = 2 means that z and y are both nonzero and that y = 1/x;
we then substitute y = 1/z into 22 — y? = 0 to get

t=1 = z=+1
We then combine z = +1 with y = 1/x to get y = 1 and thus
z12=4(1+i)  (solutions to 2% = 2i).

2

(2) Let us solve the equation 2 = u + iv, where u,v € R.

If w=v =0 then z = 0. Otherwise, we again write z = x + iy with x,y € R,
multiply out 22, and equate real and imaginary parts to get the system of
equations

22—y =u and 2zy=v.

We then separately consider the following cases:

(a) If u > 0 and v = 0, then y = 0 and = = £/u # 0. The solutions of
2?2 = u + iv are then z1 5 = +/u.

(b) If u < 0 and v = 0, then z = 0 and y = £v/—u # 0. The solutions of
22 = u + iv are then 21,2 = Fiv/—u.

(¢) If u # 0 and v # 0, the equation 2zy = v implies that x # 0, y # 0, and
that y = v/(2z). We then substitute y = v/(2z) into 2> — y? = u and
rearrange to get

4zt — 422y —v? = 0.

We then introduce the new variable s = 2% > 0 to get the quadratic

equation 4s? — 4us — v? = 0, which (e.g. using the quadratic formula) has

the solutions
u £+ Vu? +v?

$1,2 =
2




Because vVu2 + v2 > u and s > 0, only the positive solution is valid, so

u+ Vu2 + 02

S = 9

We then apply z = ++/s and y = v/(2x) to get

u+VuZ+v2 | v
2172=:t + .

V2 lﬁ\/u+\/u2+v2

2.3.3 Complex disks and neighborhoods

This section generalizes some of the concepts in Section 2.2.6 to the complex plane; we
explicitly reference the definition being generalized whenever appropriate.

Definition 2.41: Open and closed disks in the complex plane

Let z € C be an arbitrary complex number and let R be a nonnegative real number.
In this case:

e An open disk centered at z with radius R is the subset

K(z,R)={w e C; |z—w| < R} Cc C.

o A closed disk centered at z with radius R is the subset

K(z,R)={weC; |z—w| <R} CcC.

Definition 2.41 is a generalization of Definition 2.26 to the complex plane. Geometrically,
the open disk K(z, R) is the set of all points in the complex plane separated from z by a
distance less that R; this set is a disk of radius R centered at z.

Definition 2.42: Boundedness of a subset of C

A complex subset A C C is said to be bounded if there exists a positive real number
M € R for which
A cCK((0,M),

where KC(0, M) is a closed disk of radius M centered at the origin. In other words,
the set A is bounded if there exists a closed disk containing A.

\.

The above definition means means that any point in a bounded set is no farther from the
origin than M, and that any two points in a bounded set are no further from each other
than 2M.

Every subset of the real numbers is also a subset of the complex numbers, and is bounded
as a subset of the real numbers if, and only if, it is bounded as a subset of the complex
numbers.



Definition 2.43: Interior points and neighborhoods in C

Let A C C be an arbitrary complex subset and let z € C be an arbitrary complex
number. In this case

(i) The point z is an interior point of A if there exists some ¢ € RT for which
K(z,e) C A. In other words, z is an interior point of A if there exists an open
disk centered at z fully inside A.

(ii) The set A is a neighborhood of the point z € C if z is an interior point of A.

Definition 2.43 is a generalization of Definition 2.29 to the complex plane.

Definition 2.44: Open and closed subsets of C

Let A C C be an arbitrary complex subset and let z € C be an arbitrary complex
number. In this case:

(i) The set A is said to be open in C if A is a neighborhood of all points in A.

(ii) The subset A C C is said to be closed in C if its complement A° = C\ A is
open in C.

Definition 2.44 is a generalization of Definition 2.30 to the complex plane. Like in Exam-
ple 2.31:

e Both the sets ) and C are simultaneously open and closed in C.
e Open disks are open subsets of C.

e Closed disks are closed subsets of C.



3 Three-dimensional Euclidean space

This chapter covers the basic operations between elements—called vectors—of the three-
dimensional vector space R3, and also covers the description of lines and planes in R3. You
will cover vector spaces in a more general and abstract fashion in a course on linear algebra.

Loosely, the vector space R? is a mathematical description of the three-dimensional space
of every human life, for which we already have a well-developed geometric intuition from
everyday life. If one specifies a coordinate system and origin for R3, it is possible to
represent every point in R? with three real-valued coordinates as an ordered triplet taken
from the set

RE=RxRxR= {(x,y,z); x,y,z € R}.

The element (x,v,2) € R? can be interpreted as a point A in the space R3. We denote this
point by A(z,y,z) and call the real numbers z, y, and z the Cartesian coordinates of the
point A. The origin in the space R? is the point O(0,0,0).

Topic 3.1: Vector representation of points in R?

The element (z,y, z) of R? can be interpreted as a directed line segment pointing
from the origin O(0,0,0) to the point A(z,y, z). This directed line segment is called
the position vector of the point A and is denoted by

—
rqa=0A (position vector of the point A).

Since the origin O(0,0,0) is constant, any position vector 74 is fully specified by the
final point A(z,y, z), and so a point A(z,y, z) is often identified with its position
vector r4 using the notation

x
’I“AZO—zZl:(:L',y,Z): Y
z

Because of the one-to-one correspondence between points in R? and their position
vectors, we will regularly refer to elements of the space R? as vectors. In this context
we will also refer to real numbers as scalars. We will commonly denote arbitrary
vectors in R? by

v = (v,v9,v3) € R? (a generic vector in R?),

and call the numbers vy, v, v3 € R the components of the vector v.

3.1 The vector space R3

We will begin by defining the vector addition and scalar multiplication of elements of the
set R3, and then explain how the set R? equipped with these two operations forms what
mathematicians call a vector space.

Definition 3.1: Vector addition and scalar multiplication

We define the following two operations on the set R3.
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(i) (Vector addition) The vector sum of any two vectors u = (u1, ug, u3) € R and
v = (v1,v2,v3) € R3, denoted by u + v, is defined as

u+v = (u + v1,uz + vz, uz + v3) € R®

(ii) (Multiplication of a vector by a scalar) For any vector v = (v1, ve,v3) € R3 and
any scalar a € R, the product of a and v, denoted by av or a - v, is defined as

av = a-v = (v, aws, aws) € R3,

\.

Any vector space must also contain (1) a zero vector and (2) an additive inverse to every
element in the vector space. In the vector space R?, these are defined as follows.

Definition 3.2: The zero vector and additive inverse

The zero vector in R? is denoted by 0 and defined as
0=(0,0,0) € R3.
The additive inverse to the vector v = (v1,v2,v3) € R? is denoted by —v and defined as

—v=(-1) v =(—vy,—vg, —v3) € R3.

\. J

The zero vector has the important property that v+ 0 = v for all v € R?, while the additive
inverse has the property that v + (—v) = 0, for all v € R3. More generally, the following
properties hold for the vector space R3.

Topic 3.2: Axiomatic properties of the vector space R?

The following properties hold for all vectors w,v,w € R? and all scalars o, 8 € R.

i) (u+v)+w=u+(v+w) (associativity of vector addition)
(i) u+tv=v+u (commutativity of vector addition)
(i) v+ 0=w (property of the zero vector)
(iv) v+ (—v) =0 (property of the additive inverse)
(v) Scalar multiplication is distributive over vector addition, i.e.

a(u + v) = au + av.

(vi) Scalar multiplication is distributive over scalar addition, i.e.

(a+ B)v = av + Pv.

(vii) Multiplication of scalars and scalar multiplication of vectors is compatible, i.e.
a(fv) = (af)v.

(viii) 1-v=w (property of the multiplicative identity)
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Because the operations of vector addition and scalar multiplication obey the axiomatic
properties (i) through (viii), the set R3, equipped with the operations of vector addition
and scalar multiplication, is called a wvector space over the scalar field R.

Note that we have not derived (and thus cannot and will not prove) properties (i)—(viii)
from first principles. Instead, we take these properties as axioms characterizing the vector
space R3, similarly to how we used Axioms (A1) through (A13) as a way of characterizing
the real numbers. We will then use properties (i)-(viii) to derive all other properties of R3.

We now introduce the Cartesian unit vectors, which are a set of three vectors with the
special property that any vector in R? can be written as a simple sum of the unit vectors.

Definition 3.3: The Cartesian unit vectors

The Cartesian unit vectors, denoted by 1, j and R, are defined as

i=(1,0,0) € R?
j=1(0,1,0) e R?
k= (0,0,1) € R®.

An arbitrary vector v = (vy,v2,v3) € R3 can be uniquely written as a sum of scalars
multiplied by the Cartesian unit vectors i, j, and k in the form

v =014 v2] + vsk.

This representation of v is called the expansion of v in terms of 1, j, and k.

\.

The Cartesian unit vectors are a special case of what mathematicians call a basis for the
vector space R?; a basis for a (finite-dimensional) vector space has the important property
that any vector in the space can be written as a linear combination of the basis vectors.
The vectors 1, j, and k point in the directions of the Cartesian unit axes and are called the
standard basis vectors of the vector space R?. You will learn more about bases in a course
on linear algebra.

Example 3.4: Translation of vectors to the origin

Let A and B be two points in R? with associated position vectors
ra=(z,y,2) and rp=(2/,y,7),
and consider the directed line segment that points from A to point B.

If we translate (i.e. move) this line segment so that it starts at the origin O instead
of at the point A, in such a way that preserves the line’s direction in space, the result
of the translation is the vector in R? given by

ﬁ:rB—rA:(x'—w,y'—y,z'—z).

We will assume a convention in which a directed line segment from point A to point
B is equivalent to the vector AB = rg — 14 € R3. Every directed line segment
between two points in R3 thus corresponds to a vector, and two such directed line
segments correspond to the same vector if, and only if, one is a direction-preserving
translation of the other.
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3.2 The scalar, vector, and triple products

3.2.1 The scalar product in R3

Definition 3.5: The scalar product in R?

The scalar product of any two vectors w = (uy,u2,uz) € R® and v = (v1,v2,v3) € R3
is a real number denoted by u - v and defined as

U - v = uiv1 + ugus + uszvy € R.

The scalar product is sometimes also called the dot product; in more general vector spaces,
an operation analogous to the scalar product is called the inner product.

Proposition 3.6: Properties of the scalar product

The following properties hold for all vectors u, v, w € R? and all scalars o € R3

(i)u-v=v-u (commutativity)
(i) u-(W+w)=u-v+u-w (distributivity over vector addition)
(i) (u4v) w=uv - w+v w (distributivity over vector addition)
(iv) a(u-v) = (au) -v=1u-(av) (homogeneity)
(V) v-v>0 (positive definiteness)
(vi) v-v =0 if, and only if, v = 0. (positive definiteness)

Proof. All properties can be directly verified by direct computation using the defini-
tion of the scalar product. O

Because it obeys properties (ii)—(iv), the scalar product is a bilinear operation.

The scalar product can be used to equip R? with a number of useful geometric notions,
including the length of a vector and the distances and angles between vectors. We explore
length and distance immediately below.

Topic 3.3: Length of a vector in R?

The length of any vector v = (v1, v2,v3) € R3 is denoted by ||v| and defined as

v = Vv v=1/vi+v3+03 €R.

The positive-definiteness of the scalar product (Proposition 3.6 (vi)), means that the
length of any vector v € R? obeys

v>0 and |v||=0 < v=0.
Additionally, for all a € R the length of any scaled vector obeys

lav|| = |a|||v]| for all v € R3,

Note: in R? (and more generally in any Euclidean space) the length of a vector is
commonly denoted by either ||v| or ||v]|; we will use ||v|| to avoid ambiguity with
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the absolute value of a scalar. In more general vector spaces, an operation analogous
to taking the length of a vector is called the vector norm, and is also denoted by ||lv]|.

Topic 3.4: Distance between vectors in R?

The distance between any two vectors u, v € R? is denoted by d(u,v) and defined as

d(u,v) = [lv —ul = V/(v1 — u1)? + (v2 — u2)? + (v3 — uz)*.

Geometrically, viewing vectors as directed line segments in R? as discussed in
Topic 3.1, the distance between two vectors is the distance between their endpoints.
In this view, for any two points A and B in R? with associated position vectors
ra = (z,y,2) and rg = (2/, 9/, 2), the distance between the points is

d(A, B) = |rg —rall = V(z = 2)2 + (y - ¢)? + (2 = )2

Proposition 3.7: The Cauchy-Schwartz inequality

Every two vectors u, v € R? obey the Cauchy-Schwartz inequality

|- o] < flufljv]].

Proof. If either u =0, v =0, or v = v = 0, we can directly verify the inequality:
v uf =0 < ul|v] = 0.
Now assume both w and v are nonzero, and for shorthand define the three terms
a=|v|?, B=u-v, w=oaou—pfv.

We then make the calculation

w-w@(au—ﬁv)-(au—,@v)
=d’u-u—afu-v—Pav-u+f%v-v

@a?u-u—Zaﬂu-v—i-BQU-'u

= o®||u® - 208u - v + B7|]v|?

(©
= [oll*fleel® = 2llv]* (- ©)* + (u - 0)?||o]?

@)
= [loll*lull® - (v v)?lv)* > 0,

where (a) follows from the definition of w, (b) holds because of the dot product’s
commutativity, (c) follows from the definitions of o and 3, and (d) holds because
w - w > 0 by Proposition 3.6 (v).

We then divide through by [Jv||* (which is allowed because ||v||?> > 0 under the
assumption that v # 0), rearrange, and take the square root of the inequality to get

o] [|w]* = (u-v)% >0 (after dividing through by [|v||?)

[o]*[ul > (u - v)? (rearranging)

v]|?[|w]® = |v|||lu]| > /(u-v)2 = |u-v| (taking the square root).




The result is the Cauchy-Schwartz inequality |u - v| < ||v]|||w]. O

Strict equality, i.e. |u - v| = ||v] - ||u]|, occurs when w = 0. From the definition of
w, this occurs when au = fv, i.e. (assuming v and v are nonzero) when u and v
point in the same direction in space (or, equivalently, when one vector is a scalar
multiple of the other).

. J

Proposition 3.8: The triangle inequality

Every two vectors u, v € R? obey the triangle inequality

lw+ vl < [[ul| + [[v]-
Proof. We begin with the calculation
lut+v)*=(u+v) (u+v)=u-u+2u-v+v-v,
then apply the Cauchy-Schwartz inequality to get
lutv|*=u u+2u-v4v-v

(a)
< [ullflell + 2f|ull[[v]| + [[v][v]
= (lull + Iv1)?,

where (a) uses the Cauchy-Schwartz inequality. We then take the square root of
both sides of the resulting inequality to get ||u + v|| < ||ul|| + ||v]|. O

\. J

The triangle equality gets its name from interpreting the vectors u, v, and v + v as directed
line segments defining the sides of triangle, together with the fact that, from elementary
geometry, the sum of the lengths of any two sides of a triangle is greater than or equal to
the length of the remaining side.

Definition 3.9: Orthogonality

Two vectors u, v € R? are said to be orthogonal when
v-u=0.

If w and v are orthogonal, we write u | v.

Orthogonality is generalization of the concept of perpendicularity to general vector spaces,
and the definition of orthogonality agrees with the notion of perpendicularity from elemen-
tary geometry. To show this, we first make the auxiliary calculation

lu+ol* = (u+v) - (u+v) = |lul* +2u- v + o] (3.1)

We then note that any two vectors u, v € R? specify a triangle with sides w, v, and u + v.
The sides u and v are perpendicular when the triangle obeys the Pythagorean theorem
|w +v||* = |Ju||* + ||v|*. But by Equation 3.1, this perpendicularity condition occurs if,
and only if, u - v = 0, i.e. when u and v are orthogonal.
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Definition 3.10: Orthogonal projection

The orthogonal projection of the vector u € R? onto the nonzero vector v € R3\ {0},
denoted by pry (), is defined as the vector
u-v

pry(u) = (n) v € R

\.

This definition, although perhaps intimidating at first sight, has a well-defined geometrical
interpretation: the orthogonal projection pr# (u) of u onto v is the scaled multiple of v for
which u — pry (u) is perpendicular to v, i.e.

[u — prj(u)] v =0.
The formula for the orthogonal projection follows from denoting pry(u) = aw for some

a € R, and then applying the above orthogonality condition to compute

ot )] v = (u— aw) v = N
[u—pry(u)] - v=(u—av) - v=0 = « ot
Having solved for «, it then follows that

pry(u) = av = (n) .

Note that pry(u) = 0 if u = 0.

Topic 3.5: Angle between vectors

The angle ¢ between any two nonzero vectors u,v € R\ {0} is given by

cos ¢ = ﬁ.
[ullllv]|
One can derive this formula directly from geometrical considerations: if one defines
a triangle with side lengths u, pry (u), and w — pr(u) then by the definition of the
cosine function the angle between the vectors w and pry (u), and thus also the angle
between w and v || prg (u), is

lprs )| _ w-vloll _ v
[l o el llellivll

The angle between two vectors is undefined if one (or both) of the vectors is 0.

\.

The angle ¢ between any two nonzero vectors u,v € R\ {0} is
e acute if u-v >0,
e obtuse if u-v < 0, and
e a right angle if w-v = 0.

The definition of the angle between two vectors can be used to define the notions of parallel
and linearly dependent vectors—these concepts play an important role in the theory of
vector spaces, but we will use them only briefly in this book.
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Definition 3.11: Parallel and linearly dependent vectors

Two nonzero vectors in R? are said to be parallel or colinear if the angle between
then is equal to either 0 or 7. The zero vector 0 is thus parallel to all vectors in R3.

Two vectors in R? are said to be linearly dependent if one is a scalar multiple of the
other. More formally (but equivalently) the vectors u,v € R? are linearly dependent if,
and only if, there exist scalars a, 3 € R? of which at least one is nonzero and for which

au + fv =0.

| V

Topic 3.6: Unit vectors and direction cosines
A vector u € R3 is called a unit or normalized vector if
lul| =1 (condition that w is a unit vector).

A unit vector is typically written with a circumflex, for example 1. An arbitrary
vector v € R3 can be normalized, i.e. made into a unit vector, by dividing it by its

magnitude:

1
V= ”—H’U (normalized version of v).
v

The vector v points in the same direction as v but has unit magnitude.
Any normalized vector {i can be written in the form
1 = (cosa, cos 3,cosy) = cosal+ cos B] + cos vk,

where «, 3, and ~ are the angles between 1 and the standard basis vectors 1, j,
and Kk, respectively. The components cos «, cos 3, and cos~y are called the direction
cosines of the unit vector a.

We conclude this section with a routine exercise in computing vector lengths, dot products,
angles, and orthogonal projections.

Example 3.12: Practice with vector computations

Define the vectors u = (1,2,3) and v = (1,0, —1), and let us compute the lengths
llu|l, [|lv]l, and ||w + v||; the angle ¢ between the vectors w and v, and the orthogonal
projection of u onto v.

We first note that w4+ v = (2,2, 2), and then compute the lengths of each vector:

Ju| =vVI+4+9=114
loll = vI+0+1=v2
lu+v]|=v4d+4+4=+v12.

We then compute the dot product

u-v=14+0-3=-2,




which we then use to compute the angle ¢:

u-v o -2 _ 1
[ullflol /28 VT

Finally, the orthogonal projection of u onto v is

pri(u) = (20) v = <_72) v =(=1,0,1).

v-v

cos ¢ =

\.

3.2.2 The vector product in R?

Definition 3.13: The vector product

The vector product of any two vectors u = (uy,ug,us) and v = (v1, v2, v3) is a vector
denoted by u x v and defined as

U X v= (UQU3 — U3V2, U3V] — U1V3, U1V — UQ’Ul) € R?’.

The vector product is also called the cross product, and can be written in the following
equivalent forms:

u X v = (ugv3 — U3’U2)i + (U31)1 — ulvg)j + (ulvz — UQUl)R

a) lus  usl .  |uz w1l . |ur ua| s

(@) |uz 3l U W 1ou2|p
Vg9 U3 (%3 v1 V2 (32)
i j k

(b)

= |u1 U2 Uug|,
U1 V2 U3

where (a) and (b) use a notation and concept from linear algebra called the determinant of
a square matrix. We mention this determinant form of the vector product only for the sake
of completeness—aside from a brief appearance in the calculation of the triple product in
Section 3.2.3, will not use determinants elsewhere in this book.

Proposition 3.14: Properties of the vector product I

The following properties hold for all vectors u,v,w € R? and all scalars o € R:

(i) uxv=—(vxu) (anticommutativity)
(i) ux(v+w)=uxv+uxw (distributivity over vector addition)
(iii) (u+v)xw=uxw+vxXw (distributivity over vector addition)
(iv) a(u xv) = (au) X v =u X (av) (homogeneity)
(v) The vector u X v is orthogonal to both w and v, i.e.

u-(uxv)=v-(uxv)=0

(vi) v x v =0.
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Proof. Points (i)—(v) can be directly verified by direct computation using the defini-
tion of the vector product. Point (vi) is a direct consequence of the anticommutativity
in point (i). O

Because it satisfies properties (ii)—(iv), the vector product is a bilinear operation.
The unit vectors 1, j, and k obey the cross product identities
j=k ixi=0
xk=1 jxj =0
kxi= j kx k=o0.
In fact, because the vector product is a bilinear operation and every vector in R? can be

written as a linear combination of the basis vectors 1, j, and k, the vector product is fully
determined by properties (ii)—(iv) and the vector products of the unit vectors. Namely:

uUXvV= (u1i+u2j+U3R) X (vli—i—vgj—i—vgf{)
= uyvp(1 % §) + urv3(i x k) + ugvy (§ x 1)
+ ug3(j x k) + uzvi (k x 1) 4+ ugva(k x J)
= wyvak + w1v3(—J) + uavi (— k) + uovs i + uzvi  + ugva(—1)

= (UQU3 — U2U2)i — (ulvg — U31)1)j + (u1v2 — U,Qvl)k,

which agrees with the definition of the vector product in Definition 3.13.

Proposition 3.15: Properties of the vector product II

The following properties hold for all vectors u,v,w € R3:
(i) u-(vxw)=(uxv) w
(i) u X (v X w) = (u-w)v — (u-v)w

(i) u x (v X w) +v X (w X u)+w X (uxwv) =0, which is called the Jacobi
identity for the cross product.

(iv) If w and v are both nonzero and ¢ is the angle between v and wu, then

[u x v = [lulllv]| sin ¢.

Proof. Points (i) through (iii) can be verified by direct computation using the
definition of the vector product. Before proving point (iv), we first quote the equality

2 2 2
I > w]* = Jlul*lv]* - (u-v)?,

which can be verified by direct computation using the definition of the scalar and
vector product. Point (iv) then follows from the calculation

lol? — (- v)?

2 2 2 2
lo[* = flul[[0]” cos® &

2,12
= [lull*lo]*(1 — cos® ¢)
2 .2
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where (a) follows from the definition of the angle between two vectors. We then take
the square root of both sides to get ||u x v|| = ||ul|||v]| sin ¢. O

Topic 3.7: Geometric interpretation of the vector product

Let u and v be two nonzero vectors in R? and let ¢ denote the angle between them.
We first note that the vectors u and v define a parallelogram with a base of length
|lu|| and a height ||v|| sin ¢. The area of this parallelogram is

() (D)
A= ull|vfsing = [lu x vl

where (a) follows from elementary geometry and (b) from Proposition 3.15 (iv). Note
that this area formula makes sense even if one of the vectors is zero, in which case
the area of the parallelogram is also zero.

The cross product u x v of two vectors w, v € R? is thus a third vector orthogonal
to both w and v with length equal to the area of the parallelogram spanned by u
and v.

Assuming u X v is nonzero, the direction of u x v is such that the vectors u, v,
and u X v, in that order, satisfy the right-hand rule. In particular, this means that
the mutual orientation of w, v, and u X v, in that order, is the same as the mutual
orientation of the standard basis vectors 1, j, and R, in that order.

.

The vector product of two vectors is closely related to the vectors’ linear dependence (or
lack of it), as explored in the following proposition.

Proposition 3.16: Linear dependence in R?

The following properties are equivalent for any two vectors u,v € R3.
(i) The vectors u and v are parallel.
(ii) The vectors u and v are linearly dependent.
(iii) The vectors satisfy the Cauchy-Schwartz equality |u - v| = ||u|||v]|
(iv) The vectors’ cross product is zero, i.e. u x v = 0.
Proof. If either u, v, or both are zero, then all properties follow directly from the
definitions of parallel vectors, linear independence, etc.

Now assume u and v are both nonzero, and let ¢ denote the angle between them.
In this case:

e The equivalence of (ii) and (iii) follows from the definition of linear dependence
in Definition 3.11 and the fact that two vectors satisfy the Cauchy-Schwartz
equality only if one is a scalar multiple of the other (recall the comment at the
end of the proof of Proposition 3.7).

e Point (iv) follows from point (ii) and the calculation

(2) (b)

uxv:('y'v)xv:fy('vxv)(c)

= 0,
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where (a) uses point (ii) and the definition of linear dependence to write u = v,
(b) uses the homogeneity of the vector product, and (c) follows from the vector
product identity v x v = 0.

e Point (i) follows from (iv) and the calculation

uxv=0 = 0=|uxv| |ullv)]sing -2 sing=0,

where (a) uses Proposition 3.15 (iv) and (b) follows from the assumption that
both w and v are nonzero, requiring sin ¢ = 0. The result sin ¢ = 0 means that
¢ equals either 0 or 7, and so w and v are parallel by Definition 3.11.

e Point (iii) follows from point (i); namely, if w and v are parallel, i.e. if ¢ equals
0 or m, then cos¢ = £1 and so

(a) (b)
- v| = JJull[[vlllcos ¢ = [lu]|Jo]]

where (a) follows from the definition of the angle between two vectors and (b)
from cos ¢ = +1. OJ

3.2.3 The triple product in R?

Definition 3.17: The triple product

The triple product of the vectors u, v, w € R3 is a scalar denoted by (u, v, w) and
defined as
(u,v,w) = (uxv) - weR.

Because the scalar product is commutative, because the vector product is anticommutative,
and because u - (v X w) = (u X v) - w by Proposition 3.15 (i), the triple product obeys

(uxv) - w=(vxw) u=(wxu) v
=—(vxu)-w=—(wxv) - u=—(uxw)- v,
and so the triple product is invariant under cyclic permutation of its arguments.
The triple product can be computed in any of the following forms:

(uxv) - w=u-(vxw)

(a) vy v3|. |v1 w3|. |vi vy~
@) . (|2 s LU LUz
w2 w3z w1 w3z w1 Wy
(b) V2 U3 U1 U3 V1 U2
= U1 — + us
w2 w3 w1 w3 w1 w2

up u2  ug
= | U1 V2 V3
wp w2 w3
= U1V2wW3 + UV3W]1 + UV W2
— UIV3W2 — UV1W3 — U3V2W1,
where (a), (b), and (c), like in Equation 3.2 for the vector product, are expressed in terms
of the determinant of a square matrix.
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Topic 3.8: Geometric interpretation of the triple product

Consider the parallelepiped spanned by the vectors w, v, w € R3. If the vectors u x v
and w are both nonzero, let ¢ denote the angle between them; otherwise, let ¢ be an
arbitrary real number. The base of the parallelepiped is the parallelogram spanned
by u and v with area A and height h equal to

A=|uxwv| and h = ||w||cosd¢|.
We then make the calculation
[(u x v) - w| = [lux v|||w||[cos ¢| = AL =V,

which implies that the absolute value of the triple product |(u,v,w)| equals the
volume V' = Ah of the parallelepiped spanned by w, v, and w. Meanwhile, if
(u,v,w) = 0, the vectors u, v, and w are said to be coplanar. Interpreted geometri-
cally, this means that u, v, and w are all parallel to the same plane—we will discuss
planes in R? in the next section.

We conclude this section by noting that the vectors u, v, and w, in that order,
satisfy the right-hand rule if, and only if, (u,v,w) > 0.

3.3 Lines and planes in R3

This section introduces the equation-based formulation of lines and planes in R3 and covers
the calculation of the their mutual positions and orientations.

3.3.1 Equation of a plane in R3

Definition 3.18: Planes in R?

Let 7o and n be two vectors in R? and assume that n # 0. In this case the plane in
R3 perpendicular to n and containing the point with position vector rq is the set of
points ¥ C R3 defined as

Y={recR® (r—r) Ln} CR.
The plane ¥ is thus the set of all points r € R? solving the equation
(r—mo)-n=0;

this equation is called the equation of the plane 3. The nonzero vector m is called
the normal vector to the plane ¥; two planes are said to be parallel if their normal
vectors are parallel.

Topic 3.9: Point-normal and standard equation of a plane

| r
\

Let r = (z,y, 2), 7o = (%0, Y0, 20) and n = (a, b, ¢). Using this notation, the equation
(r—mp) -mn =0, i.e. the equation of the plane with normal n passing through the
point 79, can be written in following two equivalent forms




(i) Point normal form:

a(z — xo) + b(y — yo) + (2 — 20) = 0.

(ii) Standard or general form:

ar + by + cz =d.

At least one of the constants a, b, c must be nonzero for the plane to be well-defined,
in which case the two forms are related by the identity

d = axo + byo + c2p.

Topic 3.10: Defining a plane with three points

Let 71, 79, and 73 be the position vectors of three points in R3. If the vectors ro — 7y
and r3 — r; are not parallel, there exists exactly one plane ¥ C R? that passes
through all three points. The normal vector to this plane is

n=(re—1ry) X (rs—ry), (3.3)
and the plane itself is the set of all » € R3 solving the equation
(r—m1)- [("‘2—1“1) X ("“3—1°1)] =0, (3.4)

which is just a special case of the equation (r — ry) - n = 0 with normal vector n
given by Equation 3.3.

Note that Equation 3.4 is a triple product of the vectors (r — r1), (r2 — r1), and
(rs — 71), and so the equation of a plane defined by three points can be written in
the determinant form.

rT—x1 Y—Yyi z—21
Tg—x1 Y2—y1 22—z =0.
T3 —T1 Y3 — Y1 23— 21

.

3.3.2 Equation of a line in R?

Definition 3.19: Lines in R3

Let 79 and s be two vectors in R? and assume s # 0. In this case the line in R3
parallel to the vector s and passing through the point with position vector rq is the
set of points £ C R? defined as

{={ro+tscR3 tcR} C R (3.5)

\. J

The line ¢ thus consists of vectors of the form
T =170+ ts, t eR;

The formulation of a line in Equation 3.5 in terms of the quantity r¢ + ts is called the
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parametric form of a line, and ¢ is called the line’s parameter. The parameter ¢ determines
the position along the line of a point with position vector » = rg + ts. The vector s is
called the line’s direction vector.

Topic 3.11: Standard equation of a line

Let r = (x,y,2), 70 = (z0,Y0,20) and s = («, 3,7), and assume at least one of
the constants «, 8,y must be nonzero. Using this notation, the vector equation
T = 19 + ts can be written as the system of scalar equations

T = xg+ tc
y=yo+1tb
z = zp+ 1.

Solving the equations for the parameter ¢ and equating the results produces the
standard form of the equation of a line, which we divide into the following subcases
depending on the values of the components «, 3, and ~:

(i) If a, B, and 7 are all nonzero, the standard equation of a line is

x—xozy—yo:z—zo
a B o

(ii) If @« =0 and B, # 0, then the standard equation of a line is

Y—%Y z2— 20

B v

€T = Zo,

(iii) If « = =0 and 7 # 0, the standard equation of a line is

T =xo, Y =1Yo, Z:zo_‘_t’y

Analogous equations result if different combinations of «, 8, and v are zero/nonzero,
but at least one of these three constants must be nonzero for the line to be well-defined.

Topic 3.12: Specifying a line as an intersection of planes

A line in R3 can be specified as the intersection of two nonparallel planes ¥; and 3s.
Assume planes Y1 and Yo are respectively given in standard form by the equations

a1z +biy+ciz=dy and asx + boy + coz = do;
and let the planes’ normal vectors be given respectively by
n; = (ahblacl) and ng = <a27b2a02)-

The intersection of the two planes then uniquely specifies a line £ = 31 N3y consisting
of all points » = (x,v,2) € R? solving the system of equations

a1z +biy+cz=d
as® + boy + coz = da.
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The point rg used to specify the line £ = 31 N Yy can be any solution to the above
equations, while the line’s direction vector can be taken to be

S =mn1 X Ny,

which is perpendicular to both n; and ns and nonzero under the assumption that
31 and X are not parallel.

\.

Topic 3.13: Reparameterizing a line in R3

We have mentioned that a line ¢ C R3 parallel to the vector s and containing the
point rq is the set of all points

(= {ro+ts € R3 t cR}.

However, it is perfectly reasonable to specify the same line with a different direction
vector and point—any point 7 in the line ¢ and any direction vector s’ parallel to s
specify the same line ¢.

Because 7'6 € £, there exists some tg € R for which r6 = 1 + tps, and because s’ is
parallel to s, there exists some nonzero scalar §# € R for which s’ = s. The new
point r{, and direction vector s’ specify a new parameterization of the line ¢, namely

(={rj+t's €R3; ¢ c R}

The process of changing initial point and direction vector used to specify a given
line is called reparameterization. The original and new parameterizations are related
by the equality

r=ry+ts @ (ro +tos) +t'0s = ro + (tg +t'0)s = ro + ts,

where (a) follows from the above expressions for 7, and s’; the original and new
parameters are thus related by the equation

t=ty+t0.

After reparameterization, the standard equation of a line in Topic 3.11 (i) becomes

z—(zo+toa) y—(yo+th) _z—(20+t0)

Ha 03 O~y ’

or, after rearranging into a more interpretable form,

1 (x—x _l/fy—y _lfz—z
(5 n) = () =5 (50 ). w9

Equation 3.6 means that the new standard-form equation of the line £ can be obtained
from the original equation by a translation by ¢y and a scaling by 1/6. Thus two
standard-form equations correspond to the same line if one set of equations can be
obtained from the other by translation and scaling of the original.

\. .

We illustrate how the same line can have multiple standard-form equations in the following
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example.

Example 3.20: Two standard-form equations of the same line

Let the lines ¢; € R3 and f5 € R® be given respectively by the standard-form

equations
x—5 y—-T7 =z and x—1 y—-1 2+10
2 3 5 4 6 10 °

From observing the fractions’ denominators, the two lines have direction vectors

s1=(2,3,5) and sy = (4,6,10);

since s7 is a scalar multiple of sy, the vectors s; and s9, and thus the lines ¢; and
{5, are parallel. The lines being parallel leaves two possibilities: either the two lines
are equal or they do not intersect at all, so it suffices to show that the lines contain
a single mutual point to show that the lines are in fact equal. By observing the
fractions’ numerators, the first line contains the point (5,7, 0); substituting this point
into the equation of £y gives

5—-1 7-1_0+10
4 6 10

The point (5,7,0) thus solves the equation of, and thus lies on, the line ¢35, implying
that 1 and ¢ are the same line.

3.3.3 The mutual orientation of points, lines, and planes in R?

We conclude this chapter with a survey of techniques for computing the distances and
angles between points, lines, and planes.

Topic 3.14: Distance between two points

The distance between any two points with position vectors 71,7y € R? is

d(r1,1m2) = [l72 — |-

Topic 3.15: Distance between a point and a line

| r

Let 71 be any point in R3 and let £ C R3 be a line with the parameterization
r=ro+ts, rocR>andsecR?\{0}.

The distance between the point with position vector r; and the line £ is defined as
the distance between 71 and the point on ¢ closest to 1. From geometric arguments,
this distance is the height d of a parallelogram with base s and side r; — ry. Two
equivalent expressions for the area of the this parallelogram are

A= |ls[ld = |[s x (11 —7o)|| = 4,
which we then rearrange to solve for the distance between r1 and ¢

S X (1 —7
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Topic 3.16: Distance between a point and a plane
Let 71 be any point in R? and let ¥ C R? be the plane given by
(r—mo)-mn=0, 79€R>andncR?\{0}.

The distance between the point with position vector r; and the plane X is defined
as the distance between r; and the point in % closest to r;. This distance equals
the magnitude of the orthogonal projection of the vector r; — rg onto the plane’s
normal vector n, i.e.

i -[(55%)

n-n

Topic 3.17: Distance between parallel lines

Let ¢; and f5 be two parallel lines in R? given by the parameterizations
r=7ry+1tsy and 7 =179+ tss.

Recall that two lines are parallel if s1 X so = 0. In this case, the distance between
the lines equals the distance between the first line and any point on the second line,
or vice versa; using the formula in Topic 3.15 for the distance between a point and a
line, the distance between two parallel is thus

S9 X (1 — T2
d(€1762) = “ ’(|82H )H

Topic 3.18: Distance between nonparallel lines

Let ¢, and /5 be two nonparallel lines in R3 given by the parameterizations
r=7r1+ts; and 7 = ry+1tSs9;

recall that two lines are nonparallel if s1 X s9 # 0. In this case, the distance between
the lines equals the height d of the parallelepiped with side 7o — 1 and whose base
is the parallelogram spanned by the direction vectors s; and s3. The volume of the
parallelepiped is on the one hand equal to the absolute value of the triple product
of s1, s2, and 79 — 1 and on the other hand equal to the base-height product
A-h=|s1 x s2| -d. We first equate these two volume expressions:

V =|ls1 X 82| - d = [(s1,82,72 —71)| =V,
then solve for the distance d to get

iy, bp) = LEL o2 =)l _ [(81 X 82) - (r2 = 71)|
v [[s1 % s2l |81 x sol




Topic 3.19: Distance between a line and a plane

If a line and plane intersect, the distance between them is zero. If a line and plane
do not intersect, the distance between them is distance between the plane and any
point on the line as covered in Topic 3.16.

\.

Topic 3.20: Distance between two planes

If two planes intersect, the distance between them is zero. If two planes do not
intersect, the distance between them is distance between the first plane and any
point on the second plane (or vice versa) as covered in Topic 3.16.

Topic 3.21: Angle between two lines

Let ¢1 and f5 be two lines in R? given by the parameterizations

r=7r1+tsy and 7 =17y +1tso.

The angle ¢ between the lines falls in the range ¢ € [0,7/2] and is determined by
the mutual orientation of the lines’ direction vectors. If the angle between s; and
S9 is acute or a right angle, the angle between ¢; and f5 equals the angle between
s1 and s9. If the angle between sy and so is obtuse, the angle between ¢; and /¢
equals the angle between s; and —so. Using the expression for the angle between
two vectors from Topic 3.5, a single formula for the angle between two lines is

|51 - 82
lls1lll|s2]l

Topic 3.22: Angle between a line and a plane

Let ¢ be a line in R? with the parameterization

cosp =

r=r;+ts, r €R®andscR?\{0}.
and let ¥ be the plane in R3 given by
(r—m)-n=0, 7 €R>andncR?\{0}.

The angle between the line ¢ and plane ¥ falls in the range ¢ € [0,7/2] and equals
the angle between the line ¢ and ¢’s orthogonal projection onto the plane Y. From
geometrical arguments, the angle between ¢ and a hypothetical line with direction
vector n equals /2 — ¢. Using the trigonometric identity sin ¢ = cos(m/2 — ¢) and
the formula for the distance between two lines, the angle between ¢ and ¥ is then

|s - n|
[Is[Hl(l

sing =




Topic 3.23: Angle between two planes

Let 31 and X9 be two plane in R? defined by the equations
(r—r1)-m1 =0 and (r—r2) -ng =0,

where 71,79 € R? and my,n2 € R\ {0}. The angle between the planes falls in the
range ¢ € [0,7/2] and equals the angle between two lines with direction vectors
equal to m1 and no; referring to Topic 3.21, the angle between the planes is

|11 - Mo

COS =0
? = Tralmal
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4 Sequences of numbers

4.1 Basic concepts

Definition 4.1: Sequences and elements

e A sequence of complex numbers, or simply a complex sequence, is a function
of the form N — C mapping n — a,, and is usually written with one of the
following notations

(a1,a2,a3,...) = (an)neN = (@n)n = (an)-

The individual numbers in the sequence (e.g. aj, ag, etc.) are called the
sequence’s elements. The n-th element of the complex sequence (a,)pen is the
number q,, € C.

e The image of a complex sequence (a,)nen is the set of the sequence’s elements:

image (an)neny = {a1,a2,as,...} = {an; n € N} C C.

\.

If all elements in the sequence (an), oy are real (or rational, integer, or natural) numbers,
then (ay),cy is called a sequence of real (or rational, integer, or natural) numbers and its
image is a subset of R (or Q, Z, or N). This section primarily concerns sequences of real
numbers.

We now extend the concepts of boundedness introduced in Section 2 to the description of
sequences.

Definition 4.2: Boundedness of real sequences

Let (an),cy be a sequence of real numbers. In this case
(i) The real sequence (an),cy is bounded if its image is a bounded subset of R.

ii) The real sequence (a., is bounded above if its image is an above-bounded
neN
subset of R. In this case the sequence’s supremum is the number

sup (an), ey = sup{an; n € N}.

(iii) The real sequence (an),cy is bounded below if its image is a below-bounded
subset of R. In this case the sequence’s infimum is the number

inf (an), ey = inf{an; n € N}.

\

The concept of general boundedness also applies to complex-valued sequences: a complex-
valued sequence is bounded if its image is a bounded subset of C. However, boundedness
above and below, and thus the supremum and infimum, cannot be naturally extended
to complex sequences because, as mentioned in the comments following Topic 2.14, the
complex numbers lack a natural ordering relation.
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Definition 4.3: Growth of real sequences

Let (an),cy be a sequence of real numbers. In this case

(i) The sequence (ay),cy is said to be increasing if

Gpy1 > ay for all n € N.

(ii) The sequence (ay),cy is said to be decreasing if

any1 < ay for all n € N.

(iii) The sequence (ay), ¢y is monotonic if it is either increasing or decreasing.

(iv) The sequence (ay), oy is said to be strictly increasing if

Gn41 > ay for all n € N.

(v) The sequence (an),,cy is said to be strictly decreasing if

Gny1 < ay for all n € N.

(vi) The sequence (ay),,cy is strictly monotonic if it is either strictly increasing or
strictly decreasing.

Remark 4.4: Indexing sequences

We have defined sequences as functions with the natural numbers N as the domain—
such sequences are said to be indezed by the natural numbers.

More generally, the set of indices can be any nonempty subset J C Z. A subset
of complex numbers indexed by the subset J is a function J — C mapping j — u;
and written in the form (u;); ;. Common examples of indexing sets are N, NU {0},
and Z N [p, 00) for some p € Z. We will consider only sequences indexed by sets are
infinite and below-bounded subsets of the integers Z; the analysis of such sequences
is very similar to the analysis of sequences indexed by N.

\.

We now offer a few examples of important sequences.

Example 4.5: Common sequences

(i) For all a € C the constant sequence with value a is the sequence
(a,a,a,...);
every element in the constant sequence is equal to a.

(ii) The sequence of natural numbers (1,2,3,4,5,...) is given by the general
mapping a, = n for all n € N. This sequence is strictly increasing and bounded
below, but is not bounded above.

(iii) Let a,d € C be two complex numbers. The arithmetic sequence with initial
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element a and difference d is the sequence
(a,a+d,a+2d,a+3d,...), ap,=a+(n—1)d, neN.

The arithmetic sequence may also be defined recursively by specifying the
initial element a; = a and formula a,41 = a, + d for all n € N.

(iv) Let a,q € C be two complex numbers. The geometric sequence with initial
element a and ratio ¢ is the sequence
(CL, aq,aqz,aq3,...), Qp = aqn—I.
The geometric sequence may also be defined recursively by specifying the initial
element a1 = a and formula a,+1 = a,q for all n € N. As a concrete example,
the sequence
(1,i,-1,-1,1,i,—1,-i,1,...)

1

with the generic element a, = i7" is a bounded geometric sequence with

initial element 1 and ratio i.

(v) For any nonnegative real number a, the sequence (a/n),, is a decreasing sequence
with infimum 0.

n—l)

(vi) For any nonnegative real number ¢ € (0,1), the sequence (ag" '), is also a

decreasing sequence with infimum 0.

4.2 Cluster points of sequences

Intuitively, cluster points are the points in the complex plane around which large numbers
of a sequence’s elements tend to accumulate. While cluster points themselves need not be
elements of a sequence, a sequence’s cluster points can be arbitrarily well-approximated
with an infinite number of elements from the sequence.

The definition of cluster points relies on the concepts of neighborhoods and interior points
introduced in Section 2.3.3; you might wish to review those concepts now.

Definition 4.6: Cluster point

The point a € C is a cluster point of the complex sequence (a,) if for every neigh-
borhood V' C C of the point a, the set {n € N; a,, € V} is infinite, i.e. if every
neighborhood of a contains infinitely many elements of the sequence.

In practice, one often uses the following condition to determine if a number is a cluster
point of a complex sequence.

Proposition 4.7: Condition for cluster points

The point a € C is a cluster point of the sequence (ay,) if, and only if, for all € € R
and for all N € N there exists a natural number for which n > N and

la, —a| < € or, equivalently, a, € K(a,e¢),

where K(a, €) is the complex disk of radius € centered at a € C.
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Intuitively, this condition states that a is a cluster point of (a,,) if, and only if, it is
possible to make an arbitrarily good approximation of a with elements of (a,). In
other words, for any €, however small, there must exist some a,, for which a, and a
are separated by less than e.

Proof. (=) Let a be a cluster point of (a,), and choose arbitrary e € RT™ and N € N.
The open disk K(a, €) is a neighborhood of a by construction, so under the assumption
that a is a cluster point of (ay,), the set {n € N; a,, € K(a,€)} is infinite. Because
the set is infinite, it necessarily contains elements a,, with index n > N for any finite
N € N, i.e. there exists n € N for which n > N and a,, € K(a,€).

(<) Let V € C be an arbitrary neighborhood of the point a, meaning that there
exists € € RT for which K(a,e) C V. By the proposition’s assumptions, for all
N € N there exists n € N for which n > N and a,, € K(a,¢€). The set K(a,€) thus
contains infinitely many elements of the sequence (a,,), and so the set V also contains
infinitely many elements of (a,), meaning that a is a cluster point of (ay). O

\.

We now make the important observation that cluster points of sequences of real numbers
can only be real numbers. To verify this, we first note that K(a,e) "R = (a — €,a + €) for
all @ € R and all e € RT, i.e. the real component of an open disk of radius € centered at a
equals the open interval (a — €,a + €).

Thus, when verifying if a point @ € R is a cluster point of some sequence, one should only
consider neighborhoods of a that are open real intervals centered a. In other words, the
point a € R is a cluster point of a sequence of real numbers if, and only if, for all e € R
infinitely many elements of the sequence occur in the interval (a — €, a + €).

Example 4.8: Cluster points

(1) The sequence (1,2,3,4,...) with general term a,, = n has no cluster points,
since any bounded interval on the real line contains only finitely many elements
of the sequence.

(2) The constant sequence (a,a,a,...) with general term a,, = a,a € C has one
cluster point—the point a.

(3) The geometric sequence (1,1, —1,—i,1,i,—1,—i,1,...) with general term a,, =
i"~1 has four cluster points—the points 1, i, —1, and —i.

(4) If (ap) is a sequence of rational numbers whose image is the entire set Q, then
every real number is a cluster point of (ay), since an arbitrary interval of any
real number contains infinitely many rational numbers.

. J

We now state the very important Bolzano-Weierstrass theorem, which will play a central
role in the analysis of sequences for the remainder of this book.

Theorem 4.9: Bolzano-Weierstrass theorem for real sequences

Every bounded sequence of real numbers has at least one cluster point.

Proof. Let (a) be a bounded sequence of real numbers. Since (ay) is bounded, it
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must have a supremum and infimum—we denote these by
m = inf(a,) and M = sup(ay,).
We then define the set U as follows:
U={zx € R; x> a, for only finitely many n € N}.

Geometrically, U is the set of all real numbers x for which there are only finitely
many elements of (a,) to the left of x on the real line.

By its definition, the set U necessarily contains the sequence’s infimum m, since
no elements of (ay) occur to the left of m. As a consequence, U is a nonempty set.
Similarly, U necessarily does not contain any points to the right of the sequence’s
supremum M, since all of (ay)’s (infinitely many) elements occur to the left of M.
The set U is thus bounded above with M as an upper bound.

For shorthand, let a = sup(U). We will complete the proof by showing that a is a
cluster point of the sequence (a,,). By Proposition 4.7, it suffices to show that for all
€ € R, infinitely many elements of the sequence (ay,) lie in the interval (a — €, a + ).

Because the point a is the supremum of U, there exists some z € U for which
a—e¢ < x < a. By the definition of U and because x € U, only finitely many elements
of (a,) occur to the left of x on the real line. Because a is the supremum of U, the
point a + € is certainly not in U, which again by the definition of U (and the fact
that (a,) has infinitely many elements) means that infinitely many elements of (ay,)
occur to the left of @ + € on the real line. Of the infinitely many elements of (a,) to
the left of a + €, only finitely many occur to the left of z, so infinitely many must
lie in the interval [x,a + €). And because [z, a + €) is a subset of (a — €,a + €), the
interval (a — €,a + €) also contains infinitely many elements of (a,), so a is a cluster
point of (a,) by Proposition 4.7. O

\. J

It is also possible to prove the Bolzano-Weierstrass theorem with the so-called bisection
method; we offer the proof in the following remark.

Remark 4.10: Alternate proof of the Bolzano-Weierstrass theorem

As in Theorem 4.9, let (ay) be a bounded sequence of real numbers with infimum
m = inf(a,) and supremum M = sup(a,,). We then define the real sequences (my,)
and (M,) as follows:

(i) The sequence (m,,) is increasing and the sequence (M,,) is decreasing,.

(i) M, —m, = (1/2)""Y(M — m) for all n € N. Geometrically, this condition
means that the distance between M,, and m,, on the real line begins at (M —m)
and decreases by a factor of 1/2 for each additional n € N.

(iii) For all n € N, the closed interval [my,, M, contains infinitely many elements
of the sequence (ay,).

We will now construct the sequences (my,) and (M,) recursively. The sequences
begin with m; = m and M; = M. Suppose we have already constructed the first k

79



terms my, mo, ..., my and My, Mo, ..., M}y with the required properties, and let
ck = (My, — my)/2

denote the midpoint of M} and my on the real line. Then:

o If the interval [my,cx] contains infinitely many elements of (a,), we define
M1 = my and My = .

e Otherwise, i.e. if the interval [cg, M}] contains finitely many elements of (a,,),
we define M1 = My and my1 = ck.

The thus-constructed sequences (my,) and (M,,) satisfy items (i) through (iii) above.

For shorthand, let a = sup(my,) and b = inf(M,,). By construction, the sequence
(my,) is increasing and bounded above by every element of (M,,), and, reciprocally,
the sequence (M,,) is decreasing and bounded below by every element of (m,,)—these
two properties imply a < b. Particularly, my < a < b < My, for all kK € N, which we
then rearrange to get

b—a< My, —my 2 (1/2)F1. (M - m),

where (a) uses point (ii) in the construction of (m,,) and (M,,). By its construction,
the sequence

((t/2)* - (M = m)),,

is a decreasing sequence of nonnegative real numbers with infimum 0, which together
with the definition of (m,,) and (M,,) implies that a = b.

We will now show that the point a is a cluster point of the sequence (a,,). We first
define arbitrary e € R*. Because a = sup(m,,) = inf(M,,) = b, the sequence (m,)
will fall arbitrarily close to a and (M,,) will grow arbitrarily close to b, so there exists
an index n € N for which

a—e<mpy <M, <a-e.

The interval (a — €, a + €) thus contains all elements of (a,) that fall in the interval
[m,, My,], of which there are infinitely many by point (iii) in the construction of (m,,)
and (M,,). Because infinitely many elements of (a,) fall in the interval (a —€,a + €),
a is a cluster point of the sequence (ay,). O

4.3 The limit of a sequence

Definition 4.11: Limit of a sequence

The point a € C is the limit of the sequence of complex numbers (a,,) if for every
neighborhood V' C C of the point a, the set {n € N; a,, ¢ V'} is finite.

In other words, the point a is the limit of the sequence (a,) if, and only if, every
neighborhood V' of the point a contains all of (a,)’s elements, with the possible
exception of finitely many.

\. J

Analogously to testing if some point is a cluster point of a sequence, when testing if a point
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a is the limit of a sequence, it is sufficient to consider only neighborhoods of a that are
open disks centered at a. In other words, a is the limit of a sequence if, and only if, for
all € € R the open disk K(a,€) contains all of the sequence’s elements with the possible
exception of finitely many.

We now state an analog of Proposition 4.7 applicable to limits of sequences.

Proposition 4.12: Condition for the limit of sequence

The point a € C is the limit of the complex sequence (a,) if, and only if, for all
€ € RT there exists a natural number N € N for which

la, —a| < € or, equivalently, a, € K(a,e€),

for all natural numbers n € N for which n > N. Loosely, this condition means that
all of the sequence’s elements—from some element onward—must grow arbitrarily
arbitrarily close the limit a.

Proof. (=) If a is the limit of the sequence (ay,), then for all ¢ € RT the open disk
K(a, €) contains all of (ay)’s elements with the possible exception of finitely many, so
there must exist some N € N for which a,, € K(a, €) for all natural numbers n > N.

(<) For any neighborhood V' C C of the point a there exists some € € Rt for which
the open disk K(a,€) is a subset of V. As in the proposition’s assumptions, assume
that for all e € R there exists N € N for which

an € K(a,e¢) for all n € N for which n > N.

This means that infinitely many elements of (ay,) lie in the open disk K(a,€). Since
K is a subset of V, infinitely many elements of (a,) must also lie in the V', and so a
is the limit of (ay,). O

Proposition 4.13: A sequence’s limit is its only cluster point

Any complex sequence has at most one limit, and if @ € C is the limit of the complex
sequence (ay), then a is (a,)’s only cluster point.

Proof. That a complex sequence can have at most one limit follows directly from the
definition of the limit of a sequence—it would be impossible for all of a sequence’s
elements, with the possible exception of finitely many, to occur in every neighborhood
of two distinct points.

Continuing on, by definition, the limit a of a sequence (a,,) is also a cluster point of the
sequence, since infinitely many elements of (a,,) occur in an arbitrary neighborhood
of a. Assume that b € C is an arbitrary point different from a, and let

e=|b—al/2>0.

Since a is the limit of (ay,), the open disk K(a, €) contains all elements of (ay,) possibly
except for finitely many. Because of the condition € = |b — a|/2, the open disks
K(a,e) and K(b,€) are disjoint, and so the disk K(b, €) necessarily contains only
finitely many elements of (ay,), implying that b is not a cluster point of (ay). Since b

81



was an arbitrary point other than a, it follows that no point other than a can be a
cluster point of (a,). O

Definition 4.14: Convergence and divergence of sequences

A complex sequence (ay,) is called convergent if it has a limit, and if a € C is the
limit of the sequence (a,,), then (a,) is said to converge to the point a. We denote
the limit of a convergent sequence (a,,) by

lim (a,) = lim a, € C.
n—,oo n—oo

A sequence is said to be divergent if it is not convergent.

Proposition 4.15: Monotone convergence theorem

(i) Every increasing, above-bounded sequence of real numbers (a,) converges to
the limit

lim a, = sup{a,; n € N}.
n—o0

(ii) Every decreasing, below-bounded sequence of real numbers (a,) converges to
the limit
lim b, = inf{b,; n € N}.

n—oo

Proof.

(i) Let (a,) be an increasing, above-bounded real sequence, let a = sup(a,), and
choose arbitrary e € RT. Because the point @ is the supremum of the sequence
(ap), there exists N € N for which

a—e<ay <a.

Because (ay,) is increasing, the condition a — ¢ < ay < a, < a holds for all
n > N, and the inequality a — € < a,, < a for all n > N means that (a,) grows
arbitrarily close to a with increasing n, and thus converges to a.

(ii) Analogous to the proof of (i). O

Example 4.16: Limits of common sequences

(1) The constant sequence (a,a,a,...) with general term a,, = a € C has the limit a.

(2) The sequence with general term a,, = 1/n is strictly decreasing with infimum

0, and so it converges with limit lim 1/n = 0 by Proposition 4.15.
n—oo

(3) For all positive real numbers g € (0, 1), the sequence (¢") is strictly decreasing
with infimum 0, and so it converges with limit lim ¢" = 0.
n—oo

(4) The sequence with general term a,, = (—1)" has two cluster points, —1 and 1,
which implies that the sequence does not have a limit and is thus divergent.




(5) Let (an)nen be a sequence of complex numbers and let & € N be an arbitrary
natural number. By the definition of a limit, the number a € C is the limit of
the sequence (an)nen if, and only if, a is also the limit of the shifted sequence
(an+k)nen for all k € N. In other words, a finite number of elements has no
effect on the convergence and limit of a sequence.

The following rules simplify the calculation of the limits of combinations of sequences.

Proposition 4.17: Rules for computing limits of sequences

Let (ay) and (b,) be two convergent complex sequences and define the scalar o € C.
In this case:

(i) The sequence (a, + by,), converges to the limit

(an +bn) = nlggo(an) + nh_}m (bn).

lim
n—oo (o0}
(ii) The sequence (), converges to the limit

g 2in) = @ 13 {n)

(iii) The sequence (anby), converges to the limit

lim (a,b,) = [lim (an)] : [lim (bn)] .

n—o0 n— 00 n—oo

(iv) If b, # 0 for all n € N and le b, # 0, the sequence (a,/by,), converges to

Tim (ap /bp) = [ (an)] / [ lim (bn)] .

lim
n—r0o0 n—oo

(v) The sequence (@), converges to the limit
agie{n) = I (6n)

where @ denotes the complex conjugate of the number a € C.

(vi) The sequence (|an|)n converges to the limit

Jim (Jan[) =

Jim (o]

Proof. For shorthand, let a = lim (ay,) and b = lim (by,).

n—oo n—oo

(i) We aim to show that the number a + b is the limit of the sequence (ay,, + by )p.
Choose arbitrary € € RT. Because a is the limit of (a,,), there exists N, € N
for which |a,, — a|] < €/2 for all n > N,. Similarly, because b is the limit of
(by), there exists NV € N for which |b,, — b| < €/2 for all n > Np. Let N be the
larger of N, and Ny, i.e. N = max{N,, Np}. In this case, for all n > N,

|(an + b)) — (& +b)| = |an — a + by, — b
< lan — al + |bp — ]
< €/24¢€/2 =k,

meaning that (a + b) is the limit of (a,, + by )n.
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(iii) Choose arbitrary € € RT and let § be smaller of the numbers 1 and €/(1+]|a|+b]),
ie.
6 = min{1,e/(1+ |a] + [b])};

note that § > 0 by construction. As in the proof of item (i), there exists N € N
for which |a, —a| < § and |b, — b < ¢ for all n > N, from which follows

|anbn, — abl = |(an — a)(by, — b) + a(b, — b) + b(a, — a)
< lan — allbn = b] + |al|bn — ] + [b|an — al
< 62 4 |alé + |b|6

(a)
< 5+ |ald + [b]s
=06(1+a[+b]) <e

where (a) holds because 6 € (0,1) = 6% < §. The number ab is thus the
limit of the sequence (a,by)n.

(ii) Point (ii) follows from point (iii) if for (b,) we choose the constant sequence
with general term b, = a.

(v) Choose arbitrary € € R*. Because a is the limit of (a,), there exists N € N
for which |a, — a| < € for all natural numbers n > N. Using the elementary
properties of the complex conjugate, for all n > N it then holds that

lan, —a| = ‘an—a‘ = |lan, — al <,
and so @ is the limit of the conjugated sequence (ay,)s,.

(vi) Choose arbitrary € € R*. Because a is the limit of (a,), there exists N € N
for which |a, — a| < € for all natural numbers n > N. For all n > N it then
holds that

lan| = lal| < lan —a] <F,
and so |a| is the limit of the sequence (|ay|)n.

(iv) Let m = inf(|b,|); because of the absolute value and the assumptions that
limy, o by, # 0 and b,, # 0 for all n € N, the infimum m must be a positive
number, and by item (vi) above, the positive number |b| is the limit of the
sequence of positive numbers (|by|),. There thus exists natural number [ € N

for which
1b]/2 < |by| for all n > 1,

which implies the inequality
0 < min{|b1], |b2], ..., |bi], |b]/2} < m.

We then choose arbitrary € € RT and define 6 = €|blm. There then exists

N € N for which |b, — b| < ¢ for all natural numbers n > N, and so

b, — b
bby,

.6 8
— = 67
[blbn] = [b]m

b by

‘ 1 1

which means that 1/b is the limit of the sequence (1/b,).
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Since (1/b,) converges, by point (iii) the product of (a,) and (1/by) also
converges and obeys

I ) _ 1

2\ b, ) =%\ b,
(@ .. ) Iy a

2 s (o) i () =

where (a) follows from point (iii). O

As a direct implication of the above rules for computing the limits of complex sequences,
convergent complex sequences may be interpreted as pairs of convergent real sequences.

Corollary 4.18: Real and complex parts of a convergent sequence

A complex sequence (z,) converges if, and only if, the sequences (Re(zn))n and
(Im(zy,)), are both convergent. In this case

lim (z,) = lim (Re(zn)), +1 lim (Im(z,))

n—00 n—00 n—00 w

Proof. (<) If the sequences (Re(z,)), and (Im(z,)), are both convergent, then
(2n = Re(zn) + iIm(zn))n also converges by Proposition 4.17 (i) and (ii).

(=) Assume that the sequence z, converges. In this case the sequence (Z;,) converges
by Proposition 4.17 (v), while Proposition 4.17 (i) and (ii) implies the convergence of

((zn +7)/2),, = (Re(zn)), and ((zn —Zn)/2i), = (Im(zn)), . O

Note that if a sequence (a,) converges, then by Proposition 4.17 (vi) the sequence (|ay|)
also converges. The inverse statement, i.e. that the convergence of (|a,|) implies the
convergence of (ay,), is not in general true. This inverse statement is true, however, in the
case of a sequence converging to 0, as stated in the following proposition.

Proposition 4.19: Sequence with a limit of zero

The number 0 is the limit of a complex sequence (a,,) if, and only if, the number 0 is
the limit of the sequence of absolute values (|ay]|).

Proof. (=) If 0 is the limit of (a,), then 0 is also the limit of (|ay,|) by Proposi-
tion 4.17 (vi).

(<) Assume 0 is the limit of (Ja,|). Then for all € € R there exists N € N for which
|0 — |an|| = |an| =0 — a,| < € for all n € N for which n > N,

and so 0 is also the limit of the sequence (ay,). O

We will now cover the important geometric sequence in some detail.
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Example 4.20: The geometric sequence

Consider the geometric sequence with general term aq¢™~ !, where a,q € C are

arbitrary complex numbers. The geometric sequence obeys the recursive relation
Gn41 = anq for all n € N.

If the geometric sequence (a,) converges, then the shifted sequence (a,+1), also
converges, and, via the geometric recursive relation, obeys

e = S nt) = L () SR )

We then rearrange the above equation to get
(1 —-¢) lim (a,) =0. (4.1)

n—o0
n—l)

As a result, any convergent geometric sequence (ag n With ratio ¢ # 1 must
necessarily converge to 0 (this is the only way for Equation 4.1 to hold).

We now consider the possible values of a and ¢:

n—l)

(i) If a = 0, the sequence (ag n is constant, with all elements equal to 0. The

sequence thus converges to 0.

(i) If a # 0 and ¢ = 1, then (ag"!), is constant, with all elements equal to a.
The sequence thus converges to a.

(iii) If @ # 0, ¢ # 1, and |g| > 1, then the sequence (ag" 1), is divergent. To verify
this, first note that

lag" | = lal|g|"~ > |a| > 0 for all n € N.

n=1),, also does

It follows that (‘aq”_l Dn does not converge to 0, and so (ag
n=1),, cannot

not converge to 0 by Proposition 4.19. Since, by Equation 4.1, (ag
converge to any point other than 0, it must be divergent.

(iv) If a # 0 and || < 1, then the sequence (ag™~!),, converges to the limit

lim (aq”_l) =0.

n—oo

To verify this, first note that
lag"| = |al|q"| < |al|g|" " = |ag"™"| for all n € N.

The sequence (‘aq”_ll)n is thus a strictly decreasing sequence of positive
real numbers and must be convergent (since it is bounded below by 0) by
Proposition 4.15. Because (’aq”_1|)n is a geometric sequence with |g| # 1,
by Equation 4.1 the limit of the sequence must be 0, and so the limit of the
sequence (ag" ') must also be 0 by Proposition 4.19.
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Example 4.21: Computing limits analytically

In this exercise we will analytically compute two limits; the first limit is

. n n+1 . 1 1+ 4
lim — = lim T = n
n—oo \ 1+ 1 n n—oo \ 14 - 1
1

1
= —— —1— lim —
1+ lim (1/n) =
n—o0
1
=——-—-1-0=0.
140
And the second limit is
2 B . 2
lim " +3n—-2 fim 14 (3/n) —(2/n*)
n—oo 5n2 n—00 5
1 1 1
:—(1+3lim——2lim —)
5 n—oo n n—oo N2
2
zz(m.o_z(hm 1))
5 n—oo n
1 1
=-(1-2-0%) ==.
5 ) =3

Remark 4.22: Real sequences diverging without bound

A special example of a divergent sequence of real numbers is a sequence in which the
elements grow either arbitrarily positive or arbitrarily negative from some element
onward. In such cases, letting (a,) denote a sequence of real numbers, the notation

T}Lngo(an) = 00 (4.2)
means that for all M € R there exists some natural number N € N for which
an > M for all indices n € N for which n > N, i.e. that the sequence’s elements are

unbounded above from some index onward. In this case we may say the sequence
diverges to positive infinity.

Analogously, the notation
lim (a,) = —oc0 (4.3)

n—oo

means that for all m € R there exists some natural number N € N for which a,, < m
for all indices n € N for which n > N. In this case we may say the sequence diverges
to negative infinity.

Here are two example uses of this notation:

o lim (n® —n+2) =00

n—oo
g 1-—n?
e lim ( ) = —00.
n—oo \ 17
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This notation makes it tempting to say that a sequence’s limit “equals” infinity or
negative infinity, but it is more precise to recall that Equations 4.2 and 4.3 are simply
shorthand ways of stating that a sequence is unbounded from some index onward.

We include this section with a detail treatment of Euler’s number, which is among the most
important transcendental numbers in mathematics.

Example 4.23: Euler’s number

Consider the sequences (a)72; and (b,)5; with general terms given by

1\" 1\ "
anz(l—i—ﬁ) and bnz(l—ﬁ) .

We will show that (a,)5; is strictly increasing, that ()22 is strictly decreasing,
and that both sequence are convergent to the same limit, a transcendental number
called Euler’s number, denoted by e, and defined as

1\" 1\"
e = lim (1+—) = lim (1——) .
n—00 n n—00 n

We divide the derivation into multiple parts.
(i) We will first use induction show to that
(14+2)*>14kz (4.4)
for all x € R for which 0 < |z| < 1 and for all integers k € Z for which |k| > 2.

The base case k = 2 evidently holds, since 1+2z+22 > 1+2z for all |z| € (0,1).
In the induction step, if Equation 4.4 holds for £ > 2, then it also holds that

(14 2)F = (1 4 2)* (1 + ) 2 (1 + ka)(1 + 2)
=1+ (k+ Dz + ka?
)

> 14+ (k+ 1)z,

where (a) uses the induction step and (b) holds under the assumption k > 2.
The inequality in Equation 4.4 thus holds for all integers k > 2 and all real
numbers z obeying 0 < |z| < 1.

Now let k be a negative integer for which £k < —2. For all € R for which
0 < |z| < 1, it then holds that

1
1 l-2)=1-22<1 = — >1—uz,
(1+2)(1—x) z s x

from which follows that

(1+$)k:( >_k>(1—a:)—k
@

=14 (=k)(—z) =1+ ka.

where (a) follows from Equation 4.4, which we have already proven for —k > 2.
We have thus shown that Equation 4.4, holds for all integers k for which k < —2
and all z for which 0 < |z| < 1.

1
1+=x
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(ii) From the inequality in Equation 4.4, it follows that
1\" 1\" 1\"
1+-) (1-2) =(1-=
(1+3) (-5) -(-2)

() 1 1
1+k(-=)=1-=.
D1y (k) :

where (a) follows from Equation 4.4. We then divide the above result through
by [1— (1/k)]k to get the inequality

1\ * 1\ 1k
1+ - 1— - 4.
ESE S @
which holds for all & € Z for which |k| > 2.
(iii) By the inequality in Equation 4.5, for all natural numbers n > 2 it holds that

o 1—n
an:<1+l) (>) (1—l>
n n
3 m— 1 1—n_ @ n—1
a n - \n-—-1
1 n—1
_<1+7’L—1> = an—1,

where (a) follows from Equation 4.5. The result a,, > a,—1 means that the

sequence (a,)92; is strictly increasing.

iv) Similarly, again using Equation 4.5, for all natural numbers n > 2 it holds that
(iv) Y, ag g Eq
1\ " 1\ "
bp=11—— =|14+—-
(-3 ()
a 1—(—n) 1+n
Yo L — (141
(—n) n
n+1\"" n —(1+n)
(%) -GH)

1 —(n+1)
:<1_n+1) = bntt.

where (a) follows from Equation 4.5. The result b, > b,4+1 means that the
sequence (b,)02 5 is strictly decreasing.

(v) For each natural number n € N, the sequences (a,)%; and ()22, are related

according to
1 —(n+1) n —(n+1)
bn—i—l =[1- =
n+1 n+1
n+1 n+1
() ()
n n
()
14+ — ) an,
n
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and so a, < by41. From this, and from points (iii) and (iv)

2=a1<aa<...<ap<bpy1 <b, <...<bg=4forallneN.

The sequence (ap)32, is strictly increasing and bounded, and thus convergent.
Similarly, the sequence (b,)° 5 is strictly decreasing and bounded, and thus also
convergent. We complete the derivation with the calculation

. o @ . 1
lim (b,) = nh_)Irolo(an) = nll_}IIolo [(1 I n) an]

n—00

1
= lim (1 + —) . li_)m (an) = lim (ay,),

n—00 n n—o0

where (a) follows from Equation 4.6.

The sequences (ay)o2, and (by,)22, thus converge to the same limit, called Euler’s
number and given by

1\" 1\ "
e= lim (l—i-—) = lim (1——) .
n— o0 n n—oo n

Euler’s number e is irrational, and its approximation to 12 decimal points is

e~ 2.718281828459.

4.4 Subsequences

A subsequence of a given sequence (ay)nen results from keeping infinitely many elements
of (an)nen, but removing all other elements. We define this more precisely as follows:

Definition 4.24: Subsequence of a complex sequence

Let (an)nen be an arbitrary complex sequence and let (ny)ren be an arbitrary strictly
increasing sequence of natural numbers. The subsequence of (a,)nen determined
by the index sequence (ng)ren is the sequence (ay, )ren. Different subsequences of
(an)nen are determined by different indexing sequences (ny)xen-

Example 4.25: Subsequences

Let (a,) be the real-valued sequence with general term a,, = 1/n, i.e.
1111
=11,=,5,5,=,.-. ).
(an) ( 727374757 )

The subsequence of (a,) determined by the strictly increasing sequence of natural
numbers (2k)ien is the sequence

111

AV




Meanwhile, the subsequence of (a,) determined by the strictly increasing sequence
of natural numbers (2¥~1).cn is the sequence

TSI
2 16
Finally, the sequence (%, 1, %, 711, %, .. ) formed by rearranging the first two terms of

(an) is not a subsequence of (a, ), since the indexing sequence used to generate it is
not strictly increasing.

I

N
0| =

\.

If (a,) be a sequence of complex numbers, then (ag)ren is the subsequence of (ay)
containing all elements of (a,) with even indices, while (agx—1)ken is the subsequence of
(an) containing all elements of (a,) with odd indices. From the definition of the limit of
a sequence it follows that a € C is the limit of (a,) if, and only if, a is the limit of both
(agk)ken and (agk—1)ken. We state this idea more formally in the following proposition.

Proposition 4.26: Limits and boundedness of subsequences

Let (a,) be a sequence of complex numbers.

(i) If a € C is a cluster point of any subsequence of (ay,), then a is also a cluster
point of (ay).

(ii) If @ € C is the limit of the sequence (a,), then a is also the limit of all of (ay,)’s
subsequences. In particular, this means that every subsequence of a convergent
sequence is itself convergent.

(iii) If the sequence (ay) is bounded, then every subsequence of (a,,) is also bounded.

Proof. The proposition follows directly from the definition of a sequence’s cluster
point, limit, and boundedness. O

Proposition 4.27: Cluster points and subsequences

Let (a,) be a sequence of complex numbers. The number b € C is a cluster point of
(an) if, and only if, there exists a subsequence of (a,) that converges to b.

Proof. (<) If there exists a subsequence of (a,,) that converges to b, then every neigh-
borhood of b contains all (specifically, infinitely many) elements of the subsequence
(with the possible exception of finitely many, which is irrelevant in this context).
The original sequence (a,,) includes all elements of the subsequence, and so every
neighborhood of b must also contain infinitely many elements of (a,), meaning that
b is a cluster point of ay,.

(=) Let b be a cluster point of the sequence (ay). We will recursively construct a
strictly increasing sequence of natural numbers (ny)ken for which a,, € K(b,1/k)
for all £ € N, meaning that the subsequence (ay, ) converges to b.

To begin, we choose any natural number n; € N for which

an, € K(b,1).




Such a number n; certainly exists, since, because b is a cluster point of (a,,), every
open disk K(b,1) centered on b contains infinitely many elements of (a,). Now
assume we have already found indices ny,no, ..., ng with the desired property that

an; € K(b,1/5) for j =1,2,..., k.

Because the open disk (b, 1/(k+1)) contains infinitely many elements of (a,), there
certainly exists some ny1q1 € N for which

Ngp1 >ng and  ap,,, € lC(b, 1/(k+ 1))

In this way we have construct the desired subsequence (an, )ren of the sequence (ay).

Now choose arbitrary e € RT, and let [ € N be a natural number for which 1/ < e.
For all natural numbers & > [ it holds that

an, € K(b,1/k) C K(b,1/1) C K(b,€),

which, by Proposition 4.12, means that the subsequence (ay, )xen converges to b. [

We are now prepared to extend the Bolzano-Weierstrass theorem (Theorem 4.9) to complex-
valued sequences.

Theorem 4.28: Bolzano-Weierstrass theorem for complex sequences

Every bounded sequence of complex numbers has at least one cluster point.

Proof. Let (z,) be a bounded sequence of complex numbers. For shorthand, let
an = Re(zp,) and b, =Im(z,) for all n € N.

Since (z,) is bounded, the real sequences (a,) and (b,) are also bounded, since
lan| < |2zn| and |b,| < |z,| for all n € N. We will now prove the theorem with
two successive applications of the Bolzano-Weierstrass theorem for real sequences
(Theorem 4.9).

By Theorem 4.9, the bounded real sequences (a,) has at least one cluster point,
which we denote by a. By Proposition 4.27, there then exists a subsequence (an, )ken
of the sequence (a,) that converges to a.

By Proposition 4.26 (iii), the subsequence (by, )ren of the bounded sequence (by,) is
itself bounded, so we can apply Theorem 4.9 to the subsequence (by, )ken to conclude
that (b, )ken has at least one cluster point, which we denote by b. By Proposition 4.27,
there then exists a subsequence (bnkl )ien of the subsequence (b, )ren that converges
to b. In other words, there exists some subsequence (ny, )iy of the strictly increasing
sequence of natural numbers (ny)ren for which the subsequence (by, )ien of the
subsequence (by, )xen converges to b.

We then note that, because (ankl)leN is a subsequence of (an,)reny and because
(any )ken converges to a, the subsequence (an, )ien must also converges to a by
Prop 4.26 (ii). We have thus found a strictly increasing sequence of natural numbers
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(nkl )ZGN for which

nli_)HOlo(ankl) =a and nh_{go(b"kz) =0,

and so by the limit computation rules in Proposition 4.17, the subsequence

<anl = ankl + lbnkl)leN

of the sequence (z,,) converges to a + ib. By Prop 4.27, a + ib is then a cluster point
of (z,,), and because the complex sequence (z,) was arbitrary, it follows that every
bounded complex sequence has at least one cluster point. OJ

Proposition 4.29: Relating convergence and boundedness

(i) Every convergent sequence of complex numbers is bounded.

(ii) Every bounded sequence of complex numbers with exactly one cluster point
converges to the cluster point.

Proof.

(i) Let (ayn) be a complex sequence that converges to the point a € C, meaning
there exists some N € N for which

an € K(a,1) for all natural numbers n > N.

Using the triangle inequality for complex numbers, the open disk K(a, 1) is a
subset of the disk K(0, |a| + 1), and so a,, € K(0, |a| + 1) for all n > N. We
must also consider elements of (a,) for n < N; to this end, define

M = max{|ai1], |a2], ..., |an],|a| + 1}.

In this case all elements of (a,) lie in the closed disk (0, M), which means
that (a,) is bounded by M.

(ii) Let (ay) be a bounded complex sequence with exactly one cluster point a € C.
We will show, by contradiction, that a is the limit of the sequence (ay).

Assume that a is not the limit of (a,). In this case there would exist some € € R
for which infinitely many elements of (a,,) would lie outside the open disk K(a, €).
There would then exist a subsequence (an, )gen of (ay) for which all elements of
the subsequence would lie outside the disk KC(a, €), which, by Proposition 4.27,
would imply that @ is not a cluster point of the subsequence (ay, )ren. But
because all cluster points of the subsequence (an, )ren are necessarily also
cluster points of (a,) by Proposition 4.26, and because a is assumed to be the
only cluster point of (ay), we would conclude that the subsequence (ay, )ken
does not have any cluster points. The bounded subsequence (ay, )ren nOt
having cluster points contradicts the Bolzano-Weierstrass theorem, and so we
conclude that a must the limit of the sequence (ay,). O
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4.5 The Cauchy criterion for convergence of sequences

Definition 4.30: Cauchy sequences

A sequence of complex numbers (a,) is a Cauchy sequence if for all € € RT there
exists some natural number N € N for which

|am — an| < € for any two natural numbers m,n > N.

In other words, a sequence is a Cauchy sequence if all elements of the sequence grow
arbitrarily close to each other from some element onward.

Proposition 4.31: Convergence of Cauchy sequences

A sequence of complex numbers converges if, and only if, it is a Cauchy sequence.

Proof. (=) Let (a,) be a complex sequence that converges to a € C, and so for all
€ € RT there exists some N € N for which

lan, — a| < €/2 for all natural numbers n > N.

For any two natural numbers m,n > N it then holds that
€ €
|am — an| = lam —a+a—ay| <lam —al +|a—ap| < §+§ =,

and so (a,) is a Cauchy sequence.

(<) Assume (a,) is a Cauchy sequence of complex numbers—we must show then
show that (a,) converges.

We will first show that (a,) is bounded. Because (a,) is a Cauchy sequence, there
exists natural number [ € N for which

|am — ap| < 1 for all natural numbers n,m > [,
which implies that
an € K(ay, 1) for all natural numbers n > [.

Similarly to the proof of Proposition 4.29, we note that the open disk K(a,1) is a
subset of the open disk K(0, |a| + 1) as a consequence of the triangle inequality, and
also define

M = max{|ai],|az|, ..., |an], |a| + 1}.

In this case all elements of (ay,,) lie in the closed disk K(0, M), which means that
(an) is bounded. Because (a,,) is bounded, it has at least one cluster point by the
Bolzano-Weierstrass theorem (Theorem 4.28).

We will now show, by contradiction, that (a,) has exactly one cluster point, and is
thus convergent by Proposition 4.29 (ii). Assume (a,) has multiple cluster points,
let @ and b denote two of (ay)’s cluster points, and define

b —al
P9
¢ 3




Because (ay,) is a Cauchy sequence, there exists N € N for which
|am — an| < € for all natural numbers m,n > N.

However, because a and b are cluster points of (a,), there exists a natural number
n > N for which |a, — a|] < € and a natural number m > N for which |a,, — b| < e.
This implies that

|b—a|l =1b—am + am — an + an — a
< |b— am| + lam — an| + |an — af
<e+e+e= 3¢
@|b_a|7

where (a) follows from the definition of €. The result |b — a| < |b — al is impossible,
and so the assumption that (a,) has multiple cluster points is incorrect. Thus (ay)
has exactly one cluster point and thus converges by Proposition 4.29 (ii). O
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5 Series of numbers

5.1 The sum of a series of numbers

Definition 5.1: Series, series elements, and partial sums

A series of complex numbers is a function of the form N — C mapping n — a, and
is usually written using one of the following notations:

S (@) = 3 (@an)nen:

For all n € N, the number a,, is called the n-th element of the series > (ay)22, and a

arbitrary series of numbers is fully specified by the sequence of its elements, (an)nen-

For all series ) (an)nen and all natural numbers k € N, the k-th partial sum of the
series »_(an)nen is the complex number

k
Zan:a1+a2+---+akeC.

n=1

Finally, the sequence of partial sums associated with a complex series > (an)nen is

the complex sequence
k
n=1 keN

. J

Definition 5.2: Convergent and divergent series

A series of complex numbers > (a,)nen said to converge if its associated sequence of
partial sums (2221 an) ey converges. If a series converges, the limit of the series’s
sequence of partial sums is called the series’s sum and is denoted by

00 k
Zan:al-l—ag-l-ag—i—--':kli_)nolo <Zan> e C.

n=1 n=1

A series of complex numbers that does not converge is said to diverge.

\.

Note the subtle but important difference in notation between a series and its sum:

o We will write a series, e.g. Y (a,)5;, by writing summation symbol to the left of the

sequence of series elements (a,)7 ; specifying the series; a series will always appear
in this book without subscripts or superscripts on the summation symbol.

e We will write the sum of a series, e.g. Y 7, a,, with subscripts (and possibly
superscripts) on the summation symbol.

There is one more important subtlety: a sum is well-defined only for a convergent series.
However, in the wider mathematical and scientific literature (but not in this book) one
regularly sees the series itself (and not just its sum) denoted by Y >° | an, even in cases
when the series itself diverges. In such cases, it must be determined from context if the
notation Y7, a, refers to a series of numbers or just the series’s sum.
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Remark 5.3: Notation for divergent real series

If the sequence of partial sums of a series of real number > (ay)22, diverges to
positive infinity (in the sense of Remark 4.22), i.e. if

we abbreviate this with the shorthand notation
oo
>
n=1

Similarly, if the series’s sequence of partial sums diverges to negative infinity, we

may write
k 0
lim ap | = —00 <= = —00
i (o) >

n=1

&

full notation shorthand notation

Example 5.4: The geometric series

Let a and ¢ be two arbitrary complex numbers. The geometric series with initial
element a and quotient ¢ is the series

S (ag" )2,

For all k£ € N, the k-th partial sum of the geometric series is

k
> ag" ' =a+ag+ag®+--+ag"!
n=1

=a(l+qg+¢*+-+¢"),
and if ¢ # 1, the series’s k-th partial sum may also be written in the form
k
1— k
S agrt = a(l )
n=1 —4a
The geometric series’s convergence depends on the values of a and ¢:

(i) If @ = 0, then all elements of the geometric series are zero, and so all of the
series’s partial sums are also zero. In this case the geometric series converges,
and its sum is zero.

(ii) If a # 0 and ¢ = 1, then all elements of the geometric series are a, and so the
series’s k-th partial sum is ka for all £ € N. In this case the sequence of partial
sums diverges, and so the series diverges.

(iii) If a # 0, ¢ # 1, and |g| > 1, we first note that the sequence (¢*);, diverges, and
so in this case the sequence of partial sums

(8,
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and thus the geometric series, also diverge.

(iv) If |¢| < 1, the geometric series converges to the sum
= 1 - 1 a(l —¢") a
Zaqn_ = lim Zaq”_ = lim = .
n=1 ko0 n=1 koo 1—¢q l1—q

Proposition 5.5: Cauchy criterion for convergence of series

A series of complex numbers Y (a,,)%°; converges if, and only if, for all € € R there
exists a natural number N € N for which

|an + Qg1+ + am| <€

for all natural numbers m,n € N for which m >n > N.

Loosely, the Cauchy criterion states that a series converges when any contiguous,
finite-length sum of the series elements is arbitrarily small from some index onwards.

Proof. Let (Sk)ren be the sequence of partial sums of the series > (ay)32 . By the
definition of a series’s convergence, the series converges if, and only if, the sequence
(Sk) converges, which (by Proposition 4.31) occurs if, and only if, (Si) is a Cauchy
sequence.

For review from Definition 4.30, the sequence (S) is a Cauchy sequence if, and only
if, for all € € RT there exists N’ € N for which

IS, — Sj| < € for all natural numbers k,l > N'.
We assume without loss of generality that k& > [, and then introduce the new notation
m=k, mn=I0+1 N=N +1.

In terms of this notation, (Sy) is a Cauchy sequence if, and only if, for all € € R
there exists a natural number N > 2 for which

|Sm — Sn—1| < € for all natural numbers m > n > N.
By the definition of a partial sum, it holds that
Sm — Sn—1=an + ant1+ -+ am,

and so the Cauchy criterion for the convergence of series in this proposition is
equivalent to the sequence of partial sums (S;) being a Cauchy sequence and thus
being convergent, proving the proposition. O

Corollary 5.6: Convergence of a series’s elements

If a series of complex numbers > (a,)7 ; converges, then the sequence of its elements
must converge to zero, i.e.

lim a, = 0.
n—oo
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Proof. Choose arbitrary e € R*. Since the series Y (a,)22 ; converges, by the Cauchy
criterion for series convergence there exists N € N for which

|an, + ant1 + -+ + am| < € for all natural numbers m > n > N.
In particular, we may choose m = n, and write
|an, + -+ + am| = |an| = |an, — 0] < € for alln > N,

and so the sequence of elements (a,) converges to zero by Proposition 4.12. O

\

The sequence of a series’s elements converging to zero is thus a necessary condition for the
series itself to converge. It is not a sufficient condition, however—a series whose sequence
of elements converges to zero may still diverge, as illustrated by the following example.

Example 5.7: The harmonic series diverges

The harmonic series is the series
1 [o¢]
> (5)

n=1

The series’s elements converge to zero, i.e. lim, o, 1/n = 0, but the series itself
diverges. To show that the harmonic series diverges, we first define the number ¢ as

1 1 1
:2k+1+2k+2+“'+ﬁERfOI‘aHkGN.

Ck

The number ¢ is the sum of 2% successive elements of the harmonic series. Each of
these elements can be bounded above by 1/(25t1), from which follows the bound

1 1 1
> ottt o = 2 g

Because for all N € N there exists sufficiently large k£ € N such that 2°t1 > N, and
because cg, the sum of the series’s large-index elements, does not grow arbitrarily
small for any & (but instead obeys ¢ > 1/2), the harmonic series diverges by the
Cauchy criterion for series convergence.

Definition 5.8: Absolute and conditional convergence

A series of complex numbers > (ay)22  said to converge absolutely if its associated
series of absolute value elements ) (|ay|)72; converges. A series is said to converge
conditionally if it converges but is not absolutely convergent.

Proposition 5.9: Absolutely convergence implies convergence

If the series Y (an)22, converges absolutely, it converges and obeys

00 o)
> an| D lanl
n=1 n=1




Proof. Let Y (ay,)22, be an absolutely convergent series of complex numbers and
choose arbitrary € € R+. By the Cauchy criterion for series convergence there exists
N € N for which

(a)
“an|+|an+1|+'”+|am|‘ = |an| + |ant1]| + -+ fam| <€

for all natural numbers m,n € N for which m > n > N, where (a) holds because
each absolute value term is nonnegative. We then apply the triangle inequality to get

lan + Gnt1 + -+ am| < |an| + |ant1] + - + |am| <e,

and so the series Y (a,)5; converges by the Cauchy criterion.

To prove proposition’s inequality, for all £ € N let Si denote the k-th partial sum of
the series Y (a,); and let T} denote the k-th partial sum of the series Y (Jan|)52
By the triangle inequality and the definition of a partial sum, it holds that

|Sk| < Tk for all k € N,
which in turn implies that

o
D an

n=1

o0
= lim |[Sk| < lim T} = . O]
Jim 15¢] < Jim T =D lon

n=1

lim S
k—o0

\. J

Proposition 5.10: Properties of convergent series

Let > (an)s2, and Y (b,)22, be two convergent series of complex numbers and let
« € C be an arbitrary scalar. In this case:

(i) The series Y (an + by)52, converges to the sum
o0 o0 [ee)
2 (an+bn) =D ant D o
n=1 n=1 n=1
(ii) The scaled series ) (cay, )2 converges to the sum

o
E aan) —ag Qn,.

(iii) The complex-conjugated series Y (@,)52; converges to the sum

Z(m) = Z .-
n=1 n=1

(iv) If Y (an)p2, and Y (b,)52; both converge absolutely, then the three series
Doan +b,)0% 1, > (an)o, and > (ay)52, converge absolutely as well.

Proof. To prove points (i)—(iii), let (Sk) and (Rj) denote the sequences of partial
sums of the series Y (an)22; and ) (b,)o2, respectively. In this case (Si + Ry) is
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the sequences of partial sums of the series » (a, + by)2°
partial sums of the series ) (aay)o°
the series Y (a,)o°

o 1, (aSk) is the sequences of

> and (Sk) is the sequences of partial sums of

n=1"

Because the sequences (Si) and (Ry) are assumed to be convergent, the sequences
(Sk + Ry), (aSg) and (Sk) are also convergent by Proposition 4.17, and their limits
are

o0

> (an +bn) = lim (Sp + Ry) = lim S + lim Ry
=l k—oco k—oo k—oo
=D an+) bn,
n=1 n=1

(o] (o]
E aa, = lim aS, = o lim S, = « g e
— k—o0 k—o0 o

o
z:lan— klgroloSk = hm lim S), = Zan
n=

To prove point (iv), assume the series > (an)22; and > (b,)5%; both converge
absolutely. If a = 0, the series ) (aay)22, evidently also Converges absolutely to
the sum 0, so we will assume that « # 0. Choose arbitrary ¢ € R and define

5—mln{ 6}
2’ |al

Because ) (a,)52; and Y (b,)52; both converge, by the Cauchy criterion for series
convergence there exists N € N for which

|an +an+1 + - +am| < |an‘ -+ ’an+1| -+ -4 ’aml <0 (51&)
|bn, + b1 + -+ b | < |bn| 4+ |[bpga| + -+ |bm| <9 (5.1b)

for all m,n € N for which m > n > N. Equations 5.1 in turn imply:
(i) The absolute convergence of the series Y (a, + b,)2 from
o R i [ | [ S

<lan| + [bn| + |ant1] + [bpy1| + - - + am] + |bm]

(a)
< —
<d+6 2+2

where (a) follows from Equation 5.1.

(ii) The absolute convergence of the series ) (aay)22; from

|aan| +[aani1] + - + |aan| = fal(lan| + |anti] + - - 4 fam]) <|ald <e

(iii) The absolute convergence of the series > (a,)52; from

|| + |[@Gntt| + - + [@m] = |an| + |ans1] + -+ |am| < <e. O

101




Proposition 5.11: Summation of absolutely convergent series

Let > (an)22, be an absolutely convergent series of complex numbers and let the
function o : N — N be any bijection between the natural numbers. In this case the
rearrange series ) (aq(n))ne1 also converges absolutely and obeys

D oy =Y an:
n=1 n=1

In other words, the terms in an absolutely convergent series can be summed in any
order without changing the result.

Proof. For all k € N define the following partial sums:
Sk =a1+ax+ -+ ag,
Sk = ag1) + Ag2) +* + Ao (k)
Ry = |a1| + |ag| + - - - + |ax,
R = las| + lao@| + - + |aow]

Choose arbitrary e € RT. Because the series > (a,)22; converges, by the Cauchy
criterion for series convergence there exists N € N for which

|an| + |ans1| + -+ + |am| < € for all m,n € N for which m >n > N.
Because the set {1,2,..., N} is finite, there exists a natural number p > N for which
{1,2,....N} € {o(1),0(2)....,0(p)}.

By the definitions of S}, and S7, for all natural numbers k > p it holds that

|Sk — Sp| = ‘(al +---+an+---+ag) — (ag(l) oo +ag(k))‘ (5.2)
For all £ > p, the set {o(1),...,0(k)} contains all indices in the set {1,..., N}, so
the terms ay,...,an cancel from the right-hand side of Equation 5.2. The remaining

terms in the right-hand side of Equation 5.2 have indices greater than N and less than
or equal to the number M = max{o(1),0(2),...,0(k)}. By the triangle inequality,
we can then make the bound
M
1Sk = SFI< D anl < (5.3)
n=N-+1

which implies that the sequence (Sy — S7 )i converges to zero. Because the sequence
(Sk) converges, the sequence (S7 )y also converges to the same limit as (Sy), and so

the series ) (a,(n))nzy converges to the same sum as the series ) (an )52
Simultaneously, it holds that

)

|Rr — R7| = |(la1] + - + lan| + - - - la]) — (lao@y] + -+ + laow)|)

and an analogous argument to that applied above produces the bound
M
R, —RI|< > lan| <e (5.4)
n=N+1
which shows that the sequence (R — R])j converges to zero. Because the sequence
(Ry) converges, the sequence (R )y also converges, and so the series Y (ag(n))nsg is
absolutely convergent. O
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Remark 5.12: Summation of conditionally convergent series

Conditionally convergent series behave quite differently from absolutely convergent
series when the order in which their terms are summed is rearranged. Namely,
if > (an)$; is a conditionally convergent series of real numbers and a € R is
an arbitrary real number, it is possible to find a bijection ¢ : N — N for which

2101021 aa(n) = (.

In other words, it is possible to rearrange the terms in a conditionally convergent
series such that the series’s sum comes out to any real number. However, for the
rearrangement o to change the sum of a series, ¢ must rearrange an infinite number
of the series’s terms; rearranging only a finite number of a conditionally convergent
series’s terms does not change the series’s sum, since the addition of a finite number
of real or complex numbers is commutative.

5.2 Tests for convergence of series

In this section we survey a collection of tests that can be used to confirm if a series of
complex numbers converges or diverges. These tests do not, however, provide a means of
determining a convergent series’s sum, which is generally a much more difficult task than
simply verifying convergence.

Proposition 5.13: Comparison test

Let Y (an)2; be a series of complex numbers. If there exists a convergent series of
nonnegative real numbers Y (¢,,)0% ; and a natural number N € N for which

lan| < ¢, for all n > N,
then the series > (ay)22; converges absolutely.

Proof. Choose arbitrary e € RT. Because the series > (¢,)°, converges, by the
Cauchy criterion there exists natural number N’ > N for which

len + Cna1 + -+ + cm| < € for all m,n € N for which m >n > N'.
Under the assumption that |a,| < ¢, for all n > N, it follows that
lan| + |ant1] + -+ |am| < en + g1+ + em
()
- ’cn+cn+1+"'+cm| <¢,

where (a) holds under the assumption that > (c,)5°; is nonnegative, proving the
series Y (Jan|)52, converges by the Cauchy criterion (Proposition 5.5). O

J

\.

The comparison test formalizes the intuitive notion that, if a given series converges, then
any other series with element-wise smaller terms should also converge. We stress that the
convergent series used in the comparison test must be nonnegative and real-valued.

The comparison test can also be used, in reverse, to verify divergence.
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Proposition 5.14: Comparison test for divergence

Let > (cn)o2, be a series of nonnegative real numbers. If there exists a divergent
series of complex numbers ) (ay)>2; and a natural number N € N for which

lan| < ¢, for all n > N,
then the series > (c¢y)22 diverges.

Proof. We will prove the proposition by contradiction. Choose arbitrary e € RT and
assume that ) ()22, converges. By the Cauchy criterion for series convergence,
there would then exists N’ > N for which

len + Cna1 + -+ + cm| < € for all m,n € N for which m >n > N'.

We then make the computation

(a)

lan + @ny1+ -+ am| < |an| + |ang1| + -+ lam| < en e+ e
()
= len + ey + - +em| <,

where (a) follow from the triangle inequality and (b) holds under the assumption
that > (¢n)22 is nonnegative. The above result implies that Y (a,)52 ; converges,

which is a contradiction; thus ) ()22 diverges. O
Definition 5.15: Majorant and minorant of a series

Consider a series of complex numbers ) (a,)52; and a series of nonnegative real

numbers Y (c,)0% . The series Y (c,)02 is called a majorant of the series Y (an)°
from the N-th term onward if there exists natural number N € N

lan| < ¢, for all n > N.

Equivalently, the series ) (c,)52; may be said to dominate the series ) (a,)5;
from the N-th term onward. In this case the series Y (a,)22, is called the minorant

of the series ) (¢p)02 from the N-th term onward.

\. J

Using this terminology, proving a series converges using the comparison test amounts to
finding a convergent majorant of the series. Inversely, again by the comparison test, proving
a nonnegative real series diverges amounts to finding a divergent minorant for the series.

We now demonstrate the use of the comparison test with two concrete examples.

Example 5.16: Using the comparison test

(1) We have already shown in Example 5.7 that the harmonic series > (1/n)%
diverges. Using this fact, we can apply the comparison test to show that the

series
1 o0
Z (n—a) , ac R

n=1
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diverges for all & < 1. To verify this, note that

1

<
= e

S|

foralln € Nand o < 1,

meaning that the divergent harmonic series > (1/n%)2%; is a minorant of
> (1/n®)5° ;. which thus itself diverges by the comparison test.

(2) By Example 5.4, the geometric series » | (5%1)20

=1
1 0
Z (n5n1 ) n=1

also converges by comparison with the above geometric series, since

converges. The series

1 1
WgﬁforallnGN

\. J

Proposition 5.17: The root test

Let Y (an)2; be a series of complex numbers. In this case:

(1) If there exists real number ¢ € [0,1) and natural number N € N for which
V/|an| < ¢ for all natural numbers n > N,

then the series ) (ay)32, converges absolutely.

(2) If there exists natural number N € N for which
V/|an| > 1 for all natural numbers n > N,

then the series ) (ap)52, diverges.
(3) If the limit L = li_)m {/|an| exists, then:
n—0o0

(i) if L < 1, the series ) (an)22, converges absolutely,
(i) if L > 1, the series > (ay)22 diverges, and
(iii) if L =1, the root test cannot determine the convergence of Y (a,)2 ;.

Proof.

(1) By the proposition’s assumptions,

Vlan| < g for all n > N.

We then raise both sides of the inequality to the n-th power to get the
relation |a,| < ¢", which means that the geometric series > (¢")22, is a
majorant of the series ) (a,)52 ;. Because of the assumption ¢ < 1, the
geometric series converges by Example 5.4, and so Y (a,)5%; converges

by the comparison test (Proposition 5.13).

(2) By the proposition’s assumptions,

V|an| > 1, and thus |a,| > 1, for all n > N.
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The sequence (ay,) thus does not converge to zero, and so the series
> (ap)2, diverges by Corollary 5.6.

(3) (i) Assume L <1 and let ¢ = (L + 1)/2. Then
L= nh_)rr;o Vlan| < g < 1.

Since L is the limit of the sequence ({/ \an\)n, by Proposition 4.12
for all e € RT there exists N € N for which

Vlan| — L‘ < € for all natural numbers n > N,

Since L < 1 and because {/|a,| and L grow arbitrarily close for large
n, there must exist N € N for which

Vlan] < g<1foralln>N.

The series ) (a,)5; then converges absolutely by point (1).

(ii) Assuming L = li_>m > 1, by Proposition 4.12 there exists N € N for
n—odo
which
V/|an| > 1 for all n > N.

The series ) (a,)5; then diverges by point (2). O

Proposition 5.18: The ratio test

Let Y (an)s2; be a series of nonzero complex numbers. In this case:

(1) If there exists a real number ¢ € [0, 1) and natural number N € N for which

Gn+41
an,

< ¢ for all natural numbers n > N,

then the series ) (ay)32, converges absolutely.

(2) If there exists natural number N € N for which

an+1
Qn

> 1 for all natural numbers n > N,

then the series > (ay)22 diverges.

(3) If the limit L = lim |*2*

n—oo

exists, then:
(i) if L < 1, the series ) (ay)22, converges absolutely,
(i) if L > 1, the series > (an)22 diverges, and

(iii) if L =1, the ratio test cannot determine the convergence of > (an)22 ;.

Proof.
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(1) Because finitely many terms in a series do not affect the series’s convergence,
we can assume without loss of generality that N = 1. By the proposition’s
assumptions, it then holds that

An+1
G

<q = l|an+1| < qlay| for all n € N.

By repeatedly shifting the index n, this relationship implies that
lant1] < qlan| < q2|an_1| << ¢ al

Assuming ¢ € (0, 1], the series Y (a,)5; is thus dominated by the convergent
geometric series Y (Jai|g" 1), and is itself convergent by the comparison
test.

(2) By the proposition’s assumptions, it holds that

Gp41
Gnp

>1 = |ant1| > |ay| for all natural numbers n > N.

The inequality |an+1| > |ay| for all n > N means the sequence (|a,|), increases
in absolute value with increasing n, thus cannot converge to zero, and in turn
diverges by Corollary 5.6.

(3) (i) Assume L < 1 and let ¢ = (L+1)/2. Analogously to the proof of point (3)
in the root test (Proposition 5.17), it then holds that L < ¢ < 1, and
in turn, by the sequence limit condition in Proposition 4.12, that there
exists NV € N for which

Anp+1

an,

< qforalln > N.

The series ) (a,)52; then converges absolutely by point (1).

(ii) Assume L > 1. Analogously to the proof of point (3) in the root test
(Proposition 5.17), by the sequence limit condition in Proposition 4.12
there exists NV € N for which

An+1
Qanp

> 1for alln > N.

The series Y (a,)5; then diverges by point (2). O

\.

Proposition 5.19: Raabe’s test

Let Y (an)52; be a series of nonzero complex numbers. In this case:

(1) If there exists a real number ¢ > 1 and natural number N € N for which

then the series ) (ay)22, converges absolutely.

an

— 1) > q for all natural numbers n > N,
Gn+41
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(2) If there exists natural number N € N for which

then the series ) (ay)22, does not converge absolutely.

Gn

— 1) < 1 for all natural numbers n > N,
an+1

(3) If there exists natural number N € N for which

then the series ) (a,)52 diverges.

Gn

— 1) < 0 for all natural numbers n > N,
An+1

an
An41

(4) If the limit L = lim n(

n—o0

— 1) exists, then:

(i) if L > 1, the series > (a,)52; converges absolutely,
(i) if 0 < L < 1, the series >_(ap)52; does not converge absolutely, and

(iii) if L < 0, the series Y (a,)52; diverges.

Proof.

(1) Because finitely many terms in a series do not affect the series’s convergence,
we can assume without loss of generality that IV = 1. By the proposition’s
assumptions, it then holds that

n< n —1>2qforallnEN. (5.5)
an41

Let r = ¢ — 1. By Equation 5.5, it then follows that
nlan| = nlans1| = (1+7)|anl,
or, after rearranging
Blan] = (0 + Dlans1] = rlansal.
For all n € N we then define the terms
by =0 and byy1 = nlay| — (n+1)|ant1],

which implies

(2)
b1 = nlan| = (0 + Dlani1] = rlanta| > 0,

where (a) holds under the assumption that ¢ > 1 in point (1).

We then note that the series of real numbers > (b,)5%; is a majorant for
> (an)22. Thus, by the comparison test, proving that »(b,)5; converges
will also prove that > (a,)5; converges absolutely. To show that the series
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(3)

(4)

> (bn)22; converges, we first let Sy, let the series’s k-th partial sum, then make
the calculation

Sp =01 +by+---+ b
=0+ (la1| — 2]az]) + (2laz| — 3las|) + [(k — 1)|ag—1] — Klax|]
= |a1| — kfag| < |aa].

The sequence of partial sums (Sy) is thus bounded above by |a;|. Because
the sequence (Sk) is increasing (since by construction ) (b,)5; is a series
of nonnegative real numbers) in addition to being bounded above, the it
converges by Proposition 4.15 (i). The series ) (by,)22, thus converges because
its sequence of partial sums converges, and so, as noted above, > (a,)>

n=1
converges by the comparison test.

As point (1), we assume N = 1 without loss of generality. By the proposition’s
assumptions, it then holds that

d

which we then rearrange to get

Qn

—l)glforallnzN,
An+1

nlan| < (n+ 1)]an=1].
By repeatedly shifting the index n, it follows that
|a1| < 2lag| < - < nfan| < (n+ Dfanpa| <---,
which in particular implies that |ai|/n < |ay|.

The inequality |a1]|/n < |a,| means that the series Y (|ai|/n)22, (i.e. a
harmonic series scaled by the constant factor |a;|) is a minorant of the series
> (lan|)oe,. Because the harmonic series diverges, the series Y (|an|)52; also
diverges by the comparison test, and so ) (ay)22; does not converge absolutely.

We again assume N = 1 without loss of generality. By the proposition’s
assumptions, it then holds that

G, an+1

<1 = >1foralln €N,

G,

An+1
and so Y (ayn)22, diverges by the ratio test (Proposition 5.18).
(i) Assume L > 1 and let ¢ = (L 4 1)/2, which leads to the inequality

1<g<L.

Following the same logic as in the proof of point (3) of the root test
(Proposition 5.17), because L is the limit of the sequence with general
term n[|(an)/(ant1)| — 1], by Proposition 4.12 there must exist N € N
for which

d

Since ¢ > 1, the series > (ay)22, converges absolutely by point (1).

Gn

—1>>qforalln2N.
Gn4-1
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(ii) Assume 0 < L < 1. Because L is the limit of the sequence with general
— 1), by Proposition 4.12 there must exist N € N for

an
an+41

term n (
which
n( a:ﬁ - 1) < 1 for all n > N. Thus the series > (a,)52, does not
converge absolutely by point (2).

(i) Assume L < 1. Because L is the limit of the sequence with general term
n[|(an)/(ans1)| — 1], by Proposition 4.12 there exists N € N for which

n( ) —1) <0 foralln> N.
an+1
The series Y (a,)5 ; thus diverges by point (3). O

We now give some examples of using the above tests in practice.

Example 5.20: Using the root, ratio, and Raabe tests

(1) By the root test (Proposition 5.17), the series of positive real numbers
(e

n=1

converges, which follows from the calculation

lim Ve = lim e ™ = lim (1> =0<1

n—o0 n—00 n—oo \ e

(2) By the ratio test (Proposition 5.18) the series of positive real numbers

().

converges, which follows from the calculation

1! n
lim Yzl = lim —(’I’L + ) . ’/Z_
n—oo | anp n— 00 (n + 1)”+1 n!
(a) .. (n+1)n! n"
= lim C—

where (a) follows from the definition of the factorial operation, (b) from dividing
the numerator and denominator by n, and (c) from the definition of Euler’s
number in Example 4.23.

(3) By the ratio test the sequence of positive real numbers
2n)! ),
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converges, which follows from the calculation

[+ @2n)
L= lm o 2
(n+1!-(n+1)!  (2n)!
nooo (2n)1(2n + 1)(2n + 2) nl - nl

= lim (GkidDin = lim ntl
n—oo (2n+1)(2n+2) n—ooodn + 2
1+l 1

(4) Let o € R be an arbitrary real number, and let us use Raabe’s test (Proposi-
tion 5.19) to analyze the convergence of the series of positive real numbers

2 ().

n=1

First define a function f : RT™ — R with the mapping formula f(z) = z°.
Although it predates our definition of the derivative (which we will study in
Chapter 7), we note that the derivative f’ of the above function f is

f'(z) = az* L.

We then make the calculation

= lim n (1/n)
nt1

7) 1]

< Jim %[(1 +h)* — 1]
® ) fA+R) — f1)

©pa)= a1l = o

where in (a) we have defined h = 1/n, (b) follows from the definition f(z) = z?,
and (c) follows from the definition of the derivative (Definition 7.1).

By point (4) of Raabe’s test, the series Y (- ) , thus converges if a > 1
and diverges if o < 1. Point (4) of Raabe’s test cannot conclusively determine
the series’s convergence in the case @ = 1, but point (2) can. Namely, if
a = 1 (which satisfies point (2) of Raabe’s test), the series > (n%)zozl does not
converge absolutely; however, because all elements in the series are positive,

which means that )

—=|—|forallneN,
n

if the series does not converge absolutely it does not converge at all, and
thus diverges if & = 1. (Of course, if a = 1 the series is the harmonic series
>°(2)52,, which we already know diverges from Example 5.7.)

n=1»
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Note that each of the series in the above example was real-valued with positive terms, in
which case convergence and absolute convergence are equivalent. More generally, series can
have negative terms, and an important case of a real-valued series with negative terms is
an alternating series, which we define below.

Definition 5.21: Alternating series

An alternating series is a real-valued series of the form

D (D)™ an)Zy or Y ((1D)"an) Ly,

where a,, > 0 for all n € N.

\. J

Leibniz’s test, which we state below, is commonly used to test the convergence of alternating
series.

Proposition 5.22: Leibniz’s alternating series test

For any alternating series of real numbers

S (D) ag)2

if the sequence (a,,) is decreasing and converges to the number zero, then the series
> ((—1)”“(:%)2021 also converges and obeys the inequality

00 k
> (=1)"May =Y (1) ap| < agqq for all k € N.
n=1 n=1

Proof. For all k € N we first define the partial sum

k

Se=Y (-1)"an.

n=1

The sequence (ay,) is decreasing and positive by the proposition’s assumptions, so
for each m € N we can make the bound

Som < Som + (@2m+1 — @2m+2) = Som+2
= Som+1 — @2m+2 < Somt1
= Som—1 — (@2m — G2m+1) < Som—1.

The result So,, < Som+2 means that the sequence (Sam,)m is increasing, while
Som < Som—1 means that the sequence (S2y,—1)m is decreasing. Because (ay)
converges to zero, both sequences must also be bounded, so both the sequences
(S2m)m and (S2;m—1)m converge by Proposition 4.15.

More so, the sequences (S )m and (S2m—1)m also converge to the same limit, since

lim Sy, = lim
m—0o0 m—00
(a) .. .
= lim S9y,—1 — lim asy,

m—00 m—r0o0

(S2m—1 — agm)

b) .
© i Som—1,
m—r0o0
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where (a) follows from the limit operation’s distributivity over addition (Proposi-
tion 4.17 (i)) and (b) from the assumption that (a,) converges to zero. Because both
the even-indexed and odd-indexed subsequences of (Si) converge to the same limit,
the full sequence of partial sums (Sj) must also converge to that limit by a reverse-
engineered version of Proposition 4.26. The alternating series ) ((—1)"+1an)7°;1
thus converges because its sequence partial sums (Sg) converges.

To prove the proposition’s inequality, let S denote the sum of the series

S ()" an)

Because the subsequence of partial sums with even indices (Soy, )., increases towards
S and the subsequence of partial sums with odd indices (S2,—1)m decreases towards
S, the partials sums obey the inequality

Som <5< S2m+1 < S9m—1 for all m € N.

This inequality in turn implies that

00 k
S (1) = 3 (1) an| =18 Skl < [Skr1 — Sul = arra
n=1 n=1
for all £ € N, which proves the second part of the proposition. O

\. J

We conclude this chapter with two examples of using Leibniz’s test to verify the convergence
of alternating series.

Example 5.23: Alternating series

(1) Let us verify the convergence of the series

> (crt)

n=1
The series is an alternating series, and because its terms monotonically decrease
and converge to zero by absolute value, the series converges by Leibniz’s test
(Proposition 5.22). Later, we will show the series’s sum equals the natural
logarithm of the number 2.

Note that the series formed from the above series’s absolute value elements is
the divergent harmonic series

> oA/,

so the alternating series ) ((—1)"*1/ n)zo

_, converges only conditionally.

(2) The series in point (1) is a special case of the alternating series

3 ((—1)"+1nia)oo . acR.

n=1
If a > 0, the series’s elements decrease monotonically to zero, and so the series
converges by Leibniz’s test. More specifically, the series converges absolutely if

113



«a > 1 and converges conditionally if 0 < o < 1. If @ < 0, the series’s terms do
no converge to zero, and so the series diverges by Corollary 5.6.
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6 Functions of a single real variable

The functions used most often to describe physical quantities are scalar-valued and vector-
valued functions of one or more real variables. In this chapter we will study the simplest
case: scalar-valued functions of a single real variable.

Definition 6.1: Real-valued function of one real variable

A real-valued function of a single real variable is a function of the form
ffU=SR, - f(x),

whose domain U C R is some subset of the real numbers. For shorthand, real-valued
functions of a single real variable are often called scalar functions, since the elements
of such a function’s domain and codomain are scalar numbers. We will regularly
use the term “scalar function” throughout the remainder of this book. The graph
(Definition 1.12) of a scalar function is a subset of the plane R x R = R2.

\

Recall, from Remark 1.11, that a function is fully specified by the combination of its domain,
codomain, and mapping formula. However, it is common practice to state scalar functions
with explicitly stating their mapping formulae. When the domain and codomain of a scalar
function are not stated explicitly, by convention one implicitly assumes the codomain is R
and the domain is the set of all real numbers for which the function’s mapping formula is
well defined, i.e. those z € R for which it is possible to compute the function value f(x)
using the given mapping formula.

Definition 6.2: Zero of a scalar function

A zero of a scalar function f: U — R defined on the real subset U C R is any point
& € U for which

f(&) =0,

i.e. any point in the function’s domain that is mapped to zero.

\.

We describe the growth of scalar functions using analogous terminology and definitions to
those used to describe the growth of real sequences in Definition 4.3.

Definition 6.3: Describing the growth of functions

Let f: U — R be a scalar function defined on the subset U C R.

(i) The function f is said to be increasing if

f(y) > f(z) for all z,y € U for which y > z.

(i1) The function f is said to be decreasing if

f(y) < f(z) for all z,y € U for which y > z.

(iii) The function f is monotonic if it is either increasing or decreasing.

(iv) The function f is said to be strictly increasing

f(y) > f(z) for all x,y € U for which y > z.
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(v) The function f is said to be strictly decreasing

fly) < f(x) for all z,y € U for which y > z.

(vi) The function f is said to be strictly monotonic if it is either strictly increasing
or strictly decreasing.

The terminology and definitions used to describe the boundedness of scalar functions are
again analogous to their scalar analogs, in this case from Definition 4.2.

Definition 6.4: Describing the boundedness of functions

Let f: U — R be a scalar function defined on the subset U C R.

(i) The function f is said to be bounded above if its image f(U) is an above-bounded
subset of R.

(ii) The function f is said to be bounded below if its image f(U) is a below-bounded
subset of R.

(iii) The function f is bounded if it is both bounded above and bounded below.

Definition 6.5: The supremum, infimum, and extrema of a function

Let f: U — R be a scalar function defined on a nonempty real subset U C R.

(i) If the function f is bounded above, then f’s supremum is defined as the
supremum of its image f(U) C R and is denoted by

sup(f) = sup (f(U)).

If in addition f’s image contains its supremum, i.e. if sup(f) € f(U), then the
mazimum of the function f, denoted by max(f), is defined as

max(f) = sup(f) (if sup(f) € f(U)).

(i) If the function f is bounded below, then f’s infimum is defined as the infimum
of its image f(U) C R and is denoted by

inf(f) = inf (f(U)).

If in addition f’s image contains its infimum, i.e. if inf(f) € f(U), then the
minimum of the function f, denoted by min(f), is defined as

min(f) = inf(f) (i inf(f) € £(U)).

Example 6.6: Basic concepts related to scalar functions

(1) The identity function (see Definition (i)) on R, defined as idg: R — R with
the mapping formula x +— z, is an example of a scalar function. The identify
function is strictly increasing and is neither bounded above nor bounded below.
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(2) Let f: U — R be a scalar function defined on the subset U C R. In this case
the restriction (see Definition (ii)) f|y of the function f to an arbitrary subset
V C U of f’s domain is also a scalar function.

(3) Let U € R be a subset of R. The function f: U — R is called the constant
function with value ¢ € R if

f(x)=cforall xz € U.

Every constant scalar function is bounded and simultaneously increasing and
decreasing. However, if U has at least two elements, then any constant scalar
function is neither strictly increasing nor strictly decreasing.

(4) A linear function of a single real variable is a function of the form
ffR=R,  f(x)=kzx+n

for any two constants k,n € R. A linear function is strictly increasing if k£ > 0
and strictly decreasing if £ < 0. A linear function f is bounded if, and only if,
k =0, in which case f is a constant function with value n.

As background for defining even and odd functions, we first introduce the concept of
symmetry about the origin. For any real subset U C R, the subset —U is defined as

—U={-z;2e€U}.
If U = —U, then the set U is said to be symmetric about the origin.

Definition 6.7: Even and odd functions

Let f: U — R be a scalar function defined on a real subset U C R that is symmetric
about the origin. In this case:

(i) The function f is even if f(—z) = f(x) for all z € U.
(ii) The function f is odd if f(—z) = —f(z) for all z € U.

The graph of an even function is geometrically symmetric about the ordinate axis, while
the graph of an odd function is geometrically symmetric about the origin.

We stress that the properties of evenness and oddness are well-defined only for functions
whose domains are symmetric about the origin. However, because the set of real numbers
R is symmetric about the origin, and because R is a common domain for scalar functions,
this restriction is rarely a problem in practice.

Example 6.8: Sums of even and odd functions

Let f: U — R be a scalar function defined on the origin-symmetric subset U = —U,

and define the two functions fe, fo: U — R as
folw) = 1@ + f(-2)] and folw) = 3 [F(@) ~ F(-2)];

Note that f. is even by construction, that f, is odd by construction, and that
f=rfe+ fo
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Because f was arbitrary except for the symmetric-domain condition U = —U, this
example is a proof by construction that any scalar function defined on a domain
with origin symmetry can be written as the sum of an even and odd function.

We now state some definitions of how functions can be combined under common operations.
We will regularly use these definitions throughout the remainder of this book.

Definition 6.9: Operations involving scalar functions

Let f: U — R and g: V — R be two scalar functions defined on the real subsets
U,V C R. In this case:

(i) The sum of f and g is denoted by f + g and defined as

f+9:UNV >R 2z (f+9)(x) = f(z)+ g(z).

(ii) The product of f and g is denoted by either f - g or fg and is defined as
fg:UNV =R,z (fg)(z) = f(z)g(x).

(iii) The quotient of f and g is denoted by f/g and defined as

_ flz

Hg:Ung RVOD 2R, o (/0)(0) = 12
The function f/g is defined on the intersection of f and the set of all x in g¢’s
domain V that are not mapped to zero.

~—

(iv) The composition of f and g is denoted by f o g and defined as

fog:g7'(U) =R, =z (fog)(z) = flg(x).

The function f o g is defined on the set of all  in g’s domain V' that map to
f’s domain U. You may also be interested in review Definition 1.18, which
defines the composition of arbitrary functions (not just scalar functions).

One must proceed with some caution when specifying the domains of the above functions.
In each of the above points, the domain of the defined function is the set of all points in
which the corresponding mapping formula is possible to calculate.

Remark 6.10: Scalar functions and group theory

From Definition 6.9 (i) and (ii), if two scalar functions f and g are defined on
the same real subset U C R, then their sum f + g and product fg are also scalar
functions defined on U; the set of all scalar functions mapping from U to R is thus
closed under addition and multiplication. This set is in fact an Abelian group under
addition (recall Remark 2.2 in the context of the real numbers) for which the additive
identity is the zero function, and the additive inverse for the function f: U — R is
the function —f: U — R, (= f)(z) = —f(=).

\. .

We defined the inverse of a general function in Definition 1.20 of Section 1.2.3; we now give
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the more specific definition of the inverse of a scalar function.

Remark 6.11: Inverse of a scalar function

Let f: U — R be a scalar function defined on the nonempty subset U C R. If f is
injective, then we define its inverse f~! as

LU =R, ) € ),

where f~!({y}) is the preimage of the point y € f(U); this preimage has exactly one
point for every y € f(U) under the assumption that f is injective, and so f~!(y) is
well-defined for all y € f(U).

We must be careful, though. If f(U) # R and f(U) does not contain all elements in
R, then f: f(U) — R is not surjective and does not have a right inverse (and thus
does not have an inverse). In this case by f~! we implicitly denote the inverse of
the function

IO U = fU), 2 flz),

which is simply the function f with the original codomain R replaced by f(U). The
function f|f (U) is surjective by construction, injective because f is injective, and
thus bijective; we denote its inverse by (f|f(U))_1: flU)—=U.

In this case the notation f~! used loosely formally refers to the function

idg|y o (f|f(U))_1.

. J

Proposition 6.12: Growth and injectivity of scalar functions

Let f: U — R be a scalar function defined on the real subset U C R. In this case:

(i) If f is strictly increasing then f is also injective, and its inverse function
f~1: f(U) = Ris also a strictly increasing function.

(ii) If f is strictly decreasing then f is also injective, and its inverse function
f~1: f(U) = Riis also a strictly decreasing function.

Proof.

(i) Assume f is strictly increasing, and let x,2’ € U be any two elements in f’s
domain for which # # 2/. Because f is strictly increasing, if x > 2’ then
f(z) > f(2); similarly if z < 2/ then f(x) < f(2'). In either case 2’ # z
implies f(x) # f(2), and so f is injective.

Now consider any two function values u,v € f(U), and note by the definition
of the inverse function in Definition 1.20 that

w=f(f7"(w) and = f(f"(v)).
Because f is strictly increasing, if f~'(u) > f~1(v) then
w=f(f"'w) > f(f(v) =v.

Reversing this result then means that if v > v, then f~!(u) > f~!(v), and so
f~!is increasing.
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[ (ii) Analogous to the proof of item (i), just with inequalities reversed. | ]

6.1 The limit of a scalar function

Definition 6.13: Cluster point and isolated point of a real subset

The point a € R is a cluster point of the real subset A C R if
(a—6,a+68)N(A\{a}) # 0 for all § € RT.

In words, a is a cluster point of A if any arbitrarily small real interval centered at a
contains elements of A other than a.

Meanwhile, a point b € R is said to be an isolated point of A if b is an element of A
but not a cluster point of A.

Any interior point (Definition 2.29 (i)) of a real subset is necessarily a cluster point of the
set, while any exterior point (Definition 2.29 (ii)) is necessarily not a cluster point of the
set. Each of a real subset’s boundary points (Definition 2.29 (iii)) is either a cluster point
or an isolated point of the set.

In practice, one often uses the following condition to verify if a given point is a cluster point
of a real subset.

Proposition 6.14: Condition for a cluster point of a subset

The point a € R is a cluster point of the real subset A C R if, and only if, there
exists a sequence of real numbers (ay,,) for which a,, € A\ {a} for all n € N and

lim a, = a.
n—o0

In words, a € R is a cluster point of A if it is possible to approximate a arbitrarily
closely using a sequence of points taken from the set A\ {a}.

Proof. (=) Assume a is a cluster point of A, which means that the set

(a—%,a—i—%) (AN {a})

is nonempty for all n € N. Because this set is nonempty, for every n € N we can
choose from it a point a,, to form a sequence (a,) that converges to (a) with that
property that a, € A\ {a} for all n € N.

(<) Let (an) be a sequence of real numbers for which

li_}rn ap=a and ap € A\ {a} for all n € N.
By the definition of the limit of a sequence (Definition 4.11), for all § € R™ the
neighborhood (a — d,a + ¢) of the point a contains all elements of (a,) with the
possible exception of finitely many. Since (ay)’s elements are elements of A, the set
(a—0d,a+9d)N(A\ {a}) is nonempty, and so a is a cluster point of A. O
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Example 6.15: Interior, exterior, and cluster points

(i) The real subset A = {1/n; n € N} C R does not contain any nonempty open
intervals and thus does not have any interior points. All points in R\ A are
exterior points of A except for 0; in fact 0 is the only cluster point of A, while
all elements of A are isolated points.

(ii) Consider the subset A = [0,1)U{2} C R. The points in the open interval (0, 1)
are A’s interior points, and A’s boundary points are the numbers 0, 1, and 2.
All points in the closed interval [0, 1] are A’s cluster points (included 1, which
itself is not an element of A). The number 2 is the only isolated point of the
subset A.

We are now prepared to define the limit of a scalar function, which will feature centrally
throughout the remainder of this book.

Definition 6.16: Limit of a scalar function

Let f: U — R be a scalar function defined on the real subset U C R and let a € R
be a cluster point of the subset U. The number L € R is the limit of the function f
at the point a if for all € € RT there exists sufficiently small 6 € R* for which

|f(z) —L| <eforalxz € (a—d,a+0)N(U\{a});
or, equivalently, for which
f(x)e(L—¢e L+e) forallz € (a—d,a+0)N(U\{a}).
In either case, the limit of f is said to exist at a and is written

L = lim f(x).

T—a

Intuitively, L is the limit of the function f at the point a if it is possible to approximate L
arbitrarily closely with function values f(x) as the function argument x comes arbitrarily
close to a. Note that f need not be defined at a for the f’s limit to exist at a; in fact, the
value of f at a is completely irrelevant to the definition of the limit of f at a.

Proposition 6.17: A function’s limit is unique

A function f: U — R can have at most one limit at any cluster point a of the subset
UcCR

Proof. Let L be the limit of f at a and let L’ be any real number different from L.

Next, define e € Rt for which
|L— L]
€< T,
in which case, by the triangle inequality, the intervals (L —e, L+¢€) and (L' —¢, L' +¢)
are disjoint. Since L is the limit of f at a, there exists § € RT for which

|f(z) — L| <eforall x € (a—d,a+0)N(U\{a}).
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Since (L —e,L+¢€) and (L' — ¢, L' + ¢€) are disjoint, for each such z it also holds that
|f(x) - L" > €.
It then follows that for arbitrary positive real number ¢’ < § there exists some
r€(a—¥8,a+8)N U\ {a})

for which |f(z) — L'| > ¢, and so L’ cannot be the limit of f at the point a. Thus
no real number than L can be f’s limit at a. O

Definition 6.18: Left- and right-sided limit

Let f: U — R be a scalar function defined on the real subset U C R.

e If a € R is a cluster point of the subset U N (a,00) and if the limit of the
restricted function f|yn(a,00) €xists at the point a, this limit is called the
right-sided limit of f at the point a and is variously denoted by

lim, f(z) = lim £(2) = I (fugan)(©):

z—a™t

e If a € R is a cluster point of the subset U N (—o0,a) and if the limit of the
restricted function f |Um(,oo’a) exists at the point a, this limit is called the
left-sided limit of f at the point a and is variously denoted by

lim f(a) = lim f(2) = lim (forn(oea) @)

T—a—

From the above definition, if @ € R is a cluster point of both U N (a,c0) and U N (—o0, a),
then L € R is the limit of the function f at a if, and only if, L is both the left-sided and
right-sided limit of f and a.

In addition to considering a function’s limit behavior a particular point ¢ € R, one is often
interested in the function’s behavior as its argument increases without bound—we explore
this situation in the following pages.

Definition 6.19: Limits at infinity

e Let f: U — R be a scalar function defined on the above-unbounded real subset
U C R. The real number L € R is called the limit of f at infinity if for all
€ € RT there exists sufficiently large B € R for which

|f(z) — L| < eforall x € (B,oo) NU.
In this case the limit of f at infinity is said to exist and is denoted by

L= lim f(x) (notation: limit of f at infinity).

T—00

o Let f: U — R be a scalar function defined on the below-unbounded real subset
U C R. The real number L € R is called the limit of f at negative infinity if
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for all € € RT there exists sufficiently negative b € R for which
|f(z) — L| < e for all x € (—o0,b) NU.
In this case the limit of f at negative infinity is said to exist and is denoted by

L= lim f(x) (notation: limit of f at negative infinity).

T—r—00

If the limit L = lim,_, o, f of a scalar function f: U — R exists at infinity, then for any
(e, B) pair the entire graph of f on the set (B,00) NU lies between the two horizontal lines
with heights L — € and L + €. The horizontal line with height L is called the horizontal
asymptote of f at infinity. Similarly, if the limit L = lim,_,_, of f at negative infinity
exists, then for any (e, b) pair the entire graph of f on the set (—oo,b) N U lies between
the two horizontal lines with heights L — e and L + €. The horizontal line with height L is
called the horizontal asymptote of f at negative infinity.

Remark 6.20: Limits at infinity as limits at zero

By defining a new variable ¢ = 1/x, the limits at positive infinity and negative infinity
of a function f: U — R can be interpreted as a special case of a function at the
point zero, since

lim f(z)= lm f(1/t) (at positive infinity)

Tr—00 t—0+

lim f(z)= lm f(1/¢t) (at negative infinity).
T—r—00 t—0—

For this reason, limits at infinity obey the same properties as limits at a finite point.

Example 6.21: Limits of monotonic functions at interval endpoints

Let f: U — R be a scalar function defined on the real subset U C R, and define the
constant ¢ € U.

(i) If f is increasing and c is a cluster point of the subset U N (—o0, ¢), then f(c)
is an upper bound of the set {f(x); x € U,z < ¢}, and this set’s supremum is
the left-sided limit of f at ¢, i.e.

lim f(z) =sup{f(z); z € U,z <c} < f(c).

T—Cc

(ii) If f is increasing and c is a cluster point of the subset U N (¢, 00), then f(c) is
a lower bound of the set {f(z); x € U,x > ¢}, and this set’s infimum is the
right-sided limit of f at ¢, i.e.

lim f(z) =inf{f(z); z € U,z > c} > f(c).

z—ct

(iii) If f is decreasing and c is a cluster point of the subset U N (—o0, ¢), then f(c)
is a lower bound of the set {f(z); z € U,z < ¢}, while the set’s infimum is the
left-sided limit of f at ¢, i.e.

lim f(z) =inf{f(z); x € U,z <c} > f(c).

T—>Cc™

123



(iv) If f is decreasing and c is a cluster point of the subset U N (¢, 00), then f(c) is
an upper bound of the set {f(z); z € U,z > ¢}, while the set’s supremum is
the right-sided limit of f at ¢, i.e.

lim f(x) =sup{f(z); z € Ux >c} < f(c).

z—ct

The following proposition characterizes limits of functions in terms of limits of sequences.

Proposition 6.22: Relating limits of functions and sequences

Let f: U — R be a scalar function defined on the real subset U C R, and let a € R
be a cluster point of U. In this case the number L € R is the limit of f at the point
a if, and only if, for all sequences (x,,) from the set U \ {a} that converge to a, the
corresponding sequence of function values (f(zy,)), converges to L, i.e. if

L= nh%nolo f(xn).

Proof. (=) Let L be the limit of f at the point a, and let (z,,) be an arbitrary
sequence from the set U \ {a} that converges to a; we must show that the sequence
of function values (f(z,)), converges to L. To do so, first choose arbitrary ¢ € RY.
By the definition of the limit of a function, there exists 6 € R for which

|f(x) —L| <eforall z € (a—6d,a+0)NU\{a}). (6.1)

Because the sequence (x,) converges to a, by Proposition 4.12 there exists N € N
for which
Tp € (a—9d,a+6)N (U \{a}) for all n > N.

Thus for all such sufficiently-large n, the sequence elements x,, fall in the subset
z € (a—d,a+0)N(U\{a}) for which Equation 6.1 is valid; this means

|f(zn) — L| < € for alln > N,

and so the sequence of function values (f(x,)), converges to L by Proposition 4.12.

(<) Assume that L = lim,_,« f(zy,) for all sequences (x,) from the set U \ {a} that
converge to a. We will then show, by contradiction, that L must be the limit of the
function f at the point a.

To do so, assume that L is not the limit of f at a. Since L is not the limit of f at a,
for any 6 € RT there exists some € € RT for which

|f(z) — L| > € for some x € (a — J,a+ ) N (U \ {a}).

Thus, for all n € N there exists a point

T € (a—%,a—k%)ﬂ((]\{a})

for which |f(z,) — L| > e. We have thus constructed a sequence (z,,) from U \ {a}
that converges to a, but for which L is not the limit of the sequence (f(zy))n. This
contradicts the assumption L = lim,,_,~ f(z,) for all sequences (z,) from the set
U \ {a} that converge to a, and so L must be the limit of f at a. O
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By relating limits of sequences to limits of functions, Proposition 6.22 makes it possible to
use sequence-related propositions from Chapter 4 to prove analogous propositions applied
to the limits of scalar functions. We will make heavy use of this convenient fact in the
following pages.

Remark 6.23: Limits of functions at infinity

Because, as mentioned in Remark 6.20, limits of functions at infinity are a special
case of limits of functions at the point zero and thus obey the same properties as
limits of functions at points in R, a similar proposition to Proposition 6.22 holds for
limits at infinity, i.e.:

(i) If f: U — R is a scalar function defined on an above-unbounded subset U C R,
then the number L € R is the limit of f at infinity if, and only if,

L= lim f(x,)

n—o0
for all sequences (z,,) from the subset U for which lim,, o ,, = 00.

(ii) If f: U — Ris a scalar function defined on an below-unbounded subset U C R,
then the number L € R is the limit of f at negative infinity if, and only if,

L= lim f(x,)
n—0o0
for all sequences (z,,) from the subset U for which lim,_o x,, = —00.

The following rules are useful in practice for computing the limits of combinations of
functions; these rules are analogs of the rules given in Proposition 4.17 for computing the
limits of functions of sequences.

Proposition 6.24: Rules for computing limits of functions

Let f: U — R and g: V — R be two scalar functions defined on the real subsets
U,V C R, let a € R be a cluster point of the subset U NV C R, and assume both f
and g have a limit at the point a. In this case:

(i) The function f + ¢ has a limit at a equal to
lim (f(2) + g(2)) = lim f(z) + lim g(z).

(ii) The function f - ¢ has a limit at a equal to
lim [£(2)g(2)] = lim f(z) - lim g(z).

r—a
(iii) If the limit of g at the point a € R is nonzero, then a is a cluster point of the
subset U N g~ (R \ {0}) C R, and the function f/g has a limit at a equal to
o fo) S
im = = .
va g(z) - lim g(z)

Proof. The proof follows from the rules for computing limits of sequences in Proposi-
tion 4.17, and from Proposition 6.22, which allows one to formulate the limit of a
function in terms of the limit of a sequence.
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(iii) Under the assumption lim; ., g(z) # 0, by the definition of the limit of a
function (Definition 6.16) there exists § € RT for which

g(z) #0 for all z € (a —d,a+ ) N (V\{a}).

Because a is assumed to be a cluster point of U NV, it must also a cluster
point of U N g~ !(R\ {0}). We then choose an arbitrary sequence (z,,) from
the set (UNg 'R\ {0})) \ {a} that converges to a. By Proposition 6.22 it
holds that

lim f(z,)= lim f(z) and nh_}rrgo g(xy) = lim g(z).

n—oo Tr—a Tr—a

The rules for computing limits of sequences in Proposition 4.17 then imply that

i, F@n) _ a0 @ 2 I (@)
1m = - = T2 )
n=oo g(wn) - lim g(zn)  lim g(z)

where (a) follows from Proposition 6.22, for any sequence (x,) from the set
(Ung ' (R\{0})) \ {a} that converges to a.

Items (i) and (ii) are proved analogously but in a simpler manner, since one need
not worry about technicalities arising from division by zero. O

Since left-sided limits, right-sided limits, and limits at positive and negative infinity are
just special cases of the limit of a function at a point (see e.g. Remark 6.20), the rules for
computing limits in Proposition 6.24 also hold for one-sided limits and limits at infinity.

In certain cases, a scalar function does not have a limit at a given point ¢ € R, but
the function’s value increases or decreases without bound in a predictable manner as the
argument approaches a. We denote such cases with the notation in the following remark.

Remark 6.25: Notation for divergent limits

For any scalar function f: U — R defined on the real subset U C R and point a € R,
we introduce the following notation:

(i) If a is a cluster point of U and if for all M € R there exists 6 € RT for which
M < f(z) for all x € (a — d,a+ 0) N (U \ {a}), we write

lim f(z) = occ.

T—a

For analogous situations involving one-sided limits, we use the notation

lim f(z) =00 and lim f(z)= occ.
z—at x—a~

(i) If a € R is a cluster point of U and if for all m € R there exists § € R* for
which f(z) <mforall z € (a —d,a+ )N (U \ {a}), we write

lim f(z) = —o0,

r—a

or, for analogous cases involving one-sided limits,

lim f(z) =—oc0 and lim f(z) = —o0.
z—at T—a~
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(iii) If U is unbounded above and if for all M € R there exists B € R for which
M < f(z) for all x € (B, 00) N U, we write

xlig)lo f(z) = o0.

(iv) If U is unbounded above and if for all m € R there exists B € R for which
f(z) <mfor all z € (B,00) NU, we write

lim f(x) = —oc.

T—r00

(v) If U is unbounded below and if for all M € R there exists b € R for which
M < f(z) for all x € (—o0,b) N U, we write

(vi) If U is unbounded below and if for all m € R there exists b € R for which
f(z) <m for all x € (—o0,b) NU, we write

lim f(z) = —o0.

T—r—00

6.2 Continuity

Definition 6.26: Continuity of a scalar function

Let f: U — R be a scalar function defined on the real subset U C R. The function f
is said to be continuous at the point a € U if for all e € R™ there exists corresponding
5 € R for which

|f(z) — f(a)| <eforall z € (a —d,a+ ) NU;
or, equivalently, for which
f(@) € (f(a) =€ fla) +¢€) forall w € (a — §,a+6) NU.

The function f is said to be continuous if it is continuous at all points in its domain.

The definition of the continuity of a function f: U — R at a point a € R is very similar to
the definition of the limit of a function at a point—the main difference is that the definition
of continuity depends crucially on f’s value at a, while f’s value at a is completely irrelevant
to the definition of a limit. In fact, if @ € U is a cluster point of the set U C R, if follows
directly from Definitions 6.16 and 6.26 that a function f: U — R is continuous at « if, and
only if, the function value f(a) equals the function’s limit at a.

Note that a function’s continuity at a point is well-defined only at points at which the
function itself is defined—it does not make sense to speak of a function’s continuity at
points outside its domain. We illustrate this technicality in the following example.
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Example 6.27: Continuity of the sign function

Let us consider the sign (or signum) function sgn: R — R, defined as

1 x>0,
sgn(x) =<0 z =0,
-1 x<0.

The sign function is defined at all points on the real line and is continuous at all
points except at zero, where its graph has a jump discontinuity.

However, the restricted function sgn ‘]R\{O} is continuous on its entire domain. Al-
though this restricted function’s graph consists of two distinct parts, the function
satisfies the definition of continuity at all points in its domain, and hence is con-
tinuous; the behavior at zero, at which the restricted function is not defined, is
immaterial.

Proposition 6.28: Conditions for continuity

Let f: U — R be a scalar function defined on the real subset U C R, and let a € U
be an arbitrary point in f’s domain.

(i) If a is an isolated point of U, then f is continuous at a.

(ii) If a is a cluster point of U, then f is continuous at a if, and only if

f(a) = lim f(a).

r—a

(iii) The function f is continuous at a if, and only if,

fa) = lim f(zn)

T—00

for all sequences (z,,) from U that converge to a.

Proof. Although these conditions follow almost directly from the definition of the
limit and continuity, we prove them here for the sake of completeness.

(i) If a € U is an isolated point of the subset U, the condition for continuity of the
function f: U — R at « is fulfilled automatically, since with a small enough
choice of § the set z € (a — d,a + ) N U can be made to contain only a, and
|f(z) — f(a)| =0 < € for all e € R* when z = a.

(i) (=) Assume f is continuous at U, which means that for all € € RT there exists
d € RT for which

|f(z) — f(a)| <eforallz € (a—d,a+d)NU (6.2)

The definition of a limit uses the same equation as Equation 6.2, but uses the
more restricted subset (a—3, a+d)N(U\{a}). But since (a—0d,a+0)N(U\{a}) is
a subset of (a—d, a+0)NU, Equation 6.2 certainly holds for (a—d, a+d)N(U\{a})
as well, and so f(a) is the limit of f at a.
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(<) Now assume that f(a) = lim,_,, f(x), which means that for all e € R
there exists § € R for which

|f(a) — f(z)| <eforall x € (a—0d,a+ )N U\ {a}).
We can then separately verify that, when x = a,
[f(@) = f(@)| = [f(a) = fa) =0 <&
which means that
|f(a) = f(z)| <eforall z € (a—d,a+d)NU,

and so f is continuous at a.

(iii) (=) Assume that f is continuous at a. By point (ii), f(a) is the limit of f at
a; point (iii) then follows immediately from Proposition 6.22.

(<) Assume that f(a) = lim,_, f(x,) for all sequences (z,) from U that
converge to a. By Proposition 6.22, f(a) is then the limit of f at a, and so f
is continuous at a by point (ii). O

We now make two important statements about interchanging the order of limit and function
evaluation that we will regularly make use of in the remainder of this book.

Remark 6.29: Changing the order of limits

Let f: U — R be a scalar function defined on the real subset U C R, let a € U be an
arbitrary point in f’s domain, and let (z,) be an arbitrary sequence of points from
U that converges to a. The equality in Proposition 6.28 (iii) can then be written in
the form

f@) 2 1 (tim @) = lim_f(z), (6.3)

— 00

where (a) uses the assumption that a = lim,_, o .

Equation 6.3 motivates the following important observation: the order in which a
continuous function and the limit of a sequence are evaluated can be interchanged.
A similar result holds for interchanging the evaluation of a continuous function and
the limit of a function, as formalized in the following proposition.

Proposition 6.30: Changing the order of function and limit evaluation

Let f: U — Rand g: V — R be two scalar functions defined on the subsets U,V C R,
let a € R be a cluster point of the set g71(U) C R, and assume the limit of g at a
exists. If lim,_,, g(x) € U and if f is continuous at the point lim,_,, g(x), then limit
of the composite function f o g also exists at a and obeys

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

Proof. Since the limit of ¢g at a exists, by Proposition 6.22, for any sequence (zy,)
from the set g~ *(U)\ {a} that converges to a, the corresponding sequence of function
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values (g(mn))n must converge to the limit limg,_,, g(x).

Because the function f is continuous at the point lim,_,, g(x) € U, and because we
have already shown that the sequence (g(xn)), converges to the limit lim, ., g(z),
by Proposition 6.28 (iii),

s (tim o(a)) = fim, f(otaw).
We have shown that for all sequences (g(a:n))n from the set U that converge to
limy_q g(), the corresponding sequence of function values (f (g(mn)))n converges
to f(limz_mg(m)). Thus, by Proposition 6.22, the number f(limz_mg(x)) is the
limit of the function f(g(x)) as x approaches a, i.e.

lim f(g(z)) = f ( lim g(x)) . O

T—ra <:c—>a

\. .

Example 6.31: Rearranging limits and function evaluation

Let f: U — Rand g: V — R be two scalar functions defined on the subsets U,V C R,
let a € R be a cluster point of the set g71(U) C R, and let b € R\ U be the limit of
g at the point a.

In this case, b = lim,_,, g(x) is a cluster point of f’s domain U. To verify this, note
that, because a is assumed to be a cluster point of g='(U), by Proposition 6.14 there
exists a sequence (z,,) from the set g=1(U) \ {a} that converges to a. Because b is
limit of g at the point a, the sequence of function values (g(l‘n))n converges to b by
Proposition 6.22. Because the sequence (g(xn))n converges to b, and because

g(xn) €U and g(zy,) #bfor alln € N,

the point b is a cluster point of U by Proposition 6.14.

Next, we note that if the limit of f at b exists, the limit of the composite function
f o g also exists at a and obeys

lim f(g(z)) = lim f(2).

T—a t—b

To verify this, we first define the function h: U U {b} — R given by
hly = f and h(b) = lim f(t).
t—b

The thus-construction function h is continuous at b, and so the limit lim,_,, h(g(x))
exists by Proposition 6.30. More so, the number lim,_,, h(g(x)) is also the limit of
the function f o g at a, which follows from the calculation
. @) .. ), /. (©) @ .
lim f(9(2)) < lim h(g(2)) 2 A (lim g()) < n(e) < lim £(0),
where (a) follows from the definition of A, (b) from Proposition 6.30, (c¢) from the
definition b = lim,_,, g(x), and (d) again from the definition of h.

We will now examine the behavior of continuity under common function operations.
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Corollary 6.32: Continuity under function addition, multiplication, and

division

Let f: U —» R and g: V — R be two scalar functions defined on the real subsets
U,V C R, and define the constant a € U NV

(i) If f and g are continuous at a, then the function f + g is also continuous at a.
(ii) If f and g are continuous at a, then the function f - g is also continuous at a.

(iii) If f and ¢ are continuous at a and g(a) # 0, then f/g is also continuous at a.

Proof. This corollary follows directly from the rules for computing limits of functions
in Proposition 6.24 together with the conditions for continuity in Proposition 6.28. [

Corollary 6.33: Continuity under function composition

Let f: U —» R and g: V — R be two scalar functions defined on the real subsets
U,V C R, and define the constant a € g~'(U). If g is continuous at a and f is
continuous at g(a), then the composite function f o g is also continuous at a.

Proof. Let (x,,) be an arbitrary sequence of points from the set g~ (U) that converges
to a. Because g is assumed to be continuous at a, the sequence (g(wn))n converges to
g(a) € U by Proposition 6.28 (iii). Similarly, because f is assumed to be continuous
at g(a), the sequence (f(g(wn)))n converges to f(g(a)), and so the function f o g is
continuous at a, again by Proposition 6.28 (iii). O

We conclude this section with a discussion of continuity in the context of common functions.

Example 6.34: Common continuous functions

(1) The constant function f: R — R with constant value ¢ (see Example 6.6 (3))
is continuous, since, for all € € RT,

|f(z) — f(a)|=|c—¢c|=0<eforall a,z € R.

(2) Any linear function f: R — R of the form f(x) = kxz +n (Example 6.6 (4)) is
continuous for all k,n € R. This holds trivially for the case £k = 0, in which
case f is a constant function and is continuous by point (1). Now assume
k # 0, choose arbitrary € € RT, and define 6 = ¢/|k|. For all a,z € R for which
|z — a] < d, f’s continuity follows from the calculation

|f(x) = f(a)| = |kx +n — (ka + n)| = |kz — ka|
= |k||lx — a|] < |k|d = €.

(3) The restriction of a continuous function to an arbitrary subset of its domain is
again a continuous function. In symbols, let f: U — R be a scalar function
defined on the real subset U C R, and let V' C U be a subset of U; if f is
continuous at a € V, then f|y is evidently also continuous at a by the definition
of continuity (Definition 6.26) and function restriction (Definition (ii)).
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(4) The power function f: R — R, f(x) = 2™ is continuous for all n € N. To show
this, we write the function in the form

n
and then note that the identity function x — x is a linear function and
continuous by point (2), and the product of continuous functions is again
continuous by Corollary 6.32. The number n is called the power function’s

power or exponent.

(5) A real polynomial of degree n € NU {0} is a scalar function for the form
P:R—=R, P)=au"+ap 12" '+ + a1z +ag

for some constants ag, ai,...,a, € R, a, # 0. A polynomial is thus a sum of
the products of power functions and constants, i.e. the sum of the products of
continuous functions, and is thus continuous by Corollary 6.32.

(6) The rational function is quotient of two polynomials, and is thus continuous
by point (5) and Corollary 6.32.

6.3 Properties of continuous functions

In this section we cover some important theorems describing the behavior of continuous
scalar functions—many of these theorems form the foundation of real analysis.

Theorem 6.35: Zeros of continuous functions

Let a,b € R be two real numbers for which a < b and let f: [a,b] — R be a continuous
function. If f(a)f(b) <0 (i.e. if f(a) and f(b) have opposite signs) there exists at
least one point € € (a,b) for which f(§) = 0.

Loosely, the proposition states that if a continuous function’s value changes in sign
between two points on the x axis, the function’s graph must have crossed the x axis
at least once somewhere between those two points.

Proof. We will prove the proposition by construction, using the bisection method
to find a zero of f between the points @ and b. If the process produces a zero of
f in finitely many iterations, the proof is complete; otherwise, we will inductively
construct two real sequences (a,) and (b,) with the following properties:

(i) The sequence (a,) is increasing and the sequence (by,) is decreasing.

(ii) The general elements a,, and b, satisfy the inequalities
a<a,<b,<b and b, —a, = (b—a)/2”‘1 for all n € N.

In words, a is a lower bound of (a,,), b is an upper bound of (b,), all terms in
(by,) are greater than the corresponding term in (a, ), and the distance between
a, and b, decreases by a factor of 2 with each increasing value of n.
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(iii) The general terms a, and b, are such that
flan)f(by) <0 for all n € N,

i.e. f’s values at a, and b, have opposite sign for all n.

We first define a; = a and b; = b. Assume we have already constructed the terms
ai,as,...,a, and by, bo, ..., b, so as to satisfy the above properties, and define

cn = (an + by)/2.

If f(c,) = 0, we have found a zero & = ¢, of the function f in the interval (a,b),
completing the proof. If f(c,) # 0, we construct the next sequence terms as follows:

(1) If f(an)f(cn) <0, let apt1 = ay, and by = ¢, in which case
flant1) f(bni1) = f(an) f(cn) <O.
(2) If f(an)f(cn) >0, let apt1 = ¢, and by41 = by, in which case

F(an)® fen) f(bn) = [f(an) f(en)] [£(an) f(Bn)] <O,
and so again f(ant1)f(bpt1) = f(en)f(bn) <O.

By construction, the sequence (a,) is increasing and bounded above by b, and is thus

convergent by Proposition 4.15. Similarly, (b,) is decreasing and bounded below by

a, and is thus also convergent by Proposition 4.15. We then make the calculation
(b)

: : @ .. B (b) ..
3o T i O = (e = 0n) = IR,

h—
a:O’

where (a) follows from the limit rule in Proposition 4.17 (i) and (b) from the definition
of the sequences (ay) and (by,). The result implies that lim, o0 by, = limy, o0 ap, i.e.
that (a,) and (b,) have the same limit, which we denote by
&= lim a, = lim b,.
n—oo n—oo

It remains to show that & is a zero of the function f. Using the assumption that f is
continuous, we make the calculation

F©? = F©F£(€) = £ ((lim an) - £ ( lim b,)

n—00 n—00
(a)

n—oo

© lim [£(an) ()],

n—oo

where (a) follows from the continuity condition in Proposition 6.28 (iii) and (b) from
the rules for computing limits in Proposition 6.24 (ii). Since f(ay,)f(b,) < 0 for all
n € N by the definition of the sequences (a,) and (by,), it follows that

lim f(an)f(bn) = f(f)Q <0.

n—oo

Since f is a real-valued function, the result f(¢£)? < 0 implies that f(¢) = 0. O
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Theorem 6.36: Continuous functions are bounded on closed intervals

Every continuous scalar function f: U — R defined on a bounded, closed subset
U C R is itself bounded.

Proof. We will first prove by contradiction that f is bounded above. Assume f is
not bounded above, which would mean that for every natural number n € N there
exists a point x, € U for which

f(zn) > n. (6.4)

Because the set U is bounded, the sequence (z,,), which consists only of points from
U, must also be bounded. Because the sequence (x,) is bounded, it must have at
least one cluster point by the Bolzano-Weierstrass theorem (Theorem 4.9); we denote
this cluster point by ¢, and note that, because U is closed, ¢ must be an element of
U. Because the function f is continuous at ¢, there exists § € Rt for which

|f(z) — f(e)| < 1forall x € (¢c—d,c+9).

The number c is a cluster point of (z,,), so every neighborhood of ¢ contains infinitely
many elements of (x,) by Definition 4.6. In particular, this means there exists a
natural number n € N for which

n>f(c)+1 and =z, € (c—96,c+9).
Because z,, € (¢ — d,c+ J) and because f is continuous at c¢, it follows that

|f(zn) — fo)] < 1.
But at the same time, assuming f is not bounded above, it holds that

(a) (b)
f@n) = fle) 2 n—f(c) > f(e)+1— f(c) =1,

where (a) follows from Equation 6.4 and (b) from the earlier conclusion that n >
f(e) + 1; the result f(x,) — f(c) > 1 contradicts the fact that |f(z,) — f(c)] <1
under the assumption that f is continuous at c. It follows that f must be bounded
above.

It remains to show that f is bounded below. To do so, note that the function —f, as
the product of a constant and a continuous function, is also continuous. Since — f is
continuous, we can repeat an analogous procedure to that used above to show that
—f is also bounded above, which means that f is bounded below. The function f is
then bounded above and below, and is thus bounded. O

Theorem 6.37: Continuous functions attain a minimum and maximum on

closed intervals

Let f: U — R be a continuous scalar function defined on a nonempty, bounded,
closed subset U C R. In this case there exist points u,v € U for which

F(u) = sup(f) = max(f) and f(v) = inf(f) = min(f).
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In words, every continuous scalar function attains a maximum and minimum value
on a closed, bounded, nonempty real subset.

Proof. We first note that the function f is bounded by Theorem 6.36, and so it must
have a supremum, which we denote by M = sup(f). We then define the continuous,
nonnegative function

g:U—=R, glx)=M— f(z).

Our plan is to show, by contradiction, that the function g has at least one zero
u € U; in this case f(u) = M, meaning that f attains its supremum and thus has a
maximum on U.

Assume that g does not have any zeros. In this case, by Corollary 6.32, the function
1/g is continuous and defined on the entire set U, and is thus bounded by Theo-
rem 6.36. Because g is bounded and nonnegative, there exists a positive real number
A € R for which

1/g(z) =1/[M — f(x)] < A for all z € U,

which in turn implies the bound

1
<M-—.
fl@)s M-
This means that M — 1/A is an upper bound of the function image f(U), which
contradicts the earlier assumption that M is the supremum (i.e. least upper bound)
of f(U). It follows by contradiction that g must have at least one zero u € U, in
which case

gw) =0=M — f(u) = f(u) = M =sup(f).
It follows that f(x) attains its supremum on U, and thus has a maximum on U.

We could then repeat an analogous argument for the function —f, which is also
continuous as the product of a constant and a continuous function. We would find
that there exists v € U for which —f(v) = sup(—f) = —inf(f), meaning that f also
attains a minimum on U, completing the proof. O

Proposition 6.38: Continuous functions on closed intervals attain all values

between their minimum and maximum

Let a,b € R be two real numbers for which a < b, and let f: [a,b] — R be a
continuous scalar function. In this case

f([a,b]) = [inf(f),sup(f)].

In other words, f attains both a minimum and maximum value on [a, b] and assumes
precisely all values between its minimum and maximum.

Proof. We first note that f([a,b]) C [inf(f),sup(f)] by the definition of a function’s
image and its infimum and supremum. It remains to show that f([a,b]) contains all
values in the interval [inf(f), sup(f)]. By Theorem 6.37, there exist points u, v € [a, b]
for which

fu) =sup(f) and f(v) = inf(f),
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which means that inf(f),sup(f) € f([a,b]). We then choose an real number A € R
for which inf(f) < A < sup(f) and define the continuous function

g:la,b] = R, g(z)= f(z) — A.

We then make the calculation

= [sup(f) = A] [inf(f) — A] (2) 0,

where (a) follows from the definition of the function g and (b) from the requirement
that inf(f) < A < sup(f). Since g is continuous, by Theorem 6.35 there exists
a point x € (u,v) for which g(x) = 0 and thus f(x) = A. But because A was
chosen arbitrarily the interval (inf(f),sup(f)), it follows that f must attain all
values in the open interval (inf(f),sup(f)). Since we have already shown that
inf(f),sup(f) € f([a,b]), it follows that f also attains all values in the closed interval
[inf(f),sup(f)], proving the proposition. O

Proposition 6.38 implies that for any continuous function f: [a,b] — R, where a,b € R and
a < b, the equation f(z) = A has a solution if, and only if, A € [inf(f),sup(f)].

Corollary 6.39: Continuity conditions for monotonic functions

Let a,b € R be two real numbers for which ¢ < b. In this case:

(i) Any increasing function f: [a,b] — R is continuous if, and only if,
f(la,0]) = [f(a), f(b)].

(ii) Any decreasing function g: [a,b] — R is continuous if, and only if,

9([a,b]) = [g(b), g(a)].
Proof. Both points follow from Proposition 6.38 and Example 6.21. O

Corollary 6.40: The image of a continuous function is an interval

If f: U — R is a continuous scalar function defined on a real interval U C R, then
f’s image f(U) is also a real interval.

Proof. Because f’s domain U is an interval, for any two points a,b € U for which
a < b it holds that [a,b] C U. By Proposition 6.38, the continuous function f must
take on all values between f(a) and f(b) on the interval [a, b]. It follows that for any
two points in the image f(U), the entire interval between the two points is contained
in f(U); because these two points were chosen arbitrarily, the image f(U) must be
an interval. O

. J

Corollary 6.40 can be used to show the existence of the root of nonnegative real numbers.
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Corollary 6.41: Roots of nonnegative real numbers

Let n € N be an arbitrary natural number and let A € R be any nonnegative real
number. In this case there exists exactly one nonnegative real number z € R for
which

" = A

we denote this number by /A and call it the n-th root of A.

Proof. The power function f: [0,00) — R defined as

f@) = 2"

is continuous (see Example 6.34 (4)), strictly increasing, and unbounded above. By
Corollary 6.39, f’s image is the interval [0, c0), so for each A € [0,00) there must
exist some x € [0,00) for which f(z) = A. And because f is strictly increasing, it
is injective by Proposition 6.12, and so the solution to the equation f(z) = A is
unique. O

Remark 6.42: Solutions of power equations

Let A € R be an arbitrary real number.

(1) Let n € N be an even natural number. If A > 0, the equation 2™ = A has two
real solutions; these are ¥/A and —{/A. (Note that this does not contradict
the uniqueness statement in Corollary 6.41, which applies only to nonnegative
solutions of z™ = A.)

If A <0, the equation 2" = A does not have any real solutions.

For even n, the n-th root function [0,00) — R mapping t — Y/t is strictly
increasing, and its image is the interval [0, 00) — R.

(2) Let n be an odd natural number. In this case the equation ™ = A has a single
real solution. If A > 0, the solution is the nonnegative real number V/A; if
A < 0, the solution is the negative real number —{/— A, in which case we write

—V-A= VA

For odd n, the n-th root function R — R mapping ¢t — i/t is a strictly
increasing bijection.

Proposition 6.43: Growth and invertibility of continuous, injective func-

tions
If f: U — R is a continuous scalar function defined on the real subset U — R, then:
(i) The function f is injective if, and only if, it is strictly monotonic.

(ii) If f is injective, then its inverse function f=': f(U) — R is continuous.

Proof.

(i) If f is injective, it is also strictly monotonic by Proposition 6.38, since f being
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monotonic is the only way it can be both injective and satisfy f([a,b]) =
[inf(f), sup(f)]-

(ii) The function f must be strictly monotonic by item (i), and so its inverse f~!
is also a strictly monotonic function by Proposition 6.12. More so, the function
image f(U) is an interval by Corollary 6.40.

Assume that f is strictly increasing, and choose two arbitrary points u,v € f(U)
for which v < v. Because f is continuous, Corollary 6.39 implies that

PN, 71 @) = [FU7 @), £ )] = o)
which in turn implies that

FH (T o]) = [ (), fH ()]

Corollary 6.39 then implies that the function f~! is continuous on the interval
[u,v]. Since this result holds for all u,v € f(U) for which u < v, the inverse
function f~1: f(U) — R must be continuous.

We could then apply an analogous argument to the case in which f is strictly
decreasing, and again conclude that f~! is continuous. O

6.4 Uniform continuity

Definition 6.44: Uniform continuity

A scalar function f: U — R defined on the real subset U C R is said to be uniformly
continuous if for all e € Rt there exists corresponding § € RT for which

|f(z) — f(y)| < e for all x,y € U for which |z —y| < d.

Note that continuity (Definition 6.26) is defined at individual points, while uniform continuity
is defined for a function’s entire domain. In the definition of continuity at a point a € R,
the value of 6 may depend on both the choice of € and the choice of a. In the definition of
uniform continuity, the value of § can depend only on the choice of e.

Every uniformly continuous function is also continuous, while the converse is not true in
general—continuous functions are not necessarily uniformly continuous, as we show in the
following example.

Example 6.45: A continuous function that is not uniformly continuous

The rational function f(z) = 1/z, defined on the domain R\ {0}, is continuous but
not uniformly continuous.

Specifically, the rational function is not uniformly continuous because of its two
vertical asymptotes as x approaches zero from the right and left. As the function’s
graph becomes steeper and steeper, for any fixed €, the definition of uniform continuity
would require ever smaller values of § as = approaches 0; in fact there is no e € R
for which there exists a fixed value of § for which the graph of f above an interval of
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[ length 26 would fall in a rectangle of width 2e. ]

The above example—of a continuous function that is not uniformly continuous—arose
because the rational function was defined on an open domain. On closed and bounded
domains, every continuous function is also uniformly continuous.

Proposition 6.46: Uniform continuity on closed, bounded domains

Every continuous scalar function f: U — R defined on a closed, bounded subset
U C R is uniformly continuous.

Proof. We will prove the proposition by contradiction. Assume that a continuous
function f with a closed, bounded domain U C R is not uniformly continuous. In
this case there would exist € € RT for which, for all n € N, there would exist points
ZTn,Yn € U for which

o —nl < - and|f(en) = )] 2 e (65

Any such sequence of points (z,,) is bounded because it comes from the bounded
set U, and so by Proposition 4.9 (z,,) has at least one cluster point; we denote this
cluster point by ¢ and note that, because U is closed and all elements of the sequence
() lie in U, the cluster point ¢ must also lie in U.

Because f is continuous at ¢, there exists § € RT for which

If(z) — fo)] < g for all z € (c— 8,¢ +6) N U. (6.6)
Because c is a cluster point of z,,, by Proposition 4.7 there exists n € N for which
2 0
n > 5 and |z, —c| < > (6.7)

We then make the calculation
|yn — ¢| = |Yyn — Tn + zn — |

(a)
< |yn — @n| + 20 — €|
® 1 4
< =—+4+=-<
n 2
where (a) follows from the triangle inequality, (b) from Equations 6.5 and 6.7, and
(c) from the bound n > 2/§. The points x,, and y, are thus both separated from ¢
by less than §, so the continuity of f at ¢ in Equation 6.6 implies that
€ €
F) = SO < & and [f(n) ~ )] < 5

We then conclude the proof with the calculation

[f(@n) = fyn)| = [f(@n) — Flc) + fle) — fyn)]
< |[f(zn) = F(A +1£(0) = f(yn)]

<€+€_
2Ty~ &

The result |f(x,) — f(yn)| < € contradicts Equation 6.5, and so f must be uniformly
continuous. O
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6.5 The exponential function

In this section we will formally define the exponential function and explore some of
its important properties. We will proceed in small steps, beginning with the exponential
function with natural-number powers and slowly progressing toward the exponential function
with real-valued exponents.

6.5.1 The exponential function for rational exponents

In this section we will progress from natural number to integer to rational-value exponents.

Topic 6.1: The exponential function with natural-valued exponents

For review from Definition 2.6, for arbitrary a € R and n € N we define a'! = a and
then recursively define a"*! = a"a. The number a” € R is defined as the product of
n copies of a, i.e.

It then follows from the properties of real multiplication that

a"a™ = a"t" (6.8a)
ab" = (ab)" (6.8b)
(™)™ =a"m (6.8¢)

for all a,b € R and all n,m € N.

Topic 6.2: The exponential function with integer-valued exponents

Again consider a real number a € R, and assume a # 0. We first must define the
number a°. Equation 6.8a holds for the zero exponent if a”a’ = "+ = ", which
motivates the definition

a®=1.

Note that defining a® = 1 also satisfies the remaining properties in Equations 6.8.

We now aim to define ™" for n € N, i.e. a real number raised to a negative integer
power. Equation 6.8a holds for the negative powers if

which we solve for a™" to get

a "= —;
an

note that the definition a=" = @™ is also consistent with Property 6.8c.

We have now defined the number a* for all @ € R\ {0} and all k € Z such that the following
properties hold for all a,b € R\ {0} and all k,1 € Z.

aka™ = (6.9a)

a®bk = (ab)* (6.9b)
(aF)! = o™, (6.9¢)
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We then combine Equations 6.9 with the definition of the n-th root in Corollary 6.41 to
deduce the following properties, which hold for all a,b € R*, all m,n € N, and all k € Z:

Yaifa= "Yarn (6:102)

Vab = /a¥/b (6.10b)

\/ Va= "a (6.10c)

Vak = (t/a)*. (6.10d)

We now aim to expand the definition of powers so that the properties in Equations 6.9 hold

for rational exponents. Concretely, we wish, for arbitrary a € R™ and n € N, to define the
power 1/n and the number a'/™ in a way that satisfies Equations 6.9.

Topic 6.3: The exponential function with rational-valued exponents

Let us choose any nonnegative real number a € R™, and note that Equation 6.9¢
holds only if
(al/n)n _ a(l/n)n _ (11 —
Recalling the definition of the n-th root, the result (a'/?)" = a motivates the
definition
/™ = ¥a.

New let 7 € Q be an arbitrary rational number, which we will write in the form
r = p/q where p € Z and ¢ € N. Equation 6.9c holds for the exponent p/q if

(ap/q)q = /D = ¢P,
which we then solve for a?/4 to get

ap/q:W@ (va)?,

where (a) uses Equation 6.10d.

. J

There is a slight complication: a rational number’s fraction representation is not unique.
Namely, the above derivation relied on writing the rational number 7 in the form r = p/q,
but since this representation is not unique, we must confirm that the above definition of
rational-valued exponents is well-defined. To verify this, suppose

/

3

for some p’ € Z and ¢’ € N. We rearrange to get p¢’ = p'q, and then make the calculation

/

(687" 2 (3™ = (3
“ ()"
(]

where (a) follows from Equation 6.9¢, (b) and (c) from Equation 6.9c and the definition of
the n-th root, and (d) again from Equation 6.9c. We then compare the beginning and end

qq’

c
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of the equality to conclude that

g q’
which means the definition of a rational power as a” = a?/? is well-defined for any p € Z
and g € N for which r = p/q.

We may now extend the properties in Equations 6.9 to apply to rational powers. Namely,
by Equations 6.9 and 6.10 and the definition of the exponential function for rational powers,
the following properties hold for all a,b € R* and all r, s € Q:

aras — aT+s
a"b" = (ab)"
(ar)s =a"s.

Definition 6.47: The exponential function with rational exponents

For all a € R™, an exponential function with power » € Q is a function of the form

(z)a: Q—R, ¢a(7") =a’.

This function is positive and monotonic for all r € Q, and obeys the following properties:
(i) If a = 1, then ¢, is constant with the value 1.
(ii) If @ > 1, then ¢, is strictly increasing.
(iii) If 0 < a < 1, then ¢, is strictly decreasing.

The function ¢, is also continuous, as we now show.

Proposition 6.48: Continuity of the rational exponential function

The exponential function ¢,: Q — R is continuous for all a € R* and r € Q.

Proof. 1f a = 1, the function ¢, is constant and thus continuous by Example 6.34 (1).

Now assume that a > 1. We will first show that ¢, is continuous at the point 0. To
do so, we choose arbitrary e € Rt and note that

lim {a= lim a*/" =1= lim (1/a)"/" = li_)rn V1/a,
n

n—o0 n—oo n—00 o0

which means there exists NV € N for which

}{‘/E—l‘<e and

{L/l/_a—l‘ <eforalln > N.
The function ¢, is strictly increasing, so for any h € QN [0,1/N] it holds that

o 1] < otV —1| = | Vo -1] < (6.11)
Similarly, for any h € Q N [—1/N, 0], it holds that

’ah—ljg‘a—l/N—1’:‘f{/1/_a—1‘<e. (6.12)
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We then combine the result of Equations 6.11 and 6.12 to conclude that
|ah - 1] < eforall h € QN [~1/N,1/N],

which means that ¢, is continuous at the point 0.

We will now show that when a > 1, the function ¢, is continuous at all points s € Q.
Again choose arbitrary e € RT. Because ¢, is continuous at 0, there exists § € RT
for which

‘ah - 1‘ < é for all h € QN (-4,9),

which in turn implies that

T — o’ =a° =e.

€
al — 1’ <a’—
aS

In other words,
la" —a®| < eforallr e QN(s—4,s+9),
and so ¢, is continuous at the point s.

We now consider the case 0 < a < 1. In this case we may write

¢a(r) = a" = (1/a)™" = ¢1a(=7).

We have written ¢, as the composition of two functions: a linear function r — —r
and the exponential function ¢/, with base 1 J/a > 1. Both of these functions
are continuous, and so the composition ¢, with 0 < a < 1 is also continuous by
Corollary 6.33. 0

6.5.2 The exponential function for real-valued exponents

We will now extend the definition of the exponential function to arbitrary real-valued
exponents. In other words, for arbitrary base a € R, we wish to define a continuous function

fa:R=R,  f(z)=d"

We will do this by constructing a function for which, for every sequence of rational numbers
(rn) that converges to a real number z, the sequence (a'),, converges to a”.

Proposition 6.49: Sequences of rational exponents

Let a € RT be any nonnegative real number.

(i) If (rp) is a sequence of rational numbers that converges to any real number,
then the sequence of rational numbers (a"),, also converges.

(ii) If (r,) and (s,) are two rational sequences that both converge to the same real
number, then

e = 3567

Proof.

(i) Because the rational sequence (1) converges, it is also bounded, so there exist
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rational numbers p, g € Q for which
p<r,<gqforall neN.
Define M = max{a®, a?} and choose arbitrary e € RT. Because the function
$a: Q=R r—a"

is monotonic, "™ < M for all n € N. Because ¢, is continuous at the point 0
by Proposition 6.48, there exists § € RT for which

h _ £ _
‘a 1]< — for all h € QN (~4,).

Next, because the sequence (r,) converges, it must be a Cauchy sequence by
Proposition 4.31, and so there exists NV € N for which

|rm — 1| < 6 for all m,n > N,

which in turn implies that

la"™™ —a'™| = ’arn(arm—rn — 1)’ © ar”|arm_r” -1
(b) YA

_:6,

M

where (a) holds because a is positive, and (b) uses the two bounds developed
earlier in the proof. The result, i.e. |[a"™™ —a™| < € for all m,n > N, means
that (a"),, is also a Cauchy sequence and is thus convergent.

(ii) The sequences (ry,) and (s,) converge to the same real number, and so

lim (r, — s,) = 0.
n—oo

Because the function ¢, is continuous, Remark 6.29 allows us to change to
order of limit and function evaluation to get

lim @' = glitnomlnmon) = 0 = 1, (6.13)
n—0o0

This result in turn implies that

lim @™ = lim (ar"_s"aS")

n—o0 n—oo
(a) .. _ .
= lim & °" . lim a°"
n—oo n—oo
() .
= lim a®,
n—oo

where (a) holds by Proposition 4.17 (iii), and (b) by result of Equation 6.13. [

\.

We are now prepared to define the real-valued exponential function.
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Definition 6.50: The exponential function

For any a € RT and all z € R, we define the number a* as

T __ s Tn
= e

where (7,) is an arbitrary sequence of real numbers that converges to x, and define
the exponential function with base a as the function

Ya: R R, () = a”.

The above definition is sensible because for all € R, there exists at least one sequence of
rational numbers (r,,) that converges to z, and by Proposition 6.49 the sequence (a™ )y,
converges to the same limit for any rational sequence (r,) that converges to z. More so, if
x is a rational number, Definition 6.50 agrees with the definition of the number ¢, (z) from
Definition 6.47.

Proposition 6.51: Properties of the exponential function

For all a,b € RT and all z,y € R it holds that a® > 0 and
(i) a®a¥ = a®tY
(ii)) a®b* = (ab)”®
(iii) (a®)¥ = a™¥
For all @ € R, the exponential function v, is continuous and obeys the following:
(iv) If a > 1, then ), is strictly increasing.
(v) If 0 < a < 1, then ), is strictly decreasing.
(vi) If a = 1, then 1), is constant with value 1.
)

(vii) If @ # 1, then ¢, (R) = R™, i.e. 1,’s image is the set of positive real numbers.

Proof.

(i) Let (ry,) and (s,) be arbitrary sequences of rational numbers that converge to
and y, respectively. By Proposition 4.17 (i), the sequence (ry, + Sy ), converges
to  + y, and so

ax—HJ - alimnaoo(rn‘f'sn) (;i) hm (arn+5n)

n—oo
— 1 Tn Sn
=Sl
= lim (a) - lim (a’") = a"a?,
n—o0 n—oo

where in (a) we may change the order of limit and function evaluation because
the exponential function is continuous for rational-valued exponents.
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(ii) By a similar calculation,

(ab)® = (ab)imn=o"n = lim (ab)™

n—,oo
= lim (a"™b™) = lim a'™ - lim o™
n—oo n—oo n—oo

= a"b”.

(iv) Assume a > 1, let z,y € R be any real numbers for which z < y, and let (r;,)
and (sy,) be two strictly increasing sequences of rational numbers for which
(rn) converges to z, (sy) converges to y, and x < s1. For all natural numbers
n > 2 it then holds that

r<rp <z <8< S8, <y.

Because the function ¢, = 14|g (i.e. the exponential function restricted to the
set of rational numbers) is strictly increasing, the sequences (a™),, and (a®*),
are also strictly increasing, and so for each n > 2 it holds that

0<a™ <a™ <a® <a’™.
From these inequalities it follows that

0<ad™ < lim a™ =d” <a®' < lim o’ = aY.
n—oo n—oo

The result a® < a¥ means that 1), is increasing (for all a > 1).
(v) Analogous to the proof of point (iv).

(vi) This point follows directly from the definition of the exponential function (and
in turn the definitions of the exponential function with rational, integer,natural
number exponents).

We now pause to show that the function v, is continuous for all a € R*. We first
show that the function 1), is continuous at 0. Choose arbitrary ¢ € R*. Because
Yq|g is continuous at 0, there exists N € N for which

‘al/N - ao‘ ’al/N - 1‘ <€ (6.14a)
‘cfl/N —ao‘ = ’ail/N — 1‘ < €. (6.14b)
Combined with the fact that v, is monotonic, Equations 6.14 mean that

|a® — 1] for all z € (-1/N,1/N),
and so 9, is continuous at 0.

We will now show that 1, is continuous at any point v € R. Again choose arbitrary
€ € RT. Because 1), is continuous at 0, there exists § € R* for which

’ah — 1’ < % for all h € (—0,9),
a
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which in turn implies that

€
a*th — ¥ = a*la” — 1 <a“—u:e.

a

In other words, for all z € (u — §,u + 9) it holds that
la® — a"| <€,

which means that 1, is continuous at u. We now complete the proof of the remaining
points in Proposition 6.51.

(iii) First assume that y € Q, and choose a sequence of rational numbers (r,,) that
converges to the real number z € R. In this case (r,y), is a sequence of rational
numbers that converges to xy € R, and so

n—oo n—o0

(a®)¥ = <nli>n;o a“)y = lim [(a™)Y] = lim (") =a™, (y€Q) (6.15)

where we may change the order of limit and function evaluation because v, is
continuous. Now let y be an arbitrary real number, and let (s,) be a sequence
of rational numbers that converges to y. In this case

. (a) .. lim (zsn)
T\Y — T\Sn ISn) — gnoco — q%Y
(a®)¥ = nhm (a®)*n = nhm (@) =a a

)

where (a) uses the equality (a®)®» = a™*", which follows from Equation 6.15
and that fact that s, is a rational number.

(vii) We first make the computations

lim a" =00 and lima " =0, (a>1)
n—oo n—oo
and

lim " =0 and lim ¢ " =00, (a<1).
n—o0 n—oo

The function v, is monotonic and continuous and thus meets the assumptions
of Corollary 6.39, which then implies that f(R) = R™. O

6.5.3 The logarithmic function

Definition 6.52: Existence of the logarithm

For all real numbers a € R \ {1} and all nonnegative real numbers A € RT, there
exists a unique real number x for which

a® = A.

We call this value the base-a logarithm of A and denote it by x = log, A. For all
such a € RT \ {1}, the base-a logarithmic function is the function

log,: Rt = R, z+ log, .

. J

The value of x solving the equation a® = A is unique because the exponential function with
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base a € RT \ {1} is a continuous, strictly monotonic function—and thus also an injective
function by Proposition 6.43—and because its image is the entire set R™.

By its definition, the logarithmic function with base a € R* \ {1} is the inverse function of
the exponential function with base a, meaning that

a8® — ¢ for all t € Rt and log,(a®) = x for all 2 € RY. (6.16)

Like the exponential function, the logarithmic function with base a is also strictly increasing
if @ > 1 and strictly decreasing if 0 < a < 1.

Proposition 6.53: Properties of the logarithmic function

For all a € R\ {1}, all z,y € R™, and all « € RT the logarithmic function obeys
(i) log,(zy) =log, z +log, y
(11) 1Oga (.’E/y) = 1Oga T — loga Yy
(iii) log,(z*) = alog, x.
Proof.

(i) We directly verify this point with the computation
4o8a 7Hog, y @) log, z log, y (D) Ty © alo8a (@)

where (a) follows from Proposition 6.51 (i) and (b) and (c) follow from Equa-
tion 6.16. Because the exponential function is injective, the resulting equality
aloga 7108,y — gloga(*y) implies log, (zy) = log, = + log, y.

(ii) Again using the properties of the logarithmic and exponential functions, we
directly compute

CLIOga x_IOga Yy — a10ga ma_ lOga Yy — a10ga & (al()ga y) -1
=y = aloga(r/y),
which implies log, (z/y) = log, z — log, y.
(iii) This point follows from the calculation

aalogaw _ (aloga x)a = 2% = CLloga(:co‘)’

which implies log, (%) = alog,, . O

We now show how to relate logarithmic functions with different bases.

Proposition 6.54: Change of base formula

For any two numbers a,b € Rt \ {1} and all x € R, the logarithmic function obeys

log, x = . (6.17)

Equation 6.17 is sometimes called the change of base formula for logarithms.
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Proof. The change of base formula follows from the calculation

(a) al%8a @ (g) plogy (2 (aloga b)logbﬂﬂ (i) a(loga b)(logy, x),
where (a), (b), and (c) follow from Equation 6.16 and (d) from Proposition 6.51 (iii).
The exponential function is injective, so the resulting equality al°8s® = g(108a b)(og, z)
implies log, = (log, b)(logy x). O

\

The change of basis formula means that logarithmic functions with different bases are
proportional to each other.

Remark 6.55: Common bases of the logarithm function

The most common bases for the logarithmic function are the numbers 10 and e
(Euler’s number). The logarithm with base e is called the natural logarithm and is
denoted by

In =log, (the natural logarithm),

while the logarithm with base 10 is sometimes called Briggs’s logarithm.

Sometimes a logarithmic function is written simply “log”, and the logarithm’s base is
not written explicitly. In this case the base must be determined from context—the
implicit base is usually 10 in the natural sciences and e in mathematics.

6.5.4 The power function

In the definition of the exponential function (Definition 6.50), the base is a constant and
the exponent is the variable. Reversing the roles—choosing the variable to be constant and
letting the base vary—produces the power function.

Definition 6.56: Power function

For all o € R, the power function with exponent « is the function

Y RTS R, e 2o

The power function can be written as the composition of a logarithmic, linear, and expo-
nential function in the form

(e
% = eln(z )

= elnz, (6.18)

The power function is thus continuous for all @ € Rt by Corollary 6.33, since the exponential,
logarithmic, and linear functions are all continuous. The power function x — x® is strictly
increasing for all & > 0 and strictly decreasing for all o < 0. The power function’s image is
R* for all a # 0.

Example 6.57: Euler’s number

Let us show that Euler’s number obeys the identity

lim (14 z)Y/% =e.

T—r00

To show this, for all € (0,1) let n(x) € N be the integer part of the real number
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1/x, i.e. the natural number for which
n(x) <1/x < n(x)+ 1.

For all z € (0,1) we can then make the bound

1 1
1+ —— <l4a<l+——), 6.19
+ n(z) +1 e n(x) (6.19)

which in turn implies

1 \"@ 1\ @ .
- < - - /@
(1+n(x)+1> < (1+n(w)+1) < (l+=z)

(2 (1 + ni))l/x (6.20)

(z

1 n(z)+1
1 -
< ( " n<m>) |

where (a) and (b) use Equation 6.19. We then note that lim n(x) = oo, implying

z—0t

n(z) n
lim 1+ ; = lim {1+ L © e
z—0+ n(z)+1 n—00 n+1

n(z)+1 n+1
lim (1 + L) = lim (1 + l) ® e,
€T n

where (a) and (b) follow from the definition of Euler’s number in Example 4.23. We
then combine the bound in Equation 6.19 and the inequality in Equation 6.20 to
conclude that

and

lim (1+2)Y/% =e.

z—0t

In an analogous manner we can show that

lim (14 z)Y/% =e.

z—0~

6.5.5 The hyperbolic functions

The hyperbolic functions play a fundamental role in hyperbolic geometry, which falls beyond
the scope of this text. Here we give only the functions’ definitions.

Definition 6.58: The hyperbolic functions

e The hyperbolic sine function sinh: R — R is defined as

v —

€

. —e
sinhx =

2

The sinh function is continuous, odd, strictly increasing, and bijective.
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e The hyperbolic cosine function cosh: R — R is defined as

x —X
2
The cosh function is continuous and even, and its image is the interval [1, co).
e The hyperbolic tangent function tanh: R — R is defined as

sinh z

tanhx = .
coshx

The hyperbolic tangent function is continuous, odd, and injective, and its image
is the interval (—1,1).

e The hyperbolic cotangent function coth: R\ {0} — R is defined as

cosh z

cothz = .
sinh z

The hyperbolic cotangent function is continuous, odd, and injective, and its
image is (—oo, —1) U (1, 00).

Proposition 6.59: Properties of the hyperbolic functions

The hyperbolic functions obey the following Pythagorean identities for all x € R for
which the expressions are defined:

cosh? z — sinh?z = 1,

1
1—tanh?z = T
cosh” x
-1
1 —coth’z = x # 0).
sinh? (z#0)

The hyperbolic functions also obey the following summation identities for all x € R
for which the expressions are defined:

sinh(z + y) = sinh x cosh y + sinh y cosh «,
cosh(z + y) = cosh z cosh y + sinh  sinh y,
tanh x + tanh y
tanh =
anh(z +y) 1+ tanh z tanhy’
1+ cothz cothy
cothz + cothy ’

coth(z +y) = (x,y #0;2 +y #0).

Proof. The properties can be directly verified by straightforward but rather tedious
computation using the definitions of the hyperbolic functions and the properties of
the exponential function in Proposition 6.51. O

J

.

Definition 6.60: The inverse hyperbolic functions

The inverse hyperbolic functions are also called the area functions for their relation-
ship to the areas of hyperbolic sectors. They are defined as follows:
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e The inverse hyperbolic sine function arsinh: R — R is the inverse of the
hyperbolic sine, and is thus continuous, odd, strictly increasing, and bijective.
The arsinh function can be expressed explicitly as

arsinhz = In (x + Va2 + 1) for all x € R.

o The inverse hyperbolic cosine function arcosh: [1,00) — [0, 00) is the inverse of
the restricted, injective function cosh ‘[0,00)' The arcosh function is continuous,
injective, and strictly increasing, and its image is the interval [0,00). The
arcosh function can be expressed explicitly as

arcoshz =In (z + V22 — 1) for all z € [0, 00).

e The inverse hyperbolic tangent function artanh: (—1,1) — R is the inverse of
the injective function tanh function. The artanh function is continuous, odd,
strictly increasing, and bijective, and can be expressed explicitly as

1. 1+=x
tanhz = =1
artanh x 2111

for all z € (—1,1).

— X

e The inverse hyperbolic cotangent function arcoth: (—oo, —1)U(1,00) — R\ {0}
is the inverse of the injective function coth: R\ {0} — R function. The arcoth
function is continuous, odd, and injective, and its image is R\ {0}. The arcoth
function can be expressed explicitly as

1
Tt : for all x € (—oo0, —1) U (1, 00).

1
arcothz = —In
2 -

Remark 6.61: Elementary functions

We have seen that the polynomials, trigonometric functions, inverse trigonometric
functions, exponential function, and logarithmic function are all continuous. These
functions may be combined through addition, subtraction, multiplication, division,
and composition; such combinations are again continuous functions, and are called
elementary functions. For example, the rational, hyperbolic, inverse hyperbolic, and
power functions are all elementary functions.
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7 The derivative

7.1 Foundational concepts

Definition 7.1: The derivative of a scalar function at a point

Let f: U — R be a scalar function defined on the real subset U C R, and let a be
an interior point of U. The function f is said to be differentiable at the point a € U
if the following limit exists:

1o 1) = £(@)

T—a Tr—a

cR.

If the limit exists, it is called the derivative of f at the point a and denoted by

Af (o) _ g F@) = F0)

dx z—a Tr—a

f'(a) =

\.

By defining h =  — a, we can introduce a second, common form of the derivative of f at a,
which is

Definition 7.2: The derivative of a scalar function

Let f: U — R be a scalar function defined on the open subset U C R. The function
f is said to be differentiable if it is differentiable at every point in U. In this case we
define a new function called the derivative of f, defined as

df

fl= a; U—R, x> f(r).(the derivative of f)

. J

Remark 7.3: Geometric interpretation of the derivative

Let the scalar function f: U — R be differentiable at the interior point a € U C R.
We first note that the quotient
f(z) — f(a)

r—a

is the slope of the line in R? passing through the points (a, f(a)) and (z, f(z)).
As the point x approaches a, the line through the points (a, f(a)) and (z, f(x))
approaches the tangent line to the graph of f at the point a, f(a), and the slope k
of this tangent line is precisely the derivative

b i J@) = (@

T—a T —a

= /'(a).

In other words, f’(a) is the slope of the line tangent to f’s graph at the point a, f(a),
which has the equation

y=f(a)- (z—a)+ f(a)
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Remark 7.4: Derivatives and approximations

Let the scalar function f: U — R be differentiable at the interior point a € U C R.
From Remark 7.3, recall that the equation of the line tangent to the graph of f at
the point a, f(a) is

y=f(a)(z—a)+ f(a)

This tangent line is the line that best approximates the graph of f at a, so we may
view the value of the linear function

v f'(a) - (x—a) + f(a)

as a linear approximation of the function f near the point a. We may view the
approximation’s error as a function of the difference h = x — a, and denote this error by

a(h) = f(z) = [f(a) + f'(a) - (z — a)]
= fla+h) = f(a) - f'(a) - h.

For small enough values of h, we may write the function f(x) as

f(@) = f(a) + f'(a) - b+ a(h),

where we note that

g @) _ o flath) — fla) = f'(a) - h
h—0 h h—0 h
. [fla+h)— f(a) ,
- Jim LB =T 7.

@ #(a) - f(a) = 0,

where (a) uses the definition of the derivative. In other words, the error of the linear
approximation of f near a grows arbitrarily small as x approaches a.

In fact, Equation 7.1 characterizes the differentiability of a function and its derivative
at a point. More specifically, let f: U — R be an arbitrary function defined on the
subset U C R and let a be an arbitrary interior point of U. If there exists a real
number v, € R for which

lim fla+h)—f(a)+vs-h

h—0 h =0,

then f is differentiable at a and f/(a) = v,.

Proposition 7.5: Differentiability implies continuity

Let f: U — R be a scalar function defined on the real subset U C R, and let a be
an interior point of U. If f is differentiable at a, then f is also continuous at a.

Proof. For any small-enough h € R we may write f(a + h) as

fla+h) - f(a)]
- :

f(a+h):f(a)+h[
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Using the fact that f is differentiable at a, we then make the calculation

() f(a+h)—f(a)]

li h) = i lim h
B o) =t ile) - B [

© tim f(a) + lim k- lim [
h—0 h—0 h—0

h
flath) - f(a)]

h
9 £(a) +0- f'(a) = f(a),

where (a) simply adds and subtracts the quantity f(a), (b) uses the limit rules from
Proposition 6.24 and (c) uses the definition of the derivative at a point. The result
limy, 0 f(a+h) = f(a) means that the function value f(a) equals f’s limit at a, and
so f is continuous by Proposition 6.28 (ii). O

Note that continuity does not in general imply differentiability, as we will illustrate in the
following example.

Example 7.6: Derivatives of common functions

(1) The function f(z) = |z| is continuous, but it is not differentiable at the point
0, since the limit

. f(h+0)—=fO) . f(h)—0 _ . [}
Ilzli% h h—0 h h—%f

is undefined. Thus continuity does not in general imply differentiability.
(2) For any ¢ € R, the constant function f(z) = c is differentiable at every point

x € R, and its derivative is
e=C . 0

oy _ o f@th) = flx) 0 _
=) = fim h e n mp U

(3) For any k,n € R, the linear function f(z) = kz + n is differentiable at every
point x € R, and its derivative is

f@+h) - f(@)

/ —
F(=) I£—>0 h
. [k(z+h)+n] — (kz +n)
= lim
h—0 h
= lim @ = lim k =
h—0 h h—

(4) For any natural number n the power function f(x) = 2™ is differentiable for
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all x € R, and its derivative is

Fe) — 1im L) = )

h—0 h

_ (B =5
h—0 h

N h—0 h

= lim [nmn_l + (n) 2" 2h 4 ... prl
h—0 2

= ng" !

)
where (a) uses the binomial expansion.

(5) The function f(z) = sinx is differentiable at all z € R, and its derivative is

sin(r + h) —sinz

/ — 1
fiz) = im .
(@) lim 2 cos (a: + %) sin%
h—0 h
. hY .. sin(h/2)
=1 2 i Y2
®) .. h
= 1 — =
lim cos <x + 2) cos(z),

where (a) uses the difference-to-product formula for sina — sinb and (b) uses
the limit lin%) S22 = 1 (which we have not yet proven and simply quote here).
T—>

(6) The function f(z) = cosz is differentiable at all x € R, and its derivative is

cos(z + h) —cosx

/ _ o
fiz) = lim .
(2) lim sin ($+h+ %) —sin(x+ %)
h—0 h

2 i+ 3] (o)

@ . L .
= sm(aj—l———l——) = —sinz,

where (a) and (d) use the identity cosz = sin(x + 7/2), (b) uses the definition
of the derivative, and (c) uses the known derivative of the sine function.

(7) Let f: U — R be a scalar function defined on the open subset U — R. If f is

differentiable, then for any open subset V' C U, the restricted function f|y is
also differentiable and obeys (f|v) = f'|v.
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Topic 7.1: Higher-order derivatives

Let f: U — R be a scalar function defined on the open subset U C R. If f is
differentiable, then its derivative f': U — R is also a scalar function. In this context
the function f’ is called the first derivative of f, is conventionally denoted by

f=ro (first derivative of f).
If f is itself differentiable, then its derivative, i.e.
(f) =f"=f2:U-R,

is again a scalar function. In this context f” is called the second derivative of f, and
f is said to be twice differentiable.

Continuing in this manner, it is possible to define arbitrarily higher-order derivatives
of the original function f. We first introduce the notation

o=y,

and then let k£ € N be an arbitrary natural number. The function f is then said to
be k-times differentiable if there exists a family of functions

O USSR, j=1,2,...k,
such that fU=Y is differentiable and
(FUV) = fU) forall j = 1,2,..., k.
In this context f(*) is called the k-th derivative of f, and is denoted by

_dvf
o dak’

f(k)

If the function f*) is also continuous, then the original function f is said to be
k-times continuously differentiable.

Topic 7.2: Smooth functions

The set of all k-times continuously differentiable functions mapping from U to R
is denoted by C*(U). Using the same notation, the set of all continuous functions
functions U — R is denoted by C(U) = CO(U).

If a function f is k-times differentiable for some k € N, then each of the functions
fof' ..., f*=1 is differentiable, and thus also continuous by Proposition 7.5. It
follows that

cOW)>eWW)ys--->c®@W) >tV > -
Functions in the set

C=(U) = [ C*W)
keN

are called smooth functions.
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Example 7.7: The power function is smooth

From Example 7.6, the power function f(z) = 2™ is differentiable for any n € N, and
its derivative is again a power function, i.e.

f'(z) = nz"L.
It follows that f is smooth, and that
f®@)=nn—-1)--(n—k+1)z""

for all k =1,2,...,n, while f*) =0 for all k > n.

\.

7.2 Differentiation rules

In practice, the derivatives of functions are rarely computed directly from the definition
of the derivative, but instead using a number of far more convenient differentiation rules,
which we will derive in this section.

Proposition 7.8: Derivatives of sums, products, and quotients

Let f: U — Rand g: V — R be two scalar functions defined on the subsets U,V C R,
and let a € R be an interior point of U N V. If both f and g are differentiable at the
point a, then

(i) The function f + g is differentiable at a and obeys
(f +9)(a) = f'(a) + d'(a).
(ii) The function fg is differentiable at a and obeys

(f9)(a) = f'(a)g(a) + f(a)g'(a)-

(iii) If g(a) # 0, then a is an interior point of the subset U N g~!(R\ {0}) and the
function f/g is differentiable at a and obeys

f'(a)g(a) = f(a)g (a)
g(a)? '

(f/9)'(a) =

Proof.

(i) This point follows from the definition of the derivative and the rules for
computing limits of scalar functions:

(ft9)a+h)—(f+g)(a)

(f+9)(a) = lim Y
_ iy @) +g(ath) = £(a) — g(a)
h—0 h
. flath)—fla) .. gla+h)—g(a)
=i h e h
= f'(a) + ¢'(a).
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(ii) The rule again follows from the definition of the derivative and the rules for
computing limits of scalar functions:

(fo)'(a) = im LD+ — (f9)(a)

h—0 h
o SlatRglath) = f(@)g(a)
h—0 h
@® 1., Slet+h)gla+h) — fla)gla+h)
h—0
+ i [@0(a+ 1) = f(@)g(a)
h—0 h
, . (fla+h)— f(a)
oo (L2210
. [(gla+h)—g(a)
i f(a) - lim ( h )

= f'(a) lim g(a + h) + f(a)g'(a)
Y f(a)g(a) + f(a)g (a),

where (a) follows from adding and subtracting f(a)g(a+ h) from the numerator
and (b) holds because g is differentiable, and thus continuous, at the point a,
meaning its limit and function values at a are equal.

(iii) Because a is an interior point of U NV, by definition there exists § € R such
that (a — d,a + 9) is a subset of U N V. Because g(a) # 0 and g is continuous
at a, there exists a small enough value of § that the function ¢ has no zeros on
the interval (a — d,a + J), and so

(a—6b,a+38) cUNg ' (R\{0}),
meaning that a is an interior point of the set U N g~!(R\ {0}).

We then apply the rules for computing the limits of scalar functions to get

(f/g)(a) = lim (f/g)(a+ h})l —(f/9)(a)

flath) _ f(a)
_ g 2ETE] @)

h—0 h
@ 1., flat+h)gla) — fla)g(a+h)
h—0 hg(a+ h)g(a)
®) m Slathgla) — fHa)g(a) . fla)gla) =~ fla)gla +h)
h—0 hg(a + h (a) h—0 hg(a+ h)g(a
limy, .o ( a+h (CL f hmh @ (9(a+h) g(a))
- limy,_q g(a + h g(a B limy, o g(a + h) ( )
(© f'(a)g(a) — f(a)g'(a)
g(a)? ’

where (a) follows from multiplying the numerator and denominator by the
quantity g(a)g(a + h), (b) from adding and subtracting f(a)g(a) from the
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numerator, and (c) holds from the assumption that g is differentiable, and thus
continuous, at the point a. O

We now state the very important chain rule, which enables the straightforward computation
of the derivatives of composite functions.

Proposition 7.9: The chain rule

Let f: U - Rand g: V — R be two scalar functions defined on the subsets U,V C R,
and let a € R be an interior point of V' for which g(a) is an interior point of U.

If g is differentiable at a and if f is differentiable at g(a), then a is an interior point
of the set g~'(U) and the function f o g is differentiable at a and obeys

(fo9)(a) = f'(g(a)) - g'(a).

Proof. Because a is an interior point of V, there exists § € R™ such that (a — 6, a+9)
is a subset of V, and because g(a) is an interior point of U, there exists ¢ € RT such
that (g(a) —€,g(a) + €) is a subset of U. Because g is differentiable at a, it is also
continuous at a by Proposition 7.5, there exists § € R™ for which

g(z) € (g(a) —€,g(a) +¢€) for all z € (a—6,a+8) Ng ' (U). (7.2)
Equation 7.2 directly implies that
9((a=6,a+9) C (g(a) —€,9(a) +¢) CT,

which in turn implies that (a — §,a + §) C ¢g71(U), and so a is an interior point of
the subset g~1(U).

We now define the function @: U — R as follows:

£#) - £(9(@)
N e LAY O}

f(9(a)), t=g(a).

By the definition of the derivative, the function value Q(g(a)) equals the limit of
Q@ at the point g(a). Because @’s limit and function value at g(a) are equal, @ is
continuous at g(a). Because g is differentiable at a, it is also continuous at a, and so
by Corollary 6.33, the composite function Q o g: g~ (U) — R is also continuous at a
and thus obeys

lim Q(9(x)) = Q(g(a)) = f'(9(a)). (7.3)

The chain rule then follows from the calculation

i F0@) —F9@) @ | F9@) — fla(e)  g(z) ~ g(a)
T—a Tr—a T—a g(m) — g(a) r—a
®) [Q(g(x)) L 9(x) —g(a)]

= lim Q(g(z)) - lim 9(z) — 9(a)

r—a T—a Tr—a

Q ¢ (g(a)) - g'(a),
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where (a) follows from multiplying the numerator and denominator by g(z) — g(a),
(b) from the definition of @, and (c) from Equation 7.3 and the definition of the
derivative of g at the point a. O

Proposition 7.10: Differentiation of inverse functions

Let f: U — R be a continuous injective function defined on the subset U C R, and
let a be an interior point of U. If f is differentiable at a and f’(a) # 0, then f(a) is
an interior point of f(U), and the inverse function f~1: f(U) — R is differentiable
at f(a) and obeys

Proof. Without loss of generality we may assume that U is an interval. Since f is
injective, it is also strictly monotonic by Proposition 6.43 (i); together with the fact
that a is an interior point of U, f being strictly monotonic and continuous implies
that f(a) is an interior point of the image f(U).

Since f is injective, its inverse is also injective, and so by Proposition 6.43 (i) and (ii),
the inverse function f~! is a continuous, strictly monotonic function. After defining
the shorthand notation b = f(a), the rule for differentiation of inverse functions then
follows from the calculation

—1(,\ _ -1
RN B ) e )
y—b y—2>b
10, _ -1
~ im f1 )~ f (bl)
v=b f(f1(y)) — F(FLD))
@ T—a .
T oo (@) — fla)  aoa I@-T@
1
f'(a)’
where in (a) we have written z = f~'(y) and used the fact that f~! is a continuous
function and thus obeys lim,_;, fYy) = f71) = f1(f(a)) = a. 0

Using the above differentiation rules, we may compute the derivatives of many common
functions, as shown in the following example.

Example 7.11: Using the differentiation rules

(1) (Scaled functions) Let f: U — R be a scalar function defined on the subset
U C R, let a € R be an interior point of U, and let ¢ € R be an arbitrary
real constant. If f is differentiable at a, then the scaled function cf is also
differentiable at a and obeys

(cf)(a) = cf'(a).

This follows from Proposition 7.8 (ii), the rule for the derivative of a product.
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(5)

Namely, the constant function with value c is differentiable, and its derivative
is zero at every point, so

(cf)'(a) = (c)' - f(a) + cf'(a) = 0+ cf'(a) = cf'(a).

(Polynomials) A real polynomial of degree n € NU {0} is a scalar function
P: R — R of the form

P(x) = apx™ + Tpo12" L4+ a1z + ao,

where ag, a1, ..., a, are real constants, and a, # 0. A polynomial is thus a
sum of scaled power functions, so by the rules for the derivative of a sum and
product in Proposition 7.8, the polynomial P is a differentiable function and
for all x € R obeys

Pl(x) = na,x" ' + (n— 1)an_1xn_2 + -+ 2007 + ay.

The derivative of a polynomial of degree n > 1 is thus a polynomial of degree
n — 1; the derivative of a polynomial of degree 0 is a constant function with
value 0.

(Rational functions) A rational function is the quotient of two polynomial
functions, and so is itself differentiable; its derivative can be computed from
the quotient rule in Proposition 7.8 (iii). Thus the derivative of a rational
function is again a rational function.

(Power function with integer exponent) From Example 7.6, the power function
f(x) = 2™ is differentiable for any n € N and obeys

f'(z) = zz™ L.

The same formula holds when n = 0 and x # 0, and even at x = 0 the power
function = — 20 is differentiable with derivative equal to 0.

Now consider the function z — 27", n € N, defined on the subset R C {0}.
By the quotient rule in Proposition 7.8, the function x — x~"™ is differentiable

and obeys
1\ —nz"?
—n\/ __ _ _ —n—1

=)= (:13”) T g2 = (Ewp

which is the same formula as for natural number exponents. Thus, for any

integer exponent p € Z and all € R\ {0} the power function z — z? is
differentiable and obeys

(aP) = pa?~t,

(The root function) Consider any n € N for which n > 2. From item (4) just
above, the power function x — z™ is differentiable and its derivative is nonzero
at all points x # 0 as long as n > 2. Using the inverse function derivative rule
(Proposition 7.10), the root function x — {/x is also differentiable and obeys

o1 _uE
W = T e
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If n is even, the root function is defined on the interval [0, c0) and is differentiable
for z € R™, but not at z = 0, which is not even an interior point of its domain.
If n is odd, the root function is defined on R and is differentiable on R\ {0},
but not at z = 0.

(Trigonometric functions) As already shown in Example 7.6, the sine and
cosine function are differentiable and their derivatives are

(sinz) = cosx and (cosx) = —sinuw.

Using the quotient rule, the tangent and cotangent functions are also differen-
tiable and obey

. !/ . .
, sin cos z cos T — sin z(— sin x) 1
(tanz)’ = = 5 =—
CoS T cos? cos?
p cosx\’ —sinxsinx —cosxcosx 1
(cotz) = (= = — =——.
sin x sin® z sin” x

(Inverse trigonometric functions) The inverse sine function arcsin is the inverse
of the restriction of the sine function to the interval [—7 /2, 7/2]. The derivative
of the sine function is nonzero for all points in the open interval (—m/2,7/2),
and so by the inverse function derivative rule the arcsin function is differentiable
for all points in the interval (—1,1), and for all x in this interval obeys
. 1 1
(arcsinz)’ = — - = -
sin’(arcsinz)  cos(arcsin x)
1 1

V1 —sin®(arcsinz) V1 — a2

The arcsin function is not differentiable at the points —1 or 1.

Similarly, inverse cosine function arccos is the inverse of the restriction of the
cosine function to the interval [0, 7]. The derivative of the cosine function is
nonzero for all points in the open interval (0, 7), and so by the inverse function
derivative rule the arccos function is differentiable for all points in the interval
(—=1,1) and for all z in this interval obeys
) 1 1
(arccosx) = = -
cos’(arccosz)  —sin(arccos )
1 -1

B /1 — cos?(arccos x) CVI—a2?

The arccos function is not differentiable at the points —1 or 1.

Similarly, again using the inverse function derivative rule, the inverse tangent
and inverse cotangent functions are differentiable, with derivatives

(arctanx)’ = 1 _ 1 1
- cos2 (arctan z) "~ 1+tan?(arctanz) 14 x2’
1 o »

arccot z) = = = ]
( ) m 1+ cot?(arccot z) 1+ 22

163




Both the derivatives of the arctan and arccot functions are defined on the
entire real line.

Note that the derivatives of each of the inverse trigonometric functions are
combinations of rational and root functions.

(The logarithmic function) The logarithmic function f(z) = log, x is differen-
tiable for any base a € RT. For any x € RT, we can compute its derivative
directly from the definition of the derivative using the calculation

_log,(x+h) —log,z . log, Zth
! a a _ a x
(log, 2)’ = lim h o=

(a) . 1 z h

T || = e 2] 14
hlg%)[x h oga< +az>]
1 x h

=—lim |- -1 14—
xhli%[h Og“( +x>]

= — lim log, <1 + )
T

—~
=

T h—0

z/h
= lloga llim <1 + h) ]
x h—0 x

log, [ilg%(l S5 u)l/“}

—
~

—
=

—~

e

~

log, e =

ST ST

zlna’

where in (a) we have multiplied above and below by z, in (b) we have used the
logarithm property a/log, z = log,(z%) for any o € R™ (see Proposition 6.53),
in (c¢) we have switched the order of limit and function evaluation because the
logarithm function is continuous, in (d) we have defined u = h/z, and in (e)
we have used the definition of Kuler’s number from Example 4.23.

In the case when a = e, the above result simplifies to

(Inz) = 1

x

(The exponential function) For any base a € R, the exponential function
f(x) = a” is differentiable by the inverse function derivative rule, since the
exponential function is the inverse of the logarithmic function, whose derivative
does not have any zeros. Using the inverse function derivative rule, the
derivative of the exponential function z — a” is

(a® 1 1

X
logh(a®) L “ M

a®lIna

This results holds even when a = 1, in which case the exponential function
is constant and (a*)’ = 0, since In1 = 0. In the special case when a = e, the
above result simplifies to

(e”) =e”.
The exponential function z — e” thus equals its own derivative—this is one of
the reasons for the importance of Euler’s number in mathematics and science.
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(10) (The power function) As in Equation 6.18, for any o € R we may write the
power function x — x% with domain R™ as a composition of a logarithmic,
linear, and exponential function in the form

78 = ealnx‘

By the chain rule, the power function is thus differentiable with derivative

!
($a)/ — (ealnz)’ — ealnz . (OélIl.’E)/ — ealnx g axa—l’
x
which takes the same general form as the derivative of the power function for
integer exponents in point (4).

\. J

7.2.1 Summary of differentiation rules

For convenience, here is a summary of the derivative rules covered in this section:

(af) =af', aeR (scaled function rule)
(f+9) =f+4d (sum rule)
(fg) =fg+r1d (product rule)
Y
(f/9) = Fo—1g 5 L (quotient rule)
g
(fog) =(fog)-d (chain rule)
1
(fF = Fof T (inverse function rule).
o
And here are some important functions and their derivatives:
] Function ‘ Derivative ‘ Validity ‘

z® ar®! a€R, zeRt
sinx cosx reR
cosx —sinz reR
tan x 1/cos?z | e R\ {5 + 7k}
cot —1/sin?z z € R\ {rk}
a® a®lna acRt 2R
e’ e’ rzeR
log, 1/(zlna) a,r € RT
Inz 1/x r€RT
arcsinz | 1/v1—a2? re(-1,1)
arccosz | —1/v1 — 22 ze(—-1,1)
arctanz | 1/(1+ 22) zeR
arccotz | —1/(1 + 2?) z€R

7.3 Applications of the derivative
7.3.1 Local extrema and stationary points

In this section we show how the derivative can be used to find the points at which a function
attains its minimum and maximum values.
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Definition 7.12: Extrema of a scalar function

Let f: U — R be a scalar function defined on the subset U C R, and let a be an
arbitrary point in U.

(i) The function f is said to have a local mazimum at a if there exists 6 € R™ for
which

f(z) < f(a) for all z € (a+ d,a —0) NU.

(ii) The function f is said to have a local minimum at a if there exists § € R for
which
f(z) > f(a) for all z € (a+6,a —0) NU.

(iii) The function f is said to have a local extremum at a if it has either a local
maximum or a local minimum at a.

(iv) The function f is said to have a strict local mazimum at a if there exists § € RT
for which

f(z) < f(a) for all x € (a+d,a —0) N (U \ {a}).

(v) The function f is said to have a strict local minimum at a if there exists § € R
for which
f(z) > f(a) for all z € (a+6,a — ) N (U \ {a}).

(vi) The function f is said to have a strict local extremum at a if it has either a
strict local maximum or a strict local minimum at a.

(vii) The function f is said to have a global mazimum at a if
f(x) < f(a) for all z € U,
and a global strict maximum at a if
f(z) < f(a) for all x € U \ {a}.
In both cases we write f(a) = max(f).
(viii) The function f is said to have a global minimum at a if
f(x) > f(a) for all z € U,
and a global strict minimum at a if
f(z) > f(a) for all x € U \ {a}.

In both cases we write f(a) = min(f).

(ix) The function f is said to have an global extremum at a if it has either a global
maximum or a global minimum at a, and a global strict extremum at a if it
has either a strict global maximum or a strict global minimum at a.

\. .

Note that the definition of local extrema involves only the immediate surroundings of the
extremum, while global extrema are defined with respect to all points in a function’s domain.
It follows that every global extremum is also a local extremum and that a function can
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have at most one strict global maximum and at most one strict global minimum.

We will now show that differentiable scalar functions have derivatives equal to zero, and
thus horizontal tangent lines, at their local extrema.

Definition 7.13: Stationary point

Let f: U — R be a scalar function defined on the subset U C R. An interior point
a C U is called a stationary point of the function f if f is differentiable at a and

f'(a) = 0.

Every local extremum of a scalar function must satisfy the following condition.

Proposition 7.14: Necessary condition for a local extremum

Let f: U — R be a scalar function defined on the subset U C R, let a € U be an
interior point of U, and let f be differentiable at at a. If f has a local extremum at
the point a, then a must be a stationary point of f.

Proof. We first define the function @Q: U — R with the formula

f(z)—f(a)
o) = | EHS, wev\{ah
f'(a), x = a.
Because f is differentiable at a, the function @) must obey

, o @) = fla)
lim Q(x) = lim ——-———=f (a) = Q(a),

which means that @ is continuous at a. We must show that Q(a) = 0 under the
assumption that f has a local extremum at a; we will do this by showing that Q(a)

is neither less than nor greater than zero.

We will first show by contradiction that Q(a) is not greater than zero. Assume
Q(a) > 0. Because a is an interior point of U, there exists 6 € RT for which
(a —d,a+ d) C U and, because @ is continuous at a and assuming Q(a) > 0, for
which

Q(z) >0 for all x € (a — d,a + 9).

By the definition of @), it then holds that
f(@) — f(a)

r—a

>0 forall z € (a —d,a+9)\ {a},

which in turn implies that

f(z) — f(a) <0 for all x € (a — J,a) i.e. when (z —a) <0,
f(z) — f(a) >0 for all x € (a,a+ J) i.e. when (x —a) > 0.
This result means that f(z) — f(a) changes sign on the interval (a — d,a + 0); this

contradicts the proposition’s assumption that f has a local extremum at a, and so
Q@(a) cannot be greater than zero.

We can use an analogous procedure to show that Q(a) is also not less than zero.
This implies Q(a) = 0, and so f’(a) = 0 is a necessary condition for f to have a local
extremum at a. O
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Note that the converse of Proposition 7.14 is not true—a scalar function may have a
stationary point at which it does not have a local extremum, as we show in the following
example.

Example 7.15: Extrema of common functions

(1) Consider the scalar function f: R — R given by f(z) = sin(z?). This function
is the composition of a sine and quadratic function; these are both differentiable,
so by the chain rule f is also differentiable with derivative equal to

f(x) = 2x cos (1‘2)

The function f’s stationary points, i.e. the zeros of f’, are thus

xf:iﬂ/gjtkm, k=0,1,2,...

A graph of f(x) would show that f indeed has a local extremum at each of

the points x,f

(2) The scalar function f: R — R given by f(z) = 23 has a stationary point, but
not a local extremum, at x = 0, showing that a function need not, in general,
have an extremum at a stationary point.

(3) It is also possible for a scalar function f to have an extremum at a point a that
is not a stationary point of f, but only if the assumptions in Proposition 7.14
are not met. In practice, this might occur when a is not an interior point of
f’s domain, or when f is not differentiable at a. As an example, consider the
function f: [-1,1] — R given by f(x) = |z|. This function does not have any
stationary points, but nonetheless has a has a local minimum at z = 0 and
local maxima at x = —1 and x = 1.

Theorem 7.16: Rolle’s theorem

Let a,b € R be two real numbers for which a < b, and let the function f: [a,b] — R
be continuous on the closed interval [a,b] and differentiable on the open interval
(a,b). If f(a) = f(b), there then exists a point ¢ € (a,b) for which

f'(c) = 0.

Proof. The function f is continuous and defined on a closed, bounded subset, and is
thus bounded by Theorem 6.36. Because f is bounded, there exist points u, v € [a, b]
for which

f(u) =sup(f) and f(v)=inf(f);
we stress that f thus has extrema at the points u and v.

Generally speaking, the points u and v could either be interior points or endpoints
of the interval [a,b]. If u € (a,b), then u is an interior point of [a,b]; the point u
thus meets the criterion of Proposition 7.14 and so

f'(u) = 0.
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In this case we may choose ¢ = wu, proving this case of the Rolle’s theorem by
construction. Similarly, if v € (a,b), then f'(v) =0 and we may choose ¢ = v.

The only remaining possibility is that u and v are endpoints of the interval [a, b], i.e.
that {u,v} C {a,b}. We can then make the calculation

sup(f) = f(u) = f(a) = f(b) = f(v) = inf(f),

where (a) is required by the theorem’s assumption that f(a) = f(b). In this case f
is constant and f’(¢) = 0 for any point ¢ € (a, b). O

\. J

Corollary 7.17: Monotonic functions on closed intervals

Let a,b € R be two real numbers for which a < b, let the function f: [a,b] — R be
continuous on the closed interval [a, b], differentiable on the open interval (a,b), and
let f'(z) # 0 for all x € (a,b). In this case f is a strictly monotonic function.

Proof. This corollary follows directly from Rolle’s theorem using a simple proof by
contradiction. Assume f is not strictly monotonic. In this case there would exist
points u,v € [a,b] for which u # v and f(u) = f(v). Since the labels u and v are
arbitrary, will assume without loss of generality that u < v; otherwise we could
simply reverse the roles of u and v. By Rolle’s theorem applied to the restricted
function flf, ], there would then exist a point ¢ € (u,v) C (a,b) for which

f'(e) =0,

which contradicts the assumption that f/(z) # 0 for all € (a,b). Thus f must be
strictly monotonic. O

\.

Lagrange’s mean value theorem, which we prove below, is an important generalization of
Rolle’s theorem; Because being interesting in its own right, we will regularly use Lagrange’s
mean value theorem to prove other propositions later in this book.

Theorem 7.18: Lagrange’s mean value theorem

Let a,b € R be two real numbers for which a < b, and let the function f: [a,b] — R
be continuous on the closed interval [a,b] and differentiable on the open interval
(a,b). In this case there exists a point ¢ € (a,b) for which

AR UE(C)

b

Proof. We first define the function h: [a,b] — R according to

h(z) = f(2)(b—a) —z[f(b) — f(a)].

By construction, the function h is continuous on the closed interval [a,b] and
differentiable on the open interval (a,b), and in addition obeys

h(a) = f(a)(b—a) —a[f(b) — f(a)] = f(a)b— af(b)
h(b) = f(0)(b—a) = b[f(D) — f(a)] = —f(b)a+bf(a) = R(a).
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Because h(a) = h(b), the function h meets the assumptions of Rolle’s theorem, and
so by Rolle’s theorem there exists a point ¢ € (a,b) for which h'(c) = 0. Because

W(x) = f'(z)(b—a) = [f(b) - f(a)],
it follows from h'(c) = 0 that
0="1(c) = f'(c)(b—a) = [f(b) — fla)],

which we then simply rearrange to get

fl(c) = ————. O

\. J

Lagrange’s theorem is sometimes called simply the mean value theorem—we will occasionally
use this name when the context is clear. To interpret the mean value theorem, note that

the quantity
f(0) = f(a)
b—a
is the slope of the line passing through the endpoints (a, f (a)) and (b, f (b)) of f’s graph. In
this light, the mean value theorem guarantees the existence of some point ¢ in the interval
(a,b) at which the slope f'(c) of the tangent line passing through the point (c, f (c)) equals
the slope of the line through the interval endpoints.

We offer a generalization of Lagrange’s mean value theorem in the following theorem.

Theorem 7.19: Cauchy’s mean value theorem

Let a, b € R be two real numbers for which a < b, and let the functions f, g: [a,b] — R
be continuous on the closed interval [a,b] and differentiable on the open interval
(a,b). In this case there exists a point ¢ € (a,b) for which

f'(e) _ f(b) = f(a)

g'(c)  g(b)—gla)’

Note that Cauchy’s mean value theorem reduces to Lagrange’s mean value theorem
if g is the identity function, i.e. if g(x) = x.

Proof. The proof is similar to the proof of Lagrange’s mean value theorem: we first
define the function h: [a,b] — R according to

h(z) = f(2)[9(b) — 9(a)] — g()[f(b) — f(a)].

By construction, the function h is continuous on the closed interval [a,b] and
differentiable on the open interval (a,b), and in addition obeys
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Because h(a) = h(b), the function h meets the assumptions of Rolle’s theorem, and
so by Rolle’s theorem there exists a point ¢ € (a,b) for which h'(c) = 0. Because

K (@) = f'(2)[9(b) — 9(a)] — g'(2)[£(b) — f(a)],
it follows from h'(c) = 0 that
0="n(c) = f'(c)[9(b) — g(a)] = ¢'(c)[f(b) = f(a)],
which we then simply rearrange to get

f'(e) _ f(b) = f(a) 0

g(c)  g(b)—gla)

We dedicate the remainder of this section to some very useful consequences of the mean
value theorem related to the growth and extrema of scalar functions.

Proposition 7.20: Existence of derivative limit implies differentiability

Let f: U — R be a continuous scalar function defined on the open subset U C R,
define the point a € U, and assume that f is differentiable on the set U \ {a} and
that the limit of the derivative f': U\ {a} — R exists at a. In this case the function
f is differentiable at a and is equal to
/ BT /
f@) = lin /@),
Proof. Because U is an open set, there exists 6 € R for which (a — 6,a +J) C U.
For any = € (a — 0,a+ ¢) \ {a}, Lagrange’s theorem guarantees the existence of a
point ¢, in the open interval between = and a for which
f(z) — fla
fle) = TEZTE s 40— f0) = 1) - 0 o)

r—a

We can the directly verify the proposition with the calculation

f/(a) @ }}E}I‘lz f(xx) : i(a)
®) S (@ —a)
T—a T —a
— lim //(c) © lim (@),

where (a) follows from the definition of the derivative, (b) from the earlier Lagrange’s
theorem equality f(z) — f(a) = f'(cz) - (x — a) and (¢) from the fact that ¢, lies in
the interval between z and a, and so the limit x — a also results in ¢, — a. O

Proposition 7.21: The first derivative and function growth

Let a,b € R be two real numbers for which a < b, and let the function f: [a,b] — R
be continuous on the closed interval [a,b] and differentiable on the open interval
(a,b). In this case:
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(i) The function f is increasing on the interval [a, ] if, and only if,

f'(z) > 0 for all x € (a,b).

(ii) The function f is decreasing on the interval [a, b] if, and only if,
f'(z) <0 for all z € (a,b).
11 z) > 0 for all z € (a,b), then the function j is strictly increasing on the
iii) If f 0 for all b), then the f ion f i ictly i i h
interval [a, b].

(iv) If f/(x) < 0 for all = € (a,b), then the function f is strictly decreasing on the
interval [a, b].

(v) The function f is constant on the interval [a, b] if, and only if,

f'(z) =0 for all x € (a,b).

Proof.
(i) If f is increasing, then

‘W > 0 for any distinct x,y € (a,b),

which immediately implies that

fl(l‘) _ b f(y) — f(=)

> 0 for any distinct x,y € (a,b).
y—x Yy—x

Conversely, assume that f'(z) > 0 for all = € (a,b), and consider any two
points z,y € [a, b] for which z < y. By the mean value theorem applied to the
restriction of the function f to the interval [z,y], there exists ¢ € (x,y) for

et F)— 1(@)
y) — f(z
£0) = -
y—x
The assumption that f’ is nonnegative implies that
y—x

which combined with the assumption that z < y implies

fly) = f(z) = fe)(y —z) >0,
meaning that f(z) < f(y) and f is increasing on [a, b].
(ii) Analogous to the proof of (i).

(iii) Consider any two points z,y € [a,b] for which z < y. By the mean value
theorem applied to the restriction of the function f to the interval [x,y], there
exists ¢ € (x,y) for which f(y) — f(z) = f'(¢)(y — z). The assumption that
f'(¢) > 0 then implies that
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which combined with the assumption that z < y implies

fy) = f@@) = f'(e)y —=z) >0,
meaning that f(z) < f(y) and f is strictly increasing on [a, b].
(iv) Analogous to the proof of (iii).

(v) (=) If f is constant on [a, b] then f’(x) =0 on (a,b) because the derivative of
a constant function is zero.

(<) Assume that f'(z) =0 for all € (a,b) and consider an arbitrary point
x € (a,b]. By the mean value theorem applied to the restriction of the function
f to the interval [a, z], there exists ¢ € (a,x) for which

f(@) = f(a) = f'(c)(z — a).

The assumption that f’(z) = 0 for all € (a,b) means that f’(c) = 0 and thus
f(z) = f(a). And since f(x) = f(a) for any = € (a,b], the function f must be
constant. O

Definition 7.22: Locally constant function

A scalar function f: U — R defined on the real subset U C R is said to be locally
constant at the point a € U if there exists § € R* for which

f(z) = f(a) for all x € (a — d,a+ ) N T,

i.e. if there exists a neighborhood of @ on which f is constant.

A function is locally constant if it is locally constant at every point in its domain.

\. J

Any locally constant function f: U — R is necessarily constant on every interval V that
lies inside the subset U.

Corollary 7.23: Condition for locally constant functions

As a direct consequence of Proposition 7.21 (v), a function f: U — R defined on
an open subset U C R is locally constant if, and only if, it is differentiable and its
derivative is zero for all points in U.

We now present three conditions for testing if a scalar function has a local extremum at a
given point in its domain.

Proposition 7.24: Sufficient condition for an extremum I

Let f: U — R be a continuous function defined on the open subset U C R, define
the point a € U, and let f be differentiable on the set U \ {a}. In this case:

(i) If there exists § € RT for which f'(z) < 0for allz € (a—d,a)NU and f/'(x) >0
for all x € (a,a+ ) N U, then f has a local minimum at a.

(ii) If there exists § € RT for which f’(z) > 0 for all 2 € (a—4,a)NU and f'(x) <0

173



for all x € (a,a + ) N U, then f has a local maximum at a.

(iii) If there exists 6 € R for which f'(x) < 0 for allz € (a—d,a)NU and f'(z) >0
for all x € (a,a+ ) NU, then f has a strict local minimum at a.

(iv) If there exists 6 € R for which f/(z) > 0 for all z € (a—4d,a)NU and f'(z) <0
for all x € (a,a + ) NU, then f has a strict local maximum at a.

Proof. The conditions follow directly from Proposition 7.21, the definition of in-
creasing and decreasing functions in Definition 6.3, and the definition of extrema in
Definition 7.12. O

Proposition 7.25: Sufficient condition for an extremum II

Let f: U — R be a twice continuously differentiable function defined on the open
subset U C R, and define the point a € U. In this case:

(i) If f'(a) =0 and f”(a) > 0, the function f has a strict local minimum at a.

(i) If f/(a) =0 and f”(a) < 0, the function f has a strict local maximum at a.

Proof.

(i) Because f”(a) > 0 and because the function f” is continuous, there exists
§ € R for which (a — d,a + ) C U and

f"(z) >0 for all x € (a — d,a + 9).

By Proposition 7.21 (iii) the function f’ is thus strictly increasing on the
interval (a — §,a + 0); combined with the fact that f'(a) = 0, this in turn
implies that

f'(z) <0forall z € (a—4d,a) and f'(z) >0 for all z € (a,a + ).

Thus, by Proposition 7.24 (iii), the function f has a strict local minimum at a.

(ii) Analogous to the proof of (i). O

Note that Proposition 7.25 does not provide any information about a function’s extrema at
a given point when the function’s second derivative is zero at this point. In such cases one
must turn to higher derivatives, as formalized in the next condition.

Proposition 7.26: Sufficient condition for an extremum III

Let f: U — R be a scalar function defined on the open subset U C R, let n € N be a
natural number for which n > 2, and define the point a € R. More so, assume that f
is at least n-times continuously differentiable at a, that f (”)(a) # 0, and finally that

f®)(a) = 0 for all k € N for which k < n.
In this case:
(i) If n is even and f(™ > 0, then f has a strict local minimum at a.

(ii) If n is even and f(™ < 0, then f has a strict local maximum at a.
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(iii) If n is odd and £ > 0, then f does not have a local extremum at a and is
strictly increasing in some neighborhood V' C U of the point a.

(iv) If n is odd and f™ < 0, then f does not have a local extremum at a and is
strictly decreasing in some neighborhood V' C U of the point a.

Proof. We will prove the proposition by induction on the number n. By Proposi-
tion 7.25, the proposition holds immediately when n = 2, which we take as the
base case. Now assume n > 3. By the induction step, the proposition holds for the
function f’, since (f')*)(a) = 0 and (f)*V(a) #0 for all k < n — 1.

(i) Assume that n is even and that £ (a) > 0. In this case n — 1 is odd and
()" (a) > 0. By the induction step it follows that f’ is strictly increasing
in some neighborhood V' C U of a. In addition f’(a) = 0, so by Proposi-
tion 7.24 (iii) the function f has a strict local minimum at a.

(ii) Analogous to the proof of (i).

(iii) Now assume that n is odd and that f(™(a) > 0. Then n — 1 is even and
("= >o.

By the induction step, the function f’ has a strict local minimum at a. In
addition f’(a) = 0, so by Proposition 7.21 (iii) f is strictly increasing in a
neighborhood V' C U of a, and so f does not have a local extremum at a.

(iv) Analogous to the proof of (iii). O

7.3.2 Convexity and concavity
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Definition 7.27: Convexity and concavity

Let f: U — R be a scalar function defined on an interval U C R.

(i) The function f is said to be convez if for any two points z,y € U for which
x < y and for all ¢ € [0, 1], the function obeys

flty+ (1 —t)z) <tf(y)+ (1 —1t)f(2).

(ii) The function f is said to be concave if for any two points x,y € U for which
x < y and for all ¢ € [0,1], the function obeys

flty+ (1 —t)z) > tf(y) + (1 — 1) f(=).

(iii) The function f is said to be strictly convex if for any two points x,y € U for
which z < y and for all ¢ € [0, 1], the function obeys

Flty + (1 —t)z) <tf(y) + (1 —t)f(2).

(iv) The function f is said to be strictly concave if for any two points z,y € U for
which = < y and for all ¢ € [0, 1], the function obeys

flty+ (1 —t)z) > tf(y) + (1 — 1) f(=).

The quantities ty + (1 — t)x and tf(y) + (1 — ¢) f(x) are parameterizations of the z and y
coordinates, respectively, of the line in R? connecting the points (z, f(z)) and (y, f(y)) as
the parameter t ranges from 0 to 1.

In other words, as t traverses the interval [0, 1], the point
(ty + (1 =)z, tf(y) + (1 - ) f(2)) € R?

traverses the line connecting (z, f(z)) and (y, f(y)). A convex function’s graph lies below
this line for any x,y € U, and a concave function’s graph lies above it.

As an aside, an expression of the form
ty + (1 —t)z, wheret € [0,1] and z,y € R,

is called the conver combination of the points x and y.

Proposition 7.28: Convexity and the first derivative

Let a,b € R be two real numbers for which a < b, and let the scalar function
f: [a,b] — R be continuous on the closed interval [a,b] and differentiable on the
open interval (a,b). In this case:

(i) The function f is convex on [a,b] if, and only if, its derivative f’ is increasing
on (a,b).

(ii) The function f is concave on [a, b] if, and only if, its derivative f’ is decreasing
on (a,b).

(iii) If f/ is strictly increasing on (a,b), then f is strictly convex on [a, b].

(iv) If f’ is strictly decreasing on (a,b), then f is strictly concave on [a, b].
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Proof.

(iii) Assume that f’ is strictly increasing, let x,y € [a,b] be any two points for
which z < y, and define ¢ € (0,1) and the quantity z = ty + (1 — ¢)z. By the
mean value theorem, there exist points ¢ € (z, z) and d € (z,y) for which

f(2) = f(z) = f(e)(2 — 2)
fy) = f(z) = f(d)(y — 2).
We first make the auxiliary calculation
l1-t)(z—z)=2z—x—tz+tx

2 [ty+ (1 —t)z] —z —tz+ 1tz

= t(y - 2)7

where (a) follows from the definition of z, which we then use in the calculation

—

—~

a

A=-8)[f(2) = f(@)] = A= t)f ()=~ 2)

(b)

< (1 -t)f(d)(z —2)

(©

= tf'(d)(y — 2)

cY
= t[f(y) — f(2)],
where (a) holds from the mean value theorem, (b) because f’ is strictly increas-
ing and so f’(c) < f'(d), (c) from the intermediate result (1—¢t)(z—z) = t(y—=z),
and (d) from the mean value theorem. We then rearrange and simplify this
result to get

N

f(z) <tf(y)+ A =1)f(z),
which, after substituting in z = ty + (1 — t)x, gives
flty+ (1 -t)z) <tf(y) + (1 -1)f(z),
meaning that f is strictly convex.
(iv) Analogous to the proof of (iii).

(i) (=) Assume that f is convex, and choose arbitrary z,y € (a,b) for which x < y.
For any ¢ € (0,1), it then holds that

flat+tly—2)=fly+1—-t)(x—y))
=fty+ (1 -t)z)

2 t1w) + (- D7)
= f(y) + 1 =) [f(=) - f(y)]
= f(@) +t[f(y) - f(@)],
where (a) holds because f is convex. We then rearrange this result to get the
inequality
f(@+ty - ) - f()
t
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We then compute the two limits

o Sty =) — @) _ | fath) - f()

t—0 t h—0 h (y-2)

= f'(=)(y — @)

and

i fW T A=0@ =)~ f@) _, fly+s@z-y) - /@)
t—1 1—1¢ s—0 S

i TN — )
h—0 h

= f'(y)(z —y).

Using these limits, the inequality in Equation 7.4, in the limits ¢ — 0 and
t — 1, simplifies to

f @)y —2z) < fly) — f@) < f(y)(y— =),

and so f'(xz) < f'(y) and f’ is increasing on (a,b).

(z—y)

(<) We prove the converse case of (i) analogously to the proof of (iii).

(ii) Analogous to the proof of (i). O

Corollary 7.29: Convexity and the second derivative

Let a,b € R be two real numbers for which a < b and let the scalar function
f: [a,b] = R be continuous on the closed interval [a,b] and twice differentiable on
the open interval (a,b). In this case:

(i) The function f is convex on [a, b] if, and only if, f”(z) > 0 for all z € (a,b).
(ii) The function f is concave on [a, b] if, and only if, f”(z) <0 for all z € (a,b).
(iii) If f(z) > 0 for all z € (a,b), then the function f is strictly convex on [a, b].
(iv) If f"(z) < 0 for all = € (a,b), then the function f is strictly concave on [a, b].

Proof. The corollary follows from the combination of (1) the relationship between

convexity and the growth of the first derivative in Proposition 7.28 and (2) the
relationship between function growth and the first derivative in Proposition 7.21. O

Definition 7.30: Inflection points

Let f: U — R be a scalar function defined on a real subset U C R, and define the
point a € U.

(i) The function f is said to have an inflection point (from concavity to convezity)
at the point a € U if there exists § € RT for which [a — d,a + ] C U and for
which f is concave on [a — J, a] and convex on [a,a + J].

(ii) The function f is said to have an inflection point (from convezity to concavity)
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at the point a € U if there exists § € RT for which [a — d,a + ] C U and for
which f is convex on [a — §, a] and concave on [a,a + J].

(i) The function f is said to have an inflection point at the point a € U if it has
either an inflection point from from concavity to convexity or an inflection
point from convexity to concavity.

(iv) The function f is said to have an inflection point (from strict concavity to strict
convezity) at the point a € U if there exists 6 € R for which [a —d,a+d] C U
and for which f is strictly concave on [a — 0, a] and strictly convex on [a,a + d].

(v) The function f is said to have an inflection point (from strict convezity to strict
concavity) at the point a € U if there exists § € Rt for which [a —6,a+ 6] C U
and for which f is strictly convex on [a — ¢, a] and strictly concave on [a, a + d].

The inflection points of a scalar function must satisfy the following condition.

Proposition 7.31: Necessary condition for an inflection point

Let f: U — R be a differentiable scalar function defined on the open subset U C R.
If f has an inflection point at the point @ € U and the derivative f’ is differentiable
at a, then

(f')'(a) = 0.

Proof. Assume that f has an inflection point from concavity to convexity at a. By
Definition 7.30 there then exists § € Rt for which [a — d,a + §] C U and for which f
is concave on the interval [a — 4, a] and convex on the interval [a,a + J].

By Proposition 7.28 the function f’ is thus decreasing on (a — d,a) and increasing
on (a,a + 0) (note that the intervals are open). More so, the function f’ is assumed
to be differentiable at a, so f’ is also continuous at a, which means f’ is decreasing
on (a — 6, a] and increasing on [a,a + §) (the intervals are now half-closed, since f” is
continuous at a). By the sufficient conditions for an extremum in Proposition 7.24,
the function f’ has a local minimum at a. Finally, by the necessary condition for an
extremum in Proposition 7.14, @ must be a stationary point of f’ and so

(f)(a) =0

The proof is analogous if f has an inflection point from convexity to concavity at a. [

Proposition 7.32: Sufficient condition for an inflection point

Let f: U — R be a scalar function defined on the open subset U C R; and let n € N
be a natural number and a € U a point satisfying the following conditions:

o n >3

e the function f is at least n-times continuously differentiable,
° f(k)(a) =0 for all £ € N for which 2 < k < n, and

o fM(a) #£0.

In this case:
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(i) If nis odd and f™(a) > 0, then f has an inflection point from strict concavity
to strict convexity at a.

(ii) If n is odd and £ (a) < 0, then f has an inflection point from strict convexity
to strict concavity at a.

(iif) If n is even and f(™(a) > 0, then f does not have an inflection point at a and
there exists 6 € R for which [a — §,a + §] € U and the function f is strictly
convex on [a — 0, a + 0].

(iv) If n is even and f((a) < 0, then f does not have an inflection point at a and
there exists 6 € RT for which [a — 6,a + 6] € U and the function f i s strictly
concave on [a — §,a + ).

Proof.

(i) By a combination of Proposition 7.26 (iii) and Proposition 7.21 (iii), the
function f” is strictly increasing in some neighborhood V' C U of the point a.
Because f” is strictly increasing in the neighborhood V', and f”(a) = 0 by this
proposition’s assumptions, there exists § € Rt for which [a — d,a + ] C V and

f"(z) <0 forall x € (a—4,a)
f"(z) > 0 for all z € (a,a+ ).

It then follows from Corollary 7.29 that f is strictly concave on [a — 4, a] and
strictly convex on [a,a+ d], and so a is an inflection point from strict concavity
to strict convexity.

(ii) Analogous to the proof of (i).

(iii) By Proposition 7.26 (iii), the function f’ (note the use of f’ and not f”, since n
is now even) is strictly increasing on some neighborhood V' C U of the point a.
Since V' is a neighborhood of a, there exists 6 € R™ for which [a —,a+4] C V.
By Proposition 7.28 (iii), the function f is then strictly convex on the entire
interval [a — d,a + 4], and so f does not have an inflection point at a.

(iv) Analogous to the proof of (iii). O

7.3.3 L’Hopital’s rule

In this section we cover progressively more general forms of L’Hopital’s rule, which is a
supremely useful technique for computing the limits of scalar functions.

Proposition 7.33: L’Hépital’s rule at interval endpoints

Let a,b € R be two real numbers for which a < b, and let f,g: (a,b) — R be two
differentiable functions, where ¢'(x) # 0 for all x € (a,b). In this case:

(i) If the right-sided limit of the function f’/¢" exists at a, and if

lim f(z) = lim g(z) =0,

z—at z—at
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then the right-sided limit of the function f/g also exists at a and is equal to

lim @ = lim (@)

z—at g(a:) z—at g’(x) ’

(ii) If the left-sided limit of the function f’/¢’ exists at b, and if

lim f(z)= lim g(x) =0,

r—b— r—b—

then the left-sided limit of the function f/g also exists at b and is equal to

lim @ = lim (=)
a—b- g(x)  a—b- g'(z)

Proof.
(i) We first the functions ¢,1): [a,b) — R according to

0, P — B 0, r=a
¢($) - {f(x) = (a7b) and 1/)(.'13) o {g(w) 7 & (a;b).

Because the functions f and g are differentiable (and thus continuous) on (a, b),
and because the right-sided limits of ¢ and 1 equal the function values at
x = a, the functions ¢ and 1 are differentiable on the open interval (a,b) and
continuous on the half-closed interval [a, b).

Because the derivative g’ = (¥(,))" has no zeros by the proposition’s assump-
tions, the function v is strictly monotonic. And because 1(a) = 0 and ) is
strictly monotonic, it follows that

g(x) =¥(x) # YP(a) =0 for all z € (a,b).
By the Cauchy mean value theorem applied to the functions ¢ and 1 on the
interval (a,x), for all x € (a,b) there exists a point ¢, € (a,x) for which

f'(ca) @) ¢'(ca) B O(x) —9(a) © d(x) @ f(z)

() ¢
g'lcz)  Vlew) (@) —¢la)  P(z)  g(x)’

where (a) holds because f' = ¢’ and ¢’ =4’ on (a,b), (b) holds by the Cauchy

mean value theorem, (c¢) holds because ¢(a) = ¢ (a) = 0, and (d) holds because

f=¢ and g =1 on (a,b). Removing the intermediate steps, the result reads

f@) _ fes)

g(x)  g'(cx)

Since ¢, lies inside the open interval (a,x) for all x € (a,b), the point ¢, is
closer to a than the point z is, and so

X
lim —= = lim = lim ,
z—a™t g(sc) r—at g(cw) z—a™t g’(:c)

which proves point (i).

(ii) Analogous to the proof of (i). O
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Proposition 7.34: L’Ho6pital’s rule in an interval

Let U C R be an open subset of R and define the point a € U. Let f,g: U\ {a} - R
be differentiable functions for which ¢’(x) # 0 for all x € U \ {a}

lim f(z) = lim g(x) = 0.

r—a Tr—a

If the limit of the function f’/¢’ exists at a, then the limit of the function f/g also
exists at a and is equal to

@)y, 1)
2 gla) = g(o)

Proof. We apply Proposition 7.33 to the left-sided limit, and then to the right-sided
limit, of the functions f/g and f'/¢" at a. O

Proposition 7.35: L’Hoépital’s rule at infinity

Let f,g: U — R be two differentiable functions defined on the open interval U C R,
and assume ¢'(x) # 0 for all x € U. We then separately consider the following cases:

(i) Assume that the interval U is unbounded above and that
St )= I o) =0

If the limit of the function f’/¢’ exists at infinity, then the limit of the function
f/g also exists at infinity and is equal to

lim @ = lim f'(z)

o0 g(x) w00 g'(x)

(ii) Assume that the interval U is unbounded below and that
o 1) = 1, (2 =0,

If the limit of the function f’/¢’ exists at negative infinity, then the limit of
the function f/g also exists at negative infinity and is equal to

@) _ oy L@

lim ——= = .
T——00 g(:;j:) T——00 g’(x)

Proof.
(i) We use Proposition 7.33 (i) t
iy 10 @, J0/9

e ® Jim 9(1/)
® o A/
=0+ g'(1/8)(=1/1?)
!/ !/
PO )
=0+ g'(1/t) o0 g'(2)
where (a) follows from defining the new variable t = 1/x, and (b) from the
chain rule and L’Hopital’s rule for interval endpoints in Proposition 7.33 (i).

o directly compute

I
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(ii) Analogous to the proof of (i). O

Proposition 7.36: L’Hépital’s rule for divergent functions

Let a,b € R be two real numbers for which a < b, and let f,g: (a,b) — R be two
differentiable functions, where ¢’(x) # 0 for all x € (a,b). In this case:

(i) If lim,_,,+ |g(z)| = oo and the right-sided limit of the function f’/¢’ exists at
a, then the right-sided limit of the function f/g also exists at a and is equal to
!/
@) _ . f@)

lim —< = .
z—a™t g(a:) z—a™t g’(m)

(ii) If lim, ;- |g(x)| = oo and the left-sided limit of the function f’/¢" exists at b,
then the left-sided limit of the function f/g also exists at b and is equal to
!/
@) . @)

lim —= = .
ot g(z) 2= ¢ (2)

Proof.

(i) Because the derivative g’ does not have any zeros, the function g is strictly
monotonic. We first choose arbitrary ¢ € R™ and define the shorthand notation

I C)
L= xligl+ g (x)

By the definition of a function’s limit, there exists s € (a, b) for which

f'(x)
g'(z)

Because lim,_,,+ |g(z)| = oo, there exists § € Rt for which:

- L‘ < g for all z € (a, s). (7.5)

e a+6<s,
e the function g does not have zeros on the interval (a,a + §), and

e the following bounds hold for all z € (a,a + 9):
‘ f(s)
g(x)

More so, by the Cauchy mean value theorem, for all z € (a,a + 0) there exists
a corresponding point ¢, € (x,s) for which

€ g(s)
h L2222
<3 | I‘

g(z) =

nd |1 %)

€
43

which implies that
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where (a) follows from the bound in Equation 7.5. For all x € (a,a + §) we
can then complete the proof with the following, rather elaborate, calculation:

9(2) (if) S—g(iv) (;j
(() f())(g() ()) ) o
m_ _g_asf) g;
e A
(f(s) 5(33) L) ;‘Z ) 3% N f(s)

f@) | @
fL‘

‘ x)

V)

9(s) — g(x) ()  g(x)

@D 17(s) = fl=z) _ _ﬂ g(s)| , [f(s)

FEOETE) LHl FE) *'L"g@) *‘g@:)
Degp it
8 4 2 ’

where (a) follows from adding and subtracting the quantity f(s)/g(z), (b) from
adding and subtracting L, (c¢) from multiplying out and simplifying, (d) from
the triangle inequality, and (e) from the various bounds developed earlier in
the proof. With the intermediate steps removed, the result means that

tim £&) _p_ jpy L@

z—at g(IE) T zoat g’(m)

)

proving point (i).

(ii) Analogous to the proof of (i). O

Proposition 7.37: L’Hépital’s rule for divergent functions II

Let U be an open subset of R, define the point a € U, and let f,g: U\{a} — R be two
differentiable functions, for which ¢'(z) # 0 for all z € U\ {a} and lim,_,, [g(x)| = oo
If the limit of the function f’/¢’ exists at a, then the limit of the function f/g also
exists at a and is equal to

1@y, 1)
2 gla) = g (@)

Proof. We apply Proposition 7.36 to the left-sided limit, and then to the right-sided
limit, of the functions f/g and f'/¢’ at a. O

Proposition 7.38: L’Ho6pital’s rule for divergent functions at infinity

Let f,g: U — R be two differentiable functions defined on the open interval U C R,
where ¢'(x) # 0 for all z € U. We then separately consider the following cases:

(i) Assume that the interval U is unbounded above and that lim,_,« |g(z)| = o0
If the limit of the function f’/¢’ exists at infinity, then the limit of the function
f/g also exists at infinity and is equal to

f@) _ S
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(ii) Assume that the interval U is unbounded below and that lim,_,_ |g(z)| = oco.
If the limit of the function f’/¢’ exists at negative infinity, then the limit of
the function f/g also exists at negative infinity and is equal to

@) _ )

30 g@) ~ sieo g(a)’

Proof.
(i) We use Proposition 7.36 (ii) to directly compute

@) @ o f0/) © £
1

lim —= =

/t)
z—oo g(z) oo+ g(1/t)  g/(1/8)(=1/t?)
— g LA P @)
t—0+ g'(1/t)  2—o0 g'(z)

where in (a) we have introduced the new variable ¢ = 1/x and (b) follows from
Proposition 7.36 (ii) and the chain rule.

(ii) Analogous to the proof of (i). O

\. J

We conclude this section with some practical applications of L’Hopital’s rule.

Example 7.39: Using L’Hoépital’s rule

(1) Consider the rational function f: R\ {—1,1} — R given by

-1
f($)=%~

The point x = 1 is a zero of both the numerator and denominator, so the
expression for f(x) can be factored and simplified as follows:

-1 (z-1)(*+z+1) *+z+1
2—1 (z-D(=z+1) z+1

fz) =

The simplified expression on the right-hand side is defined at x = 1, and its
value is 3/2. We could also have found this expression by applying L’Hopital’s
rule to the limit of the function f at the point x =1, i.e.

(2) We can use L’Hopital’s rule to compute

) et _ 1 ) aed®
lim = lim
x—0 X x—0

= ¢ for all a € R.

(3) Let us use L’Hopital’s rule to compute the limit of the function = — (sinx)/x
at the point z = 0:

. sinzx . cosx
lim = lim

=1.
z—0 z—0 1
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(4) Consider the function f: Rt — R given by f(z) = zInz. Using L’Hopital’s
rule, the function’s limit at zero is

. @ . Iz @ . (1/2)
a:ig)lJf(x H.%') :tcl>r(r)l+ (1/{13) z—0t (—1/2}2)
= lim (—z) =0,
z—07F

where (a) follows from writing = as 1/(1/x) and (b) from L’Hépital’s rule.

(5) For any natural number n, we can iteratively compute the following limit with
multiple applications of L’Hopital’s rule:

z" zz" 1
lim — = lim
r—00 ¥ rz—oo eT
.on(n—1)ax" . nl
:hm¥::hm—:0
T—00 e r—o00 T

As x approaches infinity, the exponential function grows faster than the power
function for any n € N, and so the denominator is larger than the numerator
and the limit is zero for arbitrary n.

7.3.4 Analysis of scalar functions

The results of this chapter provide the tools to analyze an arbitrary elementary scalar
function and at least approximately sketch the function’s graph. A typical analysis process

includes the following points:

(i)

(ii)
(iii)

(iv)

If the function’s domain is not explicitly given, we define the domain as the set of

points for which the function’s formula is defined.

We compute the function’s zeros.

We use the limit to analyze the function’s behavior at the boundary points of its

domain and at positive and negative infinity, if applicable.

We compute the function’s derivative and find the function’s stationary points,

intervals of increasing and decreasing growth, and local and global extrema.

We compute the function’s second derivative and find the function’s points of inflection

and intervals of concavity and convexity.

We sketch the functions graph on the basis of the above points.
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8 The indefinite integral

Definition 8.1: Primitive function

Let f: U — R be a scalar function defined on the open interval U C R. A function
F: U — R is called a primitive function of f if F is differentiable and

F' = f.

Proposition 8.2: Primitive functions are defined up to a locally constant
function

Let f: U — R be a scalar function defined on the open interval U C R.

(i) If F,G: U — R are two primitive functions of f, then the function F' — G is
locally constant.

(ii) If F': U — R is a primitive function of f and C: U — R is an arbitrary locally
constant function, then the sum F' + C' is also a primitive function of F'.

Proof.

(i) This point follows directly from the calculation

F-¢y=F-c¢®f_f=,

where (a) holds because F' and G are both primitive functions of f. Since
(F — G) =0, the function F' — G is locally constant by Corollary 7.23.

(i1) This point follows directly from the calculation

F+oy=F+cCfro=

where in (a) C' = 0 because C is locally constant. O

Proposition 8.2 implies that if a function f: U — R has at least one primitive function, it
in fact has infinitely many primitive functions, which can be parametererized by the set of
all locally constant functions defined on f’s domain U C R.

Topic 8.1: Indefinite integration

Let f: U — R be a scalar function defined on the open subset U C R. The set of all
of f’s primitive functions is called f’s indefinite integral is denoted by

/ )

In this context, the process of finding the function f’s primitive function is called
integration, and the function f: z +— f(x) is called the integrand.

Because primitive functions are defined only up to a locally constant function, the problem
of finding the primitive functions of a given function f: U — R reduces to finding only one
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of f’s primitive functions, say F'; we can then write f’s indefinite integral in the form

/f(:c)d:z:zF—FC’,

where C': U — R is an arbitrary locally constant function.

Remark 8.3: Notation

The notation used in indefinite integration calls for a few comments. The symbol [
is called an integral symbol and the symbol dx is called a differential. The z in the

Why the integral symbol and differential look like they do will make more sense after
we cover definite integration and the relationship between definite and indefinite
integration in Chapter 9.

In passing, we note that an expression of the form f(x)dx is called a differential
1-form. For any differentiable function f: U — R defined on the open subset U C R,
the differential one form

df = f'(z)dz

is called the differential of the function f. A precise definition of differential forms and
their calculus is more natural in higher dimensions; for the time being, we mention
only that the product of the differential 1-form df with an arbitrary function
g: U — R is again a differential given by

gdf = [g(z)f'(z)] dz.

\.

differential dz explicitly states that the integration is carried out over the variable x.

J

Not every function has a set of primitive functions, but, as we will show later, every

continuous scalar function defined on an open subset of R does have a primitive function.
We dedicate the following sections largely to the computation of these primitive functions.

8.1 Elementary integration rules

One can fairly straightforwardly reverse engineer the set of elementary derivative rules
in Section 7.2.1 to produce a corresponding set of elementary indefinite integrals. We
first present these elementary integrals, and then cover more integration techniques in the

following sections.

Example 8.4: Elementary indefinite integrals

(1) The indefinite integrals of power functions are given by

xr+1
Tdr = R\ {-1
[orde=T5 40, rer\(-1,

d
/—mzln]x\—i-C’.
T

(2) The indefinite integrals of exponential functions are given by

aa7
x = — Rt 1
/ad$ L0 aeRT\{1),

/exdm:e””+C.
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(3) The indefinite integrals of the sine and cosine functions are

/sinxdx:—cosa:—FC and /cosxdx:sinx+0.

(4) The indefinite integrals of the secant and cosecant functions are

d d
/ ~  —tanz+C and /;C:—cota:—i-C.

cos? x sin® x

(5) The indefinite integrals of some selected rational functions are

/ dr inz+C
———— = arcsinT
V1— a2 ’
dz
1—'_7 — arctan + C,

zln(x—l— x2+a2)+C’, a€RT

zln(x+ \/x2—a2)+C', a€RT.

/ dx

VEt i

/ dx
ST =

Each case requires some caution regarding the domain of the relevant functions: the
functions on the right-hand side of each equality are the primitive functions of the
corresponding integrands on the left-hand side only on open subsets consisting of
those points on which the functions on the right-hand side are differentiable.

The integral of the function x +— 1/x perhaps deserves a special comment. We can directly
compute via differentiation that z +— In|z| 4+ C is indeed a primitive function of z — 1/x;
for x € R~ this calculation reads

—~
Nao

el 2 (-] 2

where (a) holds for z € R~ and (b) follows from the chain rule. Similarly for, z € RT,

1
(—x) == zeR",
x

=

(lnfz)) & (na) =

K=

— l, xz € RT.
x
where (a) holds for # € RT. The function z + In|z| is defined for R\ {0}, and so
dz
/x =In|z| 4 C for all x € R\ {0}.

Because the set R\ {0} is the union of the two disjoint intervals R~ and R, the locally
constant function C': R\ {0} is of the form

Cl reR™
C(a) = .
Cy z€eRT,

where C'1 and Cs are two arbitrary locally constant functions.
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Proposition 8.5: The indefinite integral is linear

Let f,g: U — R be two scalar functions defined on the open subset U C R, and let
a, B € R be two real constants. If both f and g have primitive functions, then the
function a.f + B¢ also has a primitive function and obeys

/ [af(ac) + Bg(m)] dz = a/f(x) dz + B/g(m) dx.
Proof. Let F' and G be primitive functions of f and g, respectively. In this case

(@F + 8G) & oF + 8G' = of + By,

where (a) follows from the linearity of the derivative. O

Example 8.6: Integral of a polynomial

By the linearity of the indefinite integral in Proposition 8.5, for all n € N the indefinite
integral of a real polynomial of the form P(z) = a,a™ +an_12" 1 +---+ a1z +ag is

/P(:c)da;:an/x”dx+---—i—al/:cdx—l—ao/ldx

n-+1 n 2

% % x
+an_17+---+a1?+a0m+a

"n+1

= a

The primitive function of a n-th degree polynomial is thus an (n + 1)-th degree
polynomial.

\. J

We now cover the very useful technique of integration by parts, which can be viewed loosely
as a reverse-engineered form of the product rule for differentiation.

Proposition 8.7: Integration by parts

Let f,g: U — R be two differentiable scalar functions defined on the open subset
U C R. If the function f’g has a primitive function, then the function fg¢’ also has a
primitive function and obeys

/f(x)g'(w) dz = f(z)g(x) —/f'(aﬁ)g(m) dz. (8.1)

Proof. We will show by direct calculation that the derivative of the right-hand side
of Equation 8.1 equals the integrand on the left-hand side:

pwmm—/fwwmmy%Umﬂmﬁ[/ﬂmﬂmmy

[f(@)9()] - f(@)g(x)
9 f(2)g (2) + f(2)9(@) - f(@)g(x)

oo

=

= f(z)g'(2),
where (a) follows from the linearity of the derivative, (b) from the definition of the
indefinite integral, and (c) from the product rule for differentiation. O
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The rule for integration by parts is commonly written in terms of differential 1-forms in the

form
/fdg=fg—/gdf-

In this context, when using integration by parts to compute primitive functions one must
write the differential 1-form being integrated in the form fdg. Intuition for productively
choosing f and dg comes with experience, and we now offer a few examples.

Example 8.8: Using integration by parts

(i) Let us use integration by parts to compute the integral

/ajr Inzdzr, reR\{-1}.
We choose f(z) =Inz and ¢'(z) = 2" (so that dg = 2" dx), and first compute
1
df = f/(z)dz = ;dx.

We then find a primitive function of ¢’(z) = 2", for example

$T+1
g(x) = m,

and then apply the integration by parts formula to get

/mrlnxd:cz/fdngg—/gdf

711 r+1 1
:(lnm)-w /w -—dx

r—i—l_ r+1 x
A / x"
= = dz
r+1 r+1
r+11 r+1
_z nr L C

r4+1 (r+1)2

r+1 1
S Inz —— | +C.
r+1 r+1

When r = 0, this result simplifies to

/ln:xd:c =z(lnzx—-1)+C.

/:csinxdx.

We choose f(z) = z and ¢'(z) = sinz, so that dg = sinzdz. In this case
df = dz, g(z) = — cosz, and integration by parts produces

[asinzdz= [ fag=to- [gas

= —mcosm—l—/cosmdaz

(ii) We will now solve the integral

= —xcosz +sinz + C.
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(iii) Finally, we will compute the indefinite integral of the function x + x%e” using
two successive applications of integration by parts, first choosing f(x) = 22 and

The computation reads

/xQem dz = 2%e® — /2xe” dz
= 22" — <2$ex — /2ex dw)

=e%(x2 —22+2) + C.

.

dg = e* dz, and in the second application choosing f(z) = 2z and dg = e* dx.

J

The following, also very useful, technique may be viewed loosely as a reverse-engineered

form of the chain rule for differentiation.

Proposition 8.9: Integration by change of variables

Let F': U — R be a primitive function of the scalar function f: U — R defined on
the open subset U C R, let s: V — R be a differentiable function defined on the
open subset V' C R, and assume s(V) C U. In this case the function (f os)- s’ has a
primitive function and obeys

/f z)dex = Fos+C.

Proof. We use the chain rule to directly verify

(Fos+C) =(F'os)-s=(fos)-s. O

It is instructive to write the formula for integration by change of variables in the form

/ f(s(x))s'(x)dx@ / F(s(2)) ds
/f )ds

)+ C
(:) F(s(m)) +C,

where in (a) we have introduced the differential 1-form ds = s'(x)dz, in (b) we have
dropped the variable x and integrated over the new variable s, and in (c) we have again
made explicit that s is itself a function of z, which is justified by Proposition 8.9. The
technique gets its name by changing the variable of integration from x to s; this integration

technique is also commonly called integration by substitution.

Choosing an appropriate function s when using integration by substitution is often a matter

of experience, and we give a few examples below.
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Example 8.10: Using integration by change of variables

(1) Let us use change of variables to solve the integral

d
/ 36, a € R.
x—a

We can solve the integral by introducing the new variable s = x — a, in which
case ds = dx and Proposition 8.9 gives

r—a

/d:p = %:ln|s|+C:ln|aj—a|+C.

(2) Let us now solve the integral

dx dx
_ [ LeRY
/ a2 + 2 / a?[1+ (z/a)?] ¢

We will use the new variable s = z/a, in which case ds = (1/a) dz and

/ dx _i/ dx
a2+ 22 a2 ) 14 (z/a)?

= l/ ds _1 arctan(s) + C

al 1+s2 a
1

= — arctan <E> + C.
a a

(3) Finally, we will solve the integral

sin x
/tan:pdm :/ dzx.
CcoS X

We choose the new variable ¢ = cos z, in which case dt = — sinz dx and

/tanmdx:/smw dx
Ccos T
—dt
iy

= —In|cosz| + C.

The domain of the tangent function is a countably infinite union of open,
pairwise disjoint integrals, so in this case the locally constant function C' is
determined by a countably infinite number of constants, one for each of the
intervals in the tangent function’s domain.

8.2 Integration of rational functions

This chapter covers techniques that make possible the integration of an arbitrary rational
function—it turns out that the integral of an arbitrary rational function can always be
written as a linear combination of rational functions and inverse trigonometric functions.
We first consider two important cases, which we will use later.
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Example 8.11: Two important rational integrals

We will make use of the following two integrals later in this section.

(i) For any two real numbers a, A € R and any natural number k£ > 2 it holds that

Adz A
e e e S R

and, when k& = 1, it holds that

/Ad$ =Aln|z —a|+C.
a

xr —

(ii) Let M, N € R be two arbitrary real numbers, and let p,q € R be two real
numbers such that the function

m|—>x2+px+q

is an arbitrary second-degree polynomial without any real zeros; in this case
the polynomial’s discriminant is necessarily negative, i.e. D = p? — 4¢ < 0.
Let us then solve the indefinite integral

Mx+ N

x4+ pr +q

We begin by writing the denominator in the form

2 2
:U2+pw+q:<x+§) —pz+q
2
_ 3)2 —p~+4q
_<‘T+2 Ty
ey,

where in (a) we have defined the quantities

2
_ .. P b +4q_\/—D
t—az+2 and ;L—\/ 1 = 1

In terms of the new variable ¢ and the constant i, the integral becomes

Mz + N /Mt— (Mp)/2+ N
x2+p:c+q 2 + p?

tdt M
—M / = 4 (nN-2E / _dt
2 + /-1’2 2 12 +M2
Borrowing the result of Example 8.10 (2), the second integral comes out to

dt 1
IR —= — arctan +C
te+ps 1

while we can solve the first integral by substitution using the new variable
s2 =12 + 4> = ds = 2tdt. The calculation reads

dt

dt 1 ds 1 1
— == ==21 C=-In(t*+ 1) +C.
/t2+ﬂ2 5 . 2n\s\+ 2n( +u)+

194



The complete result is then
Mz + N M
0B = —ln(z2 + px +q)

x2 4+ px +q 2
2N — Mp 2z +p
+ ———arctan | ————= | +C
v —p*+4q (\/—p2 +4q)

. J

We now show how to manipulate a general rational function into a form suitable for
integrating. In general, a scalar rational function is a quotient of two real polynomials P
and @ and takes the general form
P(x)
— .
Q(x)

In the following discussion we assume without loss of generality that:

e the degree of the denominator polynomial @ is at least 1 (if @ were of degree 0, i.e.
simply a constant function, then P/@Q would be a real polynomial, which we have
already shown how to integrate in Example 8.6), and

e the leading coefficient of @ is 1 (if it were not, and were equal to some other number,
say a € R\ {1}, we could simply factor out a from each of @’s terms; in the resulting
polynomial (P/a)/ Q the new denominator Q = Q /a would have leading coefficient
equal to one).

Topic 8.2: Simplifying rational functions I

We aim to rearrange P/Q into a form conducive to integration; a good first step
is to simplify P/Q with polynomial division, which in general produces two real
polynomials S and R for which

P=5SQ+ R, deg(R)< deg(Q).

The integral of a general rational function can thus be written in the form
P(x) / / R(x)
de = [ S(x)dx + dz, deg(R) < deg(Q).
| o0 (@)dr+ [ Gy dr. deg(R) < deg(@)

The polynomial S may be integrated as in Example 8.6); it remains to integrate the
rational function R/Q, where we are now sure that deg(R) < deg(Q).

Topic 8.3: Simplifying rational functions II

It is possible to further simplify the expression R/Q by finding the zeros of the
polynomial @) and then writing ) as a product of irreducible terms of degree 1
or 2. Such a decomposition of @) is always possible by the fundamental theorem
of algebra, which states that every complex polynomial of positive degree has at
least one complex zero. Because non-real zeros of a real polynomial always occur in
complex conjugate pairs, we may then write any real polynomial () as a product of
the form

Q)= (z—21)* - (z — 22)* - (&® + P12z + @) - - - (&% + P + gm)P™,
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where:
® I1,...,T, are unique real zeros of @;

e the terms (22 + p1x +q1), - , (22 + pmo + gm) are unique real polynomials of
degree 2 without real zeros;

e n,m € NU{0}; and
® a1,...,00,01,...,0m €N.

For each natural number ¢ < n, the exponent «; is called the multiplicity of the
corresponding zero z;. Finally, we note that because the polynomial 22 4 DT + g;
does not have real zeros, it has a negative discriminant, i.e.

Dj =p; —4q; <0 for all j <m.

The remaining procedure for integrating the rational function R/@Q depends on the decom-
position of the polynomial @. In certain cases it is easiest to compute the integral of R/Q
using a partial fraction decomposition. In more general cases the integral of R/Q can be
computed using an ansatz.

8.2.1 Partial fraction decomposition

In this section we will consider how to solve the integration problem

/Zg; dmz/S(m)dﬂ:—i—/

where S, R, and @ are polynomials and deg(R) < deg(Q). For review, the denominator @
can be written in the general form

R(x)
Q)

Q)= (x —21)™ - (z —2n) - (2® + prz+ @) -+ (2% + pmx + )™,

where:
® I1,...,T, are unique real zeros of Q;
e the terms (22 +pix +q1), -+, (22 + pmo + ¢m) are unique real polynomials of degree

2 without real zeros;
e n,m € NU{0}; and

b al?"‘7an)/817"'7/6m€N‘

Topic 8.4: Partial fraction decomposition when m =0

We first consider the case when m = 0, in which case @ can be factored into the
product of first-degree polynomials with only real zeros in the form

Q@) = (& — 21)* - (2 — 2)°".
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In this case the rational function R/@Q can be written as a sum of partial fractions:

R(QZ) A Aqg Aloq
Qz) (—z1) (v—21) (x —z1)™
Ao Az Aza,
(x — x9) + (x — x9)? + (x — x9)22
+
Anl An2 Anan
- - o e
(x —xn)  (z—xp)? (x — xp)on
where Aq1,...,A10y,421,--.,Ana, € R are uniquely determined real constants.

These constants can by computed by forming a common denominator on the right-
hand side of the above equation for R(x)/Q(x), and then equating the numerators
of the left-hand side and right-hand side; this process produces a system of linear
equations that uniquely determines the constants.

With the constants Aiq, ..., Anq, known, it follows that

[Ee- [+ [

where the integrals on the right-hand side can be computes as in Example 8.11 (i).

Topic 8.5: Partial fraction decomposition when m >0 and §; =1

We now assume that m > 0 and that each of @’s complex zeros has multiplicity 1,
ie. By =02 =---= () =1. In this case () takes the general form

Q@) = (z—2)™ (2~ 22)* - (z® + P12+ q1) -+ (2° + P + i),

and the function R/@ can be written as a partial fraction decomposition of the form

R(x) An Aro Aoy
Q@)  @—a1)  @-ap  @—a)m
Ao Ao Azq,
T w2 Goa)m
+
Ay Ay Ao,
ICEr SRR CEr S R s
Mz + Ny M,x + Ny,
2 tpxtq T2 Pt g

where A11,...,Apa, and My, ..., My, Ny, ..., Ny, € R are uniquely determined real
constants. We compute these constants analogously to the case when m = 0, i.e.
by forming a common denominator on the right-hand side and then equating the
numerators of the left-hand side and right-hand side. With the constants known, the
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integral of R/@Q can be written in the form

R(x) / Ay / Ana
dz = + o+ [ ———dz
Q(x) T —x (x — )2
Mz + Ny / M,z + N,
x2+p1x+q1 z2 + P + gm

xz,

where each of the integrals may be computed as in Example 8.11.

Example 8.12: Rational integration with partial fraction decomposition

Let us solve the following integral of a rational function:

/ 4o 41
dzx.
(x+1)2(x—1)
The degree of the numerator is already less than the degree of the denominator, so an
initial polynomial division step is unnecessary. The denominator is already written

as a product of irreducible terms, so we may proceed directly to partial fraction
decomposition; a decomposition of the integrand reads

4z + 1 . A11 + A12 + A21
(x+12(z—-1) 2z+1 (z+1)2 -2

o AH(.CL' + 1)($ = 2) + Alg(x = 2) + Agl(x + 1)2
a (z +1)*(z - 2)

_ 23 (A1n + Ao1) | z(—An + Aip +249)

G+12G-2) @t D=2
(2411 — 2412 + A2)
(z+1)2%(x—-2)

Equating the numerators on the left-hand side and right-hand side produces the
system of linear equations

A1+ A =0,
—Ai1 + A1z + 245 =14,
—2A11 — 2412+ Az =1,

which (without derivation) has the solution A1; = —1, Aj2 =1, and Ay = 1. The
partial decomposition and subsequent solution of the original integral is then

/(x+41x);(_:—1)dx:_/az(ﬁ:1+/(x(j—xl)z—i_/%

1

When m > 0 and at least one of @’s complex zeros has multiplicity greater than 1, i.e.
Bj > 1 for at least one j = 1,...,m, it is preferable to proceed with integration using a
generic ansatz instead of using partial fraction decomposition.
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8.2.2 Using an ansatz to integrate rational functions

In this section we consider the integration problem

/223 dxz/S(a:)dx—i-/

where S, R, and @ are polynomials, deg(R) < deg(®), and @ can be factored into the form

R(x)
Q)

In general (without formal proof), the integral of any scalar rational function is a linear
combination of rational functions, the natural logarithmic function In, and the inverse
tangent function arctan. As a result, the integral of an arbitrary rational function can
technically be written using an ansatz consisting of rational functions, In, arctan, and
unknown constants. This ansatz reads

/ R(l’) dr — Agz® + A571$S_1 + -+ A1z + Ag
Q) (z—x) (2 —2p) (22 + pra+ )L (22 A+ p A+ g) P
+Biln|z — x|+ -+ Byln|z — x|
+ Uy ln(ac2 +prx + q1) +--+Un ln(ac2 + P + qm)
2 2

Vi +4q V=P + 4"
where Ag, A1,...,As,B1,...,Bn, U1, ... Uy, V1,..., Vi, € R are real constants, and
s=(aqa -1+ +(an—1)+2B1—1)+ - +2(Bm—1) — 1.

The value of s means that the degree of the numerator of the ansatz’s rational function is at
least one less than the degree of denominator. We compute the constants by differentiating
the ansatz’s right-hand side, forming a common denominator for the entire resulting
derivative, equating the resulting numerator to R, and finally solving the resulting system
of linear equations for the unknown constants.

Example 8.13: Integrating rational functions using an ansatz

(1) Let us compute the indefinite integral

Because the irreducible quadratic term (1 + x?) has multiplicity, we will use
an ansatz instead of integration by parts; the ansatz for this case reads

/ dx _A1(L'+A0
(1+22)2 1+2a2

+ Uy In(1 + m2) + V4 arctan (%) +C. (82
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We begin by differentiating the Equation 8.2 to get

1 A1+ z?) — 22(A12 + Ao) 20U x %]
(14 x2)2 (14 22)2 1+22 1422
Al(l + 1‘2) — 211(141(1,‘ -+ Ao) + 2U1:L‘(1 + J,‘2) + Vi(l + .’132)
B (14 22)2
_ 23(2U1) + wa(— A1 + Vi) + 2(—240 + 2U1) + (A1 + V1)
B (1+ 22)2 '

We then equate the numerators on the left-hand and right-hand sides to get
the system of equations

2U; =0
—A1+Vi=0
—2A0+2U; =0
A +V =1,

without derivation, the solution to this system of equations is
Ay=0, A1=1/2, U; =0, Vi=1/2.

We then substitute these constants into Equation 8.2 to get the solution

dz x 1
/ 7 22 = 2Tt 22 + §arctanx+C. (8.3)

Let us once again use an ansatz to compute the indefinite integral
/2x3+7x2+8x+4
(22 + 2z + 2)2
In this case the appropriate ansatz is

/2x3+7x2+8x+4 - A+ B
(x2 + 2z + 2)2 22422 +2

+Eln(x2 —1—23:—1-2)

2z + 2

+ F arctan < ) +C; (8.4)

we then differentiate Equation 8.4 to get
223 + 722 +8x +4  A(x? +2x +2) — (Az + B)(2z + 2)
(22 4 2x + 2)2 B (22 + 2x + 2)2
E(2z +2) F
22 4+2x+2 14 (x+1)2
A(z® + 2z +2) — (Az + B)(2x + 2)
- (22 + 2z + 2)?
[E(2z +2) 4+ F| (2% + 22 + 2)
(22 4 2z + 2)?

_ 2*(2E)+2*(—A+6E + F) + z(—2B + 8E + 2F)
(22 4 2x + 2)2
(2A — 2B +4E + 2F)
(22 4 2x + 2)2
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We then equate the numerators on the left-hand and right-hand sides to get
the system of equations

D=
—A+6E+F =17
—2B+8FE +2F =8
94 — 2B + 4E + 2F = 4,

which (without derivation) has the solution
A=0, B=1, E=1, F=1.

We then substitute these constants into Equation 8.4 to get the solution

20+ 72 +8x+4 . 1 (22
5 3 T=—5—"7+ n(m +2m+2)
(22 4 2z + 2) x? + 2z + 2

+ arctan(z + 1) + C.

\. J

8.3 Integrals of selected irrational functions

We will now consider a few special cases of indefinite integrals of irrational and trigonometric
functions. We will consider only rational functions whose denominator is the square root of
a second-degree polynomial—such functions arise regularly in integration of the equations
of motion of physical systems with one degree of freedom.

Example 8.14: Two special cases of irrational functions

We begin by computing the indefinite integrals of three special irrational functions,
which we will then use later in the section.

(1) Let us compute the indefinite integral

(8.5)

/ dz
Vil pr+q
where p, ¢ € R are arbitrary real numbers. Let us denote the discriminant of
the quadratic polynomial 22 + pz + ¢ by

D = p? — 4q.

The integrand in Equation 8.5 is defined for those values of the variable x for
which the polynomial z? + px + ¢ is positive—thus the integrand’s domain is
R if D < 0 and otherwise a union of two disjoint, unbounded, open intervals.

Before computing the integral, we first write the polynomial in the form

2 —p*+4
xzsz—i-q:(x—i-g) —i—%zﬂ—i—u,

where we have introduced the new variable ¢t and constant v given by

—p? 44 D
tz:v—i—g and V:%:—Z.
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We then separately consider the following two subcases:

(a) If D # 0, we can use integration by substitution with the new variable ¢
to get

dz dt (a)
= [ — ZInl|t+ /12 C
/\hﬁ+qu (/Vﬁ+y n‘+ +Vh_

:ln’$+g+\/m2—|—paj+q‘—|—0,

where in (a) we have used the elementary integral from Example 8.4 (5).

(b) If D = 0, then v = 0, the quantity under the square root is a perfect
square, and we can compute

/ dz _/dt_ dt
Va2 +pr+q V2 |¢]

:sgn(a:—l—g)ln‘x—i-g‘-kc.

=sgn(t)Int| + C

(2) Next, let us compute the integral

(8.6)

/ dx
V-2 +pr+q
where p, g € R are again arbitrary real numbers. Let us denote the discriminant
of the quadratic polynomial —z2 + px + ¢ by

D = p? + 4q.

The integrand in Equation 8.6 is defined for those values of the variable x for
which the polynomial —x? + px + ¢ is positive, and so the integrand’s domain is
empty if D < 0. Thus we will assume that D > 0, in which case the integrand’s
domain is a bounded, open interval.

We first write the polynomial —22 + pz + ¢ in the form

2 244
2 4
= —(vt)? + 12
:V2(1_t2)7

where we have introduced the new variable ¢ and constant 7 given by

_ (2
t::C p/2 and v = p+4q:“2.
v 4 4

We may then use integration by substitution to compute
ndt dt

dz /
/\/—1’24—]91'—{—(]_ VrRa =) J Ji-#
200 —
— arcsin | ———2_ +C,
VP? +4q

where in (a) we have gain used an integral from Example 8.4 (5).

@ arcsint + C
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Points (1)a and (2) in Example 8.14 allow us to compute the integral

x
/ Vaz? + bz + ¢’
where a, b, c € R are arbitrary real numbers. Namely:
e If a > 0, we factor out a from the square root and use point (1)a.
o If a <0, we factor out |a| from the square root and use point (2).

e If a = 0 and b # 0, we may compute the integral by substitution, using the new
variable ¢t = bx + c.

If a = b =0 and ¢ # 0, the integrand is simply a constant function, and

[ = Gre

e If a =b=c =0, then the integrand has an empty domain, and so the integral is not
well-defined.

8.3.1 Using an ansatz to integrate irrational functions

Let P be an arbitrary polynomial of degree n > 1 and let a,b,c € R be any three real
numbers for which a # 0. In this case we may use an ansatz compute the indefinite integral
P(z)dx
Var? +bx +c

The approriate the ansatz is

P
( )do x)\ az? —i—bx—i—c—i—K/
\/ax2+bx+c \/aac2+bx+c

where T is a real polynomial of degree at most n — 1 and K € R is an arbitrary real
constant. We compute the coefficients of the polynomial 1" and the value of the constant
K by first differentiating Equation 8.7, arranging the right-hand side to use the common
demoninator vax? 4+ bz 4 ¢, equating the resulting numerator of the right-hand to P(z)
and then solving the resulting system of linear equations. We can compute the remaining
integral on the right-hand side of Equation 8.7 using the results of Example 8.14.

Example 8.15: Integrating an irrational function using an ansatz

Let us use an ansatz to compute the indefinite integral
/ Vo2 —z2dzx,

where a € R\ {0} is an arbitrary nonzero constant. We first write the integral in

the form
a?—z
Va?—z2dx =
/ v Va2 —22 x2

(8.7)

2

which allows to then introduce the ansatz
2

o? ot ————dz = (Az + B)Va? — 22

dz
K .
Va2 =22 - /\/042—£L‘2
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We will first compute the values of the constants A, B, and K; we begin by differen-
tiating Equation 8.8 to get

2
AV e

a2—:c o? — x? a? — x?
A(a® — 22 )—(Aac—i—B)x—i—K
o P — i
_ 2?(—2A) + z(-B) + (Aa® + K)
- e ——" '

We then equate coefficients on the left-hand side and right-hand side’s numerators
to get the system of equations

—2A = —
—-B=0
Ad® + K = a?,

which (without derivation), has the solution

2
A=l poo K=
2 2

We can then substitute these constant back into Equation 8.8 and complete the
remaining integral to get the result

a2—x2

2
VOé2—$2 2 \/042_332

o?
a? — m2+7arcsm< )-I—C’

N8 l\DIH

\. J

8.4 Change of variables for integrating trigonometric functions

We conclude this chapter with a brief section on integrating trigonometric functions.

Topic 8.6: The universal trigonometric substitution

Let f be any scalar function produced by any combination of the addition, multipli-
cation, and division of constant functions, the sine function, and the cosine function
of the scalar variable x. Integrals of such functions can be solved with change of
variables using the so-called universal trigonometric substitution

- (x) q 2dt
=tan | = r=—-:.
2/’ 1412

In this case it is straightforward to verify using half-angle formulae and the definition
of the tangent function that

_ 2t 1—¢2
sinr=-——- and coszx=-——,
1+¢2

1+ 2
and so changing any integral of f over x to the new variable ¢ results in an integral
of a rational function of the variable ¢, which can in principle always be solved using
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the methods of Section 8.2. Note that universal trigonometric substitution is also
called the tangent half-angle substitution.

We illustrate this substitution technique in the following example.

Example 8.16: A simple example of the universal trigonometric substitution

We will use the change of variables ¢t = tan(z/2) to solve the indefinite integral

dx 1+¢2 2 dt a5
_ gdt= [ T =l +C = ()| +C
/sinw / 2% 1412 5 =l sRO=taji | Z ) 4-©

While, in principle, the universal trigonometric substitution can be used to solve any
trigonometric integral, in certain special cases it is much simpler to use more specialized
integration techniques. We conclude this section with a technique for computing products
of sine and cosine functions.

Topic 8.7: Integrating products of the sine and cosine functions

Let f be any scalar function produced by any combination of the sums and products
of constant functions, sine functions, and cosine functions of the scalar variable
xz. Because of the linearity of the indefinite integral, the integral of such functions
reduces to solving integrals of the form

18 wle) = /(sinm x) - (cos" z)dzx, m,n e NU{0}.

Such integrals can be computed recursively using induction on the sum m + n. As a
base case we take the integrals Fp o, Fi o, and Fp 1, which are simply the integrals of
the constant function, sine function, and cosine function, respectively. For m+n > 2,
we then consider the following cases:

(i) If m is odd, we solve the integral Fy, , using the change of variables ¢ = cos z.
(ii) If n is odd, we solve the integral F}, , using the change of variables s = sin .

(iii) If both m and n are even, we first rearrange the integral F), , using the power
reduction formulae
1 — cos(2 1 2
sin? z = J and cos’z = M.
2 2
We then introduce the new variable u = 2z, which reduces the integral to a
linear combination of integrals of the form

n-+m

F1i,j7 ’L+JS 2 )

which we can solve by the induction step using the cases mentioned so far.

\.

We illustrate this technique in the following example.
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Example 8.17: Integrating products of sine and cosine functions

(1) We begin by computing the following integral
/Sin2k+1 zdx, keNuU{0}.

Since the power of the sine function is odd, we can solve the integral with the
change of variables t = cos x; the calculation reads

/sim%+1 xdr = / (sin2 m)ksinxdx = /(1 —cos? z)¥ sinz dx
2 —/(1 — >k dt,

where in (a) we have reduced the problem to the integral of a polynomial,
which we could then solved as in Example 8.6.

We can analogously compute the following integral for all k¥ € NU {0}, now
using the substitution s = sin x:

/cos%Jr1 xdr = / (cos.2 x)k cosrdr = /(1 —sin? z)¥ cos z dz

= /(1 — s?)F ds,

again reducing the problem to the integral of a polynomial function.

(2) We now consider even powers of sine and cosine and will compute the integrals
/sin% xdx and /COS2k xdx, keN.

In this case we will recursively reduce the power of the sine and cosine using
power reduction formulae as in point (iii) of Topic 8.7; the calculation reads

fautear= [ [0 = LS50y (3) feottznran
/ cos?® xdz = / [H#S(Q‘r)]kdw = 2%?; (‘;) / cos’ (2) da.

In both cases we have reduced the original integrals to a linear combination
of integrals in which the maximum power of the cosine function is reduced to
half of its original value. We could then, in principle, solve the integral of any
even-powered sine or cosine function by repeating the process recursively until
reaching only integrals of the cosine function to the first power.

206



As a concrete example, let us consider the case k = 4, which we solve as follows:

a) [[1 22)]? 1
/cos il 2 [—i—c+(x)] dz = Z/ [1+ 2cos(2z) + cos?(2z)] dz

= % 1dx + éll /2008(2.1,‘) dz + ;lcos2(2x) dz
0] % N }l 5. sin(22z) +i [1 +C(2)S(4:E)] de

= % + isin(Zx) + % / 1dx + é/cos(élav) dz
= % - isin(Qw) = % 2 %singfx) +C

_ 3%: n sinfx) n sin;;lac) !

where both (a) and (b) use a power reduction formula to halve the power of
the cosine function.

(3) We compute the following integral using a change of variables:

/sin3 zcos® xdr = /(sin3 z)(1 — sin? z) cos z dz

3 2 st
= 1-s)de=2>-2 1 ¢
/s( s%)dz 1 6-1-
.4 6
sin*z  sin®z
= - C.
4 6 +

(4) Let us conclude by computing the integral
/ sin? z cos? z dx.

In this case both the power of the sine and cosine functions are even, so we
will simplify the integral with power reduction formulae. The calculation reads

[y [ B [ E i P

4/1—COS d:v
1

[1 1+cos )]dz

-1 /
1

— g/ ldx — —/cos(4a¢)d
_x sin(4x)

=5 a2 ¢
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9 The definite integral

The definite integral is closely related to the problem of finding the area under the graph
of a scalar function. Indefinite and definite integration are related by the fundamental
theorem of calculus, which we will cover later in this chapter.

9.1 The Darboux integral

Definition 9.1: Partition of a closed interval

Let a,b € R be two real numbers for which a < b. A partition of the closed interval
[a,b] is any finite subset D C [a,b] for which a,b € D.

We now introduce some partition-related notation that we will use throughout the chapter.

Topic 9.1: Some partition-related notation

For any n € N, we will write partitions containing n + 1 points in the forms
D ={zo,21,- -y Tn—1,Tn} = {Tk}1—0,

where we will assume the n + 1 points in the partition are ordered by size, i.e.

a=29g<x1 < "< Tp_1<xp=">0.
A partition D = {x}}}_, divides an interval [a, b] into n subintervals

[Trp—1,2K], k=1,2,...,m;

we will denote the length of the partition’s k-th subinterval by

Arp =z —xp—1, k=1,2,...,n.
We will use AD to denote the maximum subinterval length in the partition, i.e.

AD = max Az, = max{A:ck; ke{l1,2,... ,n}}

We will sometimes use the symbol n without qualification in this chapter when

defining partitions—in such cases n implicitly refers to an arbitrary natural number.

. J

Topic 9.2: Suprema and infima on partition subintervals

Let f: [a,b] — R be an arbitrary bounded function and let D = {z}}}_, be an
arbitrary partition of the interval [a,b]. For all k = 1,2,...,n, we will denote the
supremum and infimum of f on the partition’s k-th subinterval by

my, = mg(f, D) = inf (f([zr—1,2x])),
My, = My(f, D) = sup (f([wr—1,71]))-

For all kK =1,2,...,n, these subinterval suprema and infima obey the bounds
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Topic 9.3: Approximating the area under a function’s curve

For a given function f: [a,b] — R, a partition D of the interval [a,b] defines a
segmentation of the area between f’s graph and the horizontal axis into vertical
slices. In this case—assuming the function is bounded—the area of the k-th slice
may be approximated by either

(i) the area of the rectangle of width Az bounded by the horizontal lines
[€g—1, 2] x {0} and [zg_1,zx] X {my}, or

(ii) the area of the rectangle of width Az bounded by the horizontal lines
[Zr—1, 2] X {0} and [zg_1, zx] X {Mg}.

By adding up the areas of each partition-induced slice between f’s graph and the
horizontal axis, we may approximate the entire area between f’s graph and the
horizontal axis.

Each of the above two approximation methods for a slice’s area produces leads to a
corresponding approximations for the area between f’s graph and the horizontal axis.
Loosely, these two approximations are called lower and upper Darboux sums; we define
these concepts precisely below.

Definition 9.2: Lower and upper Darboux sum

Let a,b € R be two real numbers for which a < b, let f: [a,b] — R be an arbitrary
bounded function, and let D = {x}}}}_, be any partition of the interval [a, b].

In this case the lower Darboux sum of the function f with respect to the partition D

is the real number
n

s(f,D) =Y m(f,D)Ax; €R,

k=1

while the upper Darbouz sum of the function f with respect to the partition D is

k=1

The definition of the Darboux sums and the numbers my and M; immediately implies the
following useful bound, which we will refer back to later in this section.

Proposition 9.3: A simple bound on lower and upper Darboux sums

Let a,b € R be two real numbers for which a < b and let f: [a,b] — R be an
arbitrary bounded function. In this case the following inequality holds for any
partition D = {x}}_, of the interval [a, b]:

inf(f) - (b—a) < s(f,D) < S(f, D) <sup(f) - (b—a).

Proof. The function f is bounded on [a, b], so it has a supremum and infimum on
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both [a,b] and on each subinterval of [a,b]. We can then directly compute

n

s(f,D) = ka(f, D)Azy = Zinf (f ([xr=1, zk])) Ay, (g) Zinf(f)Axk
k=1

k=1 = k=1
= inf(f) Y Azy, = f(f) - (b - a),
k=1

S(f,D) = ZMk(f, D)Axy, = Zsup (f([xk_l,xk]))Axk (2 Zsup(f)Aa:k

k=1 k=1 k=1

= sup(f) ZA:L‘k =sup(f) - (b—a),
k=1

where (a) and (b) follow from the inequalities inf(f) < inf (f([zk—1,2k])) and
sup(f) > sup (f([xk_l,xk])) forall k=1,2,...,n.

The final bound, i.e. s(f,D) < S(f,D), follows immediately from the fact that
mg < My for all kK =1,2,... n. O

. J

Proposition 9.4: Darboux sums on different partitions

Let a,b € R be two real numbers for which a < b, and let f: [a,b] — R be an
arbitrary bounded function. In this case

(i) Any two partitions D and D’ of the interval [a, b] obey the inequality
s(f,D) <S(f, D).
In other words, a function’s lower Darboux sum will always be less than or
equal to any upper Darboux sum, regardless of the partition used for each sum.

(ii) If D and D’ are two partitions of the interval [a, b] for which D C D', then
s(f,D) <s(f,D') <S(f,D) <S(£,D).

Proof.
(ii) If D and D’ are equal, the bound follows immediately from Proposition 9.3.

Now assume that the partition D’ contains only one element more than D, and
let 2" denote the single element in the set difference D'\ D. We then denote
D = {x;}}_y, let i be the index in the set {1,2,...,n} for which 2’ € (2;_1, x;),
and define the quantities

m, = mg(f,D), k=1,2,...,n,
m’ = inf (f([zi_l,a;/])),
m” = inf (f([2/, zi])).

The point 2’ divides the i-th subinterval of the partition D into two parts, while
the remaining subintervals in D are identical to the corresponding subintervals
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in D'. Because ¢/ € (z;_1,x;), the interval [z;_1,z;] is larger than either
[zi—1,2'] or [2/, 2], and so

m; <m’ and m; <m”.
These two inequalities in turn imply that

s(f,D)—=s(f,D)=m’'- (2’ ——1) + m" - (z; — 2') —my - (v — xi—1)
>m; - (2 —zimq) +mg - (x—2') —my - (2 — wimq)
=1m; - (UC' —xi_1+ 3 — 1 — + ;1)
—0,

which we then rearrange to get s(f, D) < s(f,D’). The proof of the inequality
S(f,D') < S(f,D) when D and D’ differ by only one element is analogous.

We now consider the case when the set difference D’ \ D has more than one
element. In this case, for some p € N, there exists a chain of partitions

D=DyCDyC--CD,=DD

of the interval [a, b] for which each partition D; will have exactly one element
more than D;_; for all j = 1,2,...,p. We have already shown that the
proposition holds for every neighboring partition pair (D;_1,D;) (which differ
by one element), and so the proposition must also hold for the pair (D, D’) by
the transitive nature of the subset and inequality relations.

(i) We first define the union D” = D U D’. By construction, D” is a partition
of the interval [a,b] for which D C D” and D' C D", and so we can apply
point (ii) to directly show that

(@) ) e © ,
s(f,D) < s(f,D") < S(f,D") < S(f,D"),

where (a) and (c) follow from point (ii) and (b) from Proposition 9.3. O

\

Prop 9.4 (ii) states that for any bounded function f and any partition D’ of f’s domain
containing more points than some other partition D,

e any lower sum using D’ will be larger than any lower sum using D, and
e any upper sum using D’ will be smaller than any upper sum using D.

Intuitively, this observation suggests that as more and more points are added to a partition,
the corresponding lower and upper sums grow closer and closer together. It is reasonable to
ask if a function’s lower and upper sums might “converge” to a fixed value as the partition
on which they are computed contains more and more points. In certain cases this intuition
turns out to be (loosely) correct—we will formalize the idea in the following two definitions.
Before doing so, we first note the following:

e Proposition 9.4 (i) implies that every upper Darboux sum of a bounded function f is
an upper bound of the set of f’s lower Darboux sums. This means that the set of f’s
lower Darboux sums is bounded, and thus has a supremum.
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e Similarly, Proposition 9.4 (i) implies that every lower Darboux sum of the function f
is a lower bound of the set of f’s upper Darboux sums. This means that the set of
f’s upper Darboux sums is bounded, and thus has a infimum.

These two observations provide the context for the following definition.

Definition 9.5: Upper and lower Darboux integral

Let a,b € R be two real numbers for which a < b and let f: [a,b] — R be a bounded
function. In this case:

(i) The function f’s lower Darbouz integral is defined as the supremum of the set
of f’s lower Darboux sums and is denoted by

b
s(f) = / f(x)dx = sup {s(f, D); D is a partition of [a, b]}

(ii) The function f’s upper Darboux integral is defined as the infimum of the set of
f’s upper Darboux sums and is denoted by

S(f) = /bf(:c) dx = inf {S(ﬁD); D is a partition of [a,b]}.

We pause momentarily to note the useful inequality

s(f, D) <s(f) <S(f) <S(f.D), (9.1)

which holds for any bounded function f: [a,b] — R, where a < b and D is any partition of
the interval [a,b]. Equation 9.1 follows directly from Proposition 9.3 and the definition of
the upper and lower Darboux integrals, and we will refer back to it when proving a few
propositions later in the chapter.

Definition 9.6: Darboux integrability

Let a,b € R be two real numbers for which a < b and let f: [a,b] — R be a scalar
function. The function f is said to be Darboux integrable if it is bounded and its
upper and lower Darboux integrals are equal, i.e. s(f) = S(f). In this case we write

b
/ f(z)dz = s(f) = S(f) € R,

and call the resulting real number the Darbouz integral of f.

Remark 9.7: Technicality: integrals over intervals of zero length

Definition 9.6 assumes that the scalar function f is defined on a closed, bounded
interval of finite length. But it is straightforward to generalize Definition 9.6 to
functions defined at a single point. Namely, for any a € R we define functions of the
form f: [a,a] — R to be Darboux integrable with Darboux integral equal to zero, i.e.

/aaf(x)dxzo.
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Remark 9.8: Some terminology related to Darboux integration

(1) Let a,b € R be two real numbers for which a < b and let f: [a,b] — R be any
Darboux integrable function. The function f’s Darboux integral

/abf(x)da:

is also called the definite integral of f from a to b or the definite integral of f
on the interval [a,b]; the numbers a and b are called the limits or bounds of
integration.

We may also define the definite integral of f from b to a, which is equal to

/baf(x) dz = —/abf(ac) dz.

In other words, reversing limits of integration changes the sign of the integral.

(2) We now introduce a shorthand notation for integration over a closed interval
contained within an open subset. Let f: U — R be a scalar function defined on
an arbitrary open subset U C R, let a,b € R be two numbers for which a < b,
and let [a, b] be a nonempty, closed, bounded interval for which [a,b] C U.

In this case, if the restricted function f|, is Darboux integrable, we define
the shorthand notation

/a ’ (Flios) ) dz = / ' (e da.

Going forward, we will refer to Darboux integrable functions as simply integrable functions
unless explicitly noted otherwise. We denote the set of all integrable scalar functions defined
on the nonempty, closed, bounded interval [a, b] by

R([a,b]).

As mentioned in this chapter’s introduction, the definite integral of an integrable function
is directly related to the problem of finding the area between the function’s graph and the
horizontal axis. Having defined Darboux integrability, we are now ready to formalize this
notation of area.

Remark 9.9: Area between a function’s graph and the horizontal axis

Let a,b € R be two real numbers for which @ < b and let f: [a,b] — R be any
integrable function. We first consider two special cases:

(i) If f(x) > 0 for all x € [a,b], then we define the area of the planar region
bounded by the graph of f and the horizontal line [a,b] x {0} to

/abf(:v) dz.

(ii) If f(x) <0 for all = € [a,b], then the definite integral of f over [a,b] is also
less than or equal to zero. Since negative area doesn’t make sense, in this case
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we define the area between the graph of f and the horizontal line [a, b] x {0}

to be equal to
b
—/ f(z)daz.
a

More generally, when f(z) is neither nonnegative nor nonpositive for all = € [a, b],
we must consider the sign of f when defining the area between f’s graph and the
horizontal axis. In such cases we split the interval [a, b] onto subintervals on which f
is either nonnegative or nonpositive, apply the above two cases to each subinterval,
and sum the resulting areas to get the area between f and the horizontal axis.

Example 9.10: Darboux integrability

(1) Any constant function f: R — R with value @ € R is integrable on every
nonempty, closed, and bounded interval of the real line, and for any two
a,b € R has an integral equal to

/abf(x)da:: /abada::a(b—a).

To verify this, we first note that the equality holds trivially when a = b by
Remark 9.7, simply reducing to the equality 0 = 0.

Let us then assume that a < b and let D = {z},}}_, be an arbitrary partition
of the interval [a, b]. Because f is constant,

my(f,D) =Mg(f,D) =aforall k=1,2,...,n.
This implies that f’s upper and lower Darboux sums are both equal to

S(f7D) = S(f,D) = Oé(b - a)v

which in turn implies that
s(f) =5(f) = a(b—a).
Finally, if a > b, the statement follows from the calculation
b a
/ f(z)dz = —/ f(x)dx = —a(a—b) = a(b— a).
a b

As a special case when o = 1, this example implies that

b b
/ 1d:c:/ dz =b—a for all a,b € R.

(2) Consider the function f: [0,1] — R given by

)1 z€[0,1]NnQ,
f(x)_{o 20,1\ Q.
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This function’s value is equal to one at rational numbers in the interval [0, 1]
and equal to zero at real numbers the real interval [0, 1].

For an arbitrary partition D = {x}}_, of the interval [0, 1], it holds that
mi(f,D)=0 and Mg(f,D)=1foral k=1,2,...,n,
which in turn implies that
s(f,D)=0 and S(f,D)=1.

Thus s(f) = 0 while S(f) = 1, and so the function f is not Darboux integrable.

In passing, although it falls beyond the scope of this course, we note that f is
Lebesque integrable. Loosely, the Lebesgue integral of f can be interpreted as
the probability that a real number chosen at random from the interval [0, 1]
is rational. This probability, and thus the Lebesgue integral of f, is equal to
zero, since there are only countably many rational numbers (but uncountably
many real numbers) in the interval [0, 1].

Proposition 9.11: Criterion for integrability

Let a,b € R be two real numbers for which a < b. A scalar function f: [a,b] — R is
integrable if, and only if, it is bounded and for all e € RT there exists a partition D
of the interval [a, b] for which

S(£,D) —s(f,D) < .

Proof. (<) Assume that f bounded and satisfies the condition S(f,D) —s(f, D) < e.
We first recall from Equation 9.1 that the function f’s upper and lower Darboux
integrals and sums are ordered as follows:

s(f, D) <s(f) <S(f) <S(f,D).

This inequality, combined with the assumption that S(f, D) — s(f, D) < e implies

S(f) =s(f) <e

And because ¢ € RT is arbitrary, the inequality S(f) — s(f) < e implies that
s(f) =S(f), i.e. f is integrable.

(=) Assume f is integrable and choose arbitrary ¢ € R*. Because f’s lower integral
s(f) is the supremum of f’s lower Darboux sums, there exists a partition D’ of the
interval [a, b] for which

s(f) = s(£,D) < 5.

Similarly, because f’s upper integral S(f) is the infimum of f’s upper Darboux sums,
there exists a partition D” of the interval [a, b] for which

S(f,D") = 8(f) <

DN
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Now let D = D'UD”. Because D' C D and D’ C D, Proposition 9.4 (ii) then implies

S(f,'D) _S(f> ) S(faD,/) _S(f7D/)
Ys(1,D") - S(f) +5(f) - s(£, ')

€

=

:2+§:°
where (a) holds because f is integrable and so s(f) = S(f), and (b) holds by the
bounds established earlier in the proof. OJ

Proposition 9.12: Continuity implies integrability

Every continuous scalar function f: [a,b] — R is integrable for any two real numbers
a,b € R for which a < b.

Proof. If a = b, the proposition follows trivially from Remark 9.7, so we will assume,
without loss of generality, that a < b. We will prove the proposition by showing that
f meets the conditions of Proposition 9.11.

First choose arbitrary e € RT. Because f is continuous and defined on a closed,
bounded interval, f is both bounded and uniformly continuous by Theorem 6.36 and
Proposition 6.46. There thus exists § € R* for which

1) — @) <

Now let D = {x}}_, bea partltlon of the interval [a, b] for which max Az, < 0. The
function f is continuous, so it assumes a maximum and minimum value (i.e. attains
is supremum and infimum) on every subinterval of the partition D by Theorem 6.37.
Thus, for every natural number k < n, there exist points uy, vy € [x_1, zx] for which

fug) = Mg(f, D) and f(v) = mg(f, D).

We then combine the inequalities |up — vi| < max Az and max Azy < § to get
|ur, — vg| < d, which in turn implies that

for all z,y € [a,b] for which |y — z| < 4.

MdﬁqumUﬂﬂ:fmw—ﬂm)@bEGEMMkSn

where (a) follows from f’s uniform continuity. We then complete the proof with the
calculation

S(f,D) ZMk £, D) Az — Y my(f, D)Axy

k=1

= Z [My(f, D) — my(f, D)) Az

= b_a-(b—a)ze.
We have shown that f is bounded and S(f, D) — s(f, D) < € for arbitrary € € RT, so
f is integrable by Proposition 9.11. O
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Definition 9.13: Piecewise continuity

A scalar function defined on a closed, bounded interval is said to be piecewise-
continuous if it is continuous at all points in its domain, with the possible exception
of finitely many points.

Having defined piecewise continuity, we can now give a generalization of Proposition 9.12.

Proposition 9.14: Piecewise continuity implies integrability

Every bounded, piecewise-continuous scalar function f: [a,b] — R is integrable for
any two real numbers a,b € R for which a < b.

Proof. If f is continuous in addition to being piecewise-continuous, the proposition
follows immediately from Proposition 9.12, so we will assume that f is piecewise-
continuous, but not continuous.

Because f is piecewise-continuous, it is continuous at all points in the interval [a, ]
except for at finitely many points, which we will denote by

21,22,-..,%p € [a,b], peN.

We also note that because f is piecewise-continuous but not continuous, it cannot
be constant, and so inf(f) < sup(f). We then choose arbitrary ¢ € R* and define
€

“ 7 Sp[sup(f) — mf(f)]

Since f is piecewise-continuous, it is continuous on the closed, bounded subset

P
A=la,b]\ U(zz —a,z+a) CR
i=1
More so, since A is closed and bounded, f is uniformly continuous on A by Proposi-
tion 6.46, and so there exists § € RT for which § < a and

lf(y) — f(z)| < for all z,y € A for which |y — z| < 4.

2(b—a)

Next, let D = {z;}}_, be a partition of the interval [a, b] for which max Axy < 6,
and define

J={keN; k<n, [xg_1,21] C A},
J ={keN;k<n, [zp_1,21] ¢ A}.

On the partition subintervals for which k& € J, we will use a similar procedure to
that used in the proof of Proposition 9.12. Namely, for all k¥ € J the function f
is continuous on the interval [zj_1, x|, so there exist points ug, vy € [Tr_1,x] for
which

f(uk) = Mk(f, D) and f(’l]k) = mk(f, D)
Because Az < 4, it follows that |ug — vg| < 0 and so

(a) €

My (f, D) — mp(f,D) = f(ur) — f(vr) < 0-a) for all k € J, (9.2)
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where (a) follows from f’s uniform continuity on A; we will use this bound shortly.

Next, for the partition subintervals for which k € J’, we make the bound

a b
Z Axy, (<) p- (2a + 20) (<) p - 4a, (9.3)
keJ’

where (a) holds because max Az, < 6 and (b) holds under the assumption that
0 < a. The function f’s integrability then follows from the calculation

n

S(f,D) —s(f,D) =Y [Mi(f, D) — my(f, D)) Azy,

k=1
= 3" [My(f, D) — my(f, D)] Ay
keJ
+ 3 [Mi(f, D) — mi(f, D)] Ay
keJ’
(a)

< ﬁAwk e Z [sup(f) — inf(f)] Az
keJ keJ’

(2) ;(b—a) + [sup(f) —inf(f)] -p-4a =€
2(b—a) ’

where (a) uses Equation 9.2 and (b) uses Equation 9.3. The result S(f, D)—s(f,D) < €
means that f is integrable by Proposition 9.11. O

Proposition 9.15: Monotonic functions are integrable

Every monotonic scalar function f: [a,b] — R is integrable for any two real numbers
a,b € R for which a < b.

Proof. Like in the proof of Proposition 9.14, we will assume without loss of generality
that a < b. Assume f is increasing and—since we have already shown in Example 9.10
that constant functions are integrable—that f is not constant. We then choose

arbitrary € € RT, define
€

f() = f(a)’
and let D = {x}}_, be a partition of the interval [a,b] for which max Az < 4.
Finally, we note that, because f is increasing,

)=

my(f,D) = f(vx—1) and M(f,D) = f(xy) for all k < n.
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The proposition then follows from the calculation

M:

S(f7D) - S(f,D) = [Mk(f7 D) - Hlk(f, D)]Amk

o
—_

n

- Z [f(zk) — flazp-1)] Axy,

= [f(zn) = f(20)]0
€
= |f(b) — f(a =c
N R0
The result S(f, D) —s(f, D) < € means that f is integrable by Proposition 9.11. The
proof is analogous if f is decreasing instead of increasing. O

9.2 The Riemann integral

Definition 9.16: Riemann sum

Let a,b € R be two real numbers for which a < b, and let f: [a,b] — R be an
arbitrary scalar function. For an arbitrary partition D = {z}}_, of the interval
[a, b] and for any set of points

& € [xk_l,wk], k=1,2,...,n,

the Riemann sum of the function f (with respect to the partition D and points
{&k}7_p) is defined as

R(f, D {&}im1) = Y f(&r) Az,

k=1

The points {{;}}_, are sometimes called tagging points and the partition D together
with the points {{x} is called a tagged partition.

\. J

For a given partition, a function’s Riemann sum will generally fall between the function’s
lower and upper Darboux sums on the same partition. More formally, if the function
f:[a,b] = R is bounded, then for any partition D = {x}}}_, of the interval [a, b] and for

any set of tagging points & € [zx_1, 2k, k = 1,2,...,n, the function f’s Riemann sum
and upper and lower Darboux sums obey the inequality

This inequality follows from s(f, D) and S(f, D) being defined in terms of f’s infimum and
supremum on each partition subinterval, respectively, while R(f, D, {£x}}_,) is defined in
terms of f’s value at an, in general, arbitrary point in each subinterval.

219



Definition 9.17: Riemann integrability and Riemann integral

Let a,b € R be two real numbers for which a < b. A scalar function f: [a,b] — R is
said to be Riemann integrable if there exists a real number I € R for which for all
€ € RT there exists corresponding § € R™ for which

|R(f7D7 {gk}Z:l) - I| <€

for all partitions D = {x}}_, of the interval [a, b] for which max Az, < ¢ and for
any choice of tagging points & € [rg_1,2%), k =1,2,...,n.

In this case we define

I= lim OR(f,D,{Sk}Zzl),

max Azxy—

and call the number I the Riemann integral of the function f.

It turns out that many conditions for Riemann integrability are completely analogous to
the conditions for Darboux integrability already developed in Section 9.1. We list some of
these conditions below.

Corollary 9.18: Conditions for Riemann integrability

(i) Every continuous scalar function f: [a,b] — R is Riemann integrable for any
two real numbers a,b € R for which a <b.

(ii) Every bounded, piecewise-continuous scalar function f: [a,b] — R is Riemann
integrable for any two real numbers a,b € R for which a < b.

(iii) Every monotonic scalar function f: [a,b] — R is Riemann integrable for any
two real numbers a,b € R for which a < b.

Proof.

(i) First choose arbitrary e € RT. As in the proof of Proposition 9.12, because
f is continuous and defined on a closed, bounded interval, f is both bounded
and uniformly continuous by Theorem 6.36 and Proposition 6.46. There thus
exists 6 € R™ for which

)~ f@)] < 5

Let D = {zx}}_, be a partition of the interval [a, b] for which max Az, < 4.
In this case, as we have already shown in Proposition 9.12,

S(£,D) —s(f,D) < .

€

— for all z,y € [a, b] for which |y — x| < 4.

Since f is integrable, its upper and lower Darboux integrals are equal, and we
define

Ip =s(f) =S(f)

From Equation 9.1 and Equation 9.4 we then recall the inequalities

s(f,D) <s(f) <S(f) <S(f,D),
S(f7 D) < R(f,'D, {§k}71§=0) < S(f: 'D),
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which hold for any partition D of the interval [a,b] and any set of tagging
points {&x}}_,. Together with the earlier result S(f, D) —s(f,D) < ¢, these
inequalities imply that

IR(f, D {&k}izo) — In| <€

for any partition D = {w}}}_, for which max Az, < ¢ and any set of tagging
points {&,}7_,. Thus f is Riemann integrable on [a, b].

(ii) Analogous to the proof of (i), but this time using the proof of Proposition 9.14.

(iii) Analogous to the proof of (i), but this time using the proof of Proposition 9.15.
O

\.

In fact, as we show in the following proposition, Riemann integrability is in general equivalent
to Darboux integrability (this is why we have used the term “integrability” without further
qualification in this chapter).

Proposition 9.19: Riemann and Darboux integrability are equivalent

Let a,b € R be two real numbers for which a < b. A function f: [a,b] — R is
Riemann integrable if, and only if, it is Darboux integrable, and in this case the
Riemann and Darboux integrals of f are equal.

Proof. (=) We will first show that Riemann integrability implies Darboux integra-
bility. Assume f is Riemann integrable and let I denote its Riemann integral. The
proof is a bit lengthy, and we will complete it in two stages.

(i) We will first show, by contradiction, that f is bounded. Assume that f is
unbounded above. Since f is Riemann integrable, there exists 6; € R™ such
that, for all partitions D = {1 }}_, of the interval [a, b] for which max Az, < d1,
and for any choice of tagging points & € [xg—1, 2],k = 1,2,...,n, it holds

that
IR(/, D, {€ =) — I < L. (9.5)
Next, we choose a large-enough natural number ¢ € N such that
h—
¢ < 517

define the points {v;} according to

. (b—a )
U]:a+.7( q )7 J:()?lv"'aqa

and define the partition D = {v; };1-:0. Note that, by construction,

b—a

Avj =

for all j =1,2,...,¢, implying max Av; < d;. (9.6)

Since we have assumed that f is unbounded above, there exists a point v € [a, b]
for which

2
f(v)zf(vj)—i—ﬁfor all j =1,2,...,q. (9.7)
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(if)

We then choose a natural number | < ¢ for which v € [v;_1,v;], and define
¢ = v and (5 = v; for all j < ¢ for which j # [. We can then make the bound

R(f) Da {Cj ;1':1) - R(fa Dv {Uj};]':l) = [f(v) - f(vl)] A’Ul
(;) 2q b—a

where (a) follows from Equations 9.6 and 9.7. On the other hand, because f is
Riemann integrable, we may also make the bound

‘R(.ﬂpa {CJ ?:1) - R(f7D7 {Uj}(j]'zl)‘

< |R(UDAGHL) — 1|+ [T - R(, D 1)
<1l+1=2,

where (a) follows from Equation 9.5. The two bounds contradict each other,
which means that f is not unbounded above. We can prove analogously that f
is not unbounded below, and so f is bounded.

We will now show, using Proposition 9.11, that a Riemann integrable (and
thus, by point (i), necessarily bounded) function f is Darboux integrable. Fix
arbitrary e € RT. Because f is Riemann integrable, there exists 6 € R such
that, for all partitions D = {x}}}}_, of the interval [a, b] for which max Az, < 6,
and for any choice of tagging points & € [zrp_1,2x],k = 1,2,...,n, it holds
that .

’R(fv D, {gk}Z:l) - Il < Z

Let D = {x}}_, be any partition of the interval [a,b] for which max Axj < 0.
Because the function f is bounded, for all £ =1,2,...,n, there exists a point
&k € [zk—1, zg) for which

€

similarly, there exists a point 1 € [xg_1, 2k for which
€
f(m) —me(f, D) < (9.9)

4(b—a)

We then continue by computing the bound
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where (a) holds by Equation 9.4 and (b) by Equation 9.8. Analogously,
0< R(f7 D7 {nk}ZZI) - S(f7 D)

[f(m) — mi(f, D)] Azy,
1

k

—
©

NE

)

€ €

Agy = <
Ab—a) Ty

el
Il

1
where (a) holds by Equation 9.9
We then combine the results so far to get
S(fa D) - S(fa D) < |S(fa D) - R(fa Dv {ék}zzlﬂ
+ ’R(fv D, {gk‘}Z:l) - I’

+ I = R(f, D, {m}i=1)]
+ |R(f7 D7 {nk}Z:l) - S(f? D)|

<€+6+€+6_
43Ty ¢

Since S(f, D) —s(f, D) < e, the function f is Darboux integrable by Proposition 9.11.

(<) We will now show that Darboux integrability implies Riemann integrability.
Assume f is Darboux integrable and let I denote its Darboux integral. Since f is
Darboux integrable it is also bounded, so there exists constant K € R for which

sup(|f]) < K.

Next, choose arbitrary e € R™. Because f is Darboux integrable, by Proposition 9.11
there exists a partition Dy of the interval [a, b] for which

S(£,D0) = (£, Do) < .

Let N € N denote the number of points in the partition Dy, and define

€

0= SNE

Next, let D = {x}}}}_, be any partition of the interval [a, b] for which max Az, < 6,
and define an additional partition D’ = D U Dy, which we will write in the form
D' = {u;}’_, for some p € N. Because Dy C D', Proposition 9.4 (ii) then implies
that

S(f, Do) — s(f, Do) <§ — S(f,D) —s(f,D) <

Next, for any natural number k < n, we define the set J; as

N

Jp = {z € N; i <pand [u—1,u;] C [xk,l,sck]}.

Note that for all k& < n the set .J, must have at least one element, since D C D’. If
Ji has only one element for a given k, then the open interval (zp_1,zx) does not
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contain any elements in Dy, in which case the closed subinterval [xg_1, x| is also a
subinterval in the partition D’ and

Mk(f, D)Amk — Z Ml(f, 'DI)AUZ =0 (lf ‘Jk’ = 1).
i€k

Alternatively, if J, has at least two elements for a given k, then the open interval
(zk_1, ) contains points in the partition Dy. In this case we make the bound

Mi(f, D)Azg — > Mi(f,D)Au; < KAz, — > (—K)Au

i€Jy 1€Jy,

=K | Azp+ > A
i€k
=K (A{L‘k + A:L'k)
=K -2Ax, < K-25 (if |Jg| > 2).
Next, we note that there can never be more than N indices k for which the set Jj

has at least two elements, since the partition Dy has only N elements. With this
observation in mind, we make the bound

0 <S(£,D) - S(£. D)

n p
=Y Mi(f,D)Azp — Y Mi(f,D)Au;
k=1

i=1
= Z Mk(f,D)Axk — Z Z Mz(f, 'D/>AUZ
k=1 k=11ieJy,

n

=3 |Mp(f,D)Azp — Y Mi(f,D)Au,

k=1 i€y

€ €
N.K.25=2NK - _ <
< 2 SNK _ 4

Analogously, this time considering f’s lower Darboux sums, we can show that

OSS(f,D/) —S(f,D) <

>~ o

We then use these results to make the bound
S(f,D) - S(f,D) = S(f?D) - S(f)D/)
+ S(fa D,) - S(fa D/)
+ S(fa D,) - S(f7 D)

G e, E_
12Ty T"

Finally, recalling that I = s(f) = S(f) denotes f’s Darboux integral and referring
back to Equations 9.1 and 9.4, we combine the three relationships

<

s(f,D) < I <S(f,D),

S(f7 D) < R(f7D7 {gk}zzl) < S(f7 D)a
S(f,D) —s(f,D) <e
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to conclude that
|R(f7 D? {§k}71§=1) - I| <e¢

for any set of tagging points & € [zx_1, 2], K = 1,2,...,n. This completes the proof
that Darboux integrability implies Riemann integrability, and thus that Darboux
and Riemann integrability are equivalent. O

9.3 Properties of the definite integral

Having defined the definite integral and shown that all continuous functions, bounded
piecewise-continuous functions, and monotonic functions are integrable, we will now cover
some important properties of integrable functions. In particular, in this section we will
state and prove the fundamental theorem of calculus, which relates definite and indefinite

integration.

Proposition 9.20: Integrability of composite functions

Let a,b € R be two real numbers for which a < b, let f: [a,b] — R be an integrable
function, and let ¢: V' — R be a continuous function defined on a closed, bounded
subset V' C R for which f([a,b]) C V. In this case the composite function ¢ o
f: [a,b] — R is integrable.

Proof. The function ¢ is continuous and defined on a closed, bounded subset, so it is
bounded and uniformly continuous by Theorem 6.36 and Proposition 6.46. Because
¢ is bounded, the composite function ¢ o f: [a,b] — R must also be bounded.

Using the same reasoning as in the proof of Proposition 9.12, we will assume without
loss of generality that a < b. We then choose arbitrary e € R* and define

€
b—a+2sup(|d])

M:

Because ¢ is uniformly continuous, there exists 6 € R™ for which § < p and,
|p(v) — d(u)| < p for all u,v € V for which |v —u| < 4.

Because f is integrable, by Prop 9.11 there exists a partition D = {x}}_, of the
interval [a, b] for which

S(f, D) —s(f, D) < 2.

Next, for all natural numbers k£ < n we define the quantities

my, = my (¢ o f,D) r=M(¢0 f,D).
Additionally, we define the sets A and B as

A:{kEN;kSH,Mk—mk<5},
BZ{kEN;kSn,Mk—mk25}.

If k € A, then My — my < 6 and so, by the definition of m; and My,

[f(y) = f2)] <6 for all z,y € [zp—1, zk].
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In this case, by ¢’s uniform continuity,

|6(F () — o(f(@))] < for all ,y € [zg1, 2],
which in turn implies that M) —m) < p for k € A.

Meanwhile, the sum of the lengths of all subintervals with indices k € B obeys

53 Az = Y oAz © 3 (M - my) Az

keB keB keB
(b) &

< ) (Mg — my) Ay
k=1

where (a) follows from the definition of the set B and (b) holds because the set B
can contain at most, but no more than, all indices k£ in the partition D. Removing
the intermediate steps, the above result reads

0 " A < (M, — my) Ay, < 6,
keB keB

which after dividing through by d, implies that

(a)
> Az << p, (9.10)
keB

where (a) follows from the definition of the set B. Additionally, for k € B, we can
liberally make the bound
My, —mj, < 2sup(|¢]), k€ B;

a simple graph of a hypothetical bounded and continuous function ¢ should convince
you of this bound. We then complete the proof with the calculation

n

S(¢o f,D)—s(¢po f,D) = > (M, — mj)Azy

k=1
= Z(Mﬁc —my)Axy, + Z(Mﬁc —m},) Az
kEA keB
<> pAwp+ > 2sup(|¢]) Ay
kEA keB
<pY  Azg+2sup(g]) Y Ay
keA keB
(a)
< pu(b — a) + 2sup(|])p

e-(b—a) € - 2sup(|¢)
b—a+2sup(|¢p]) b—a+ 2sup(|¢)|)

:67

where the second term in (a) makes use of the bound in Equation 9.10. The function
¢ o f is thus integrable by Proposition 9.11. O
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Proposition 9.21: Combinations of integrable functions
Let a,b € R be two real numbers for which a < b, let f,g: [a,b] — R be two
integrable functions, and let @ € R be an arbitrary constant. In this case:

(i) The function f + g is integrable and obeys

(ii) The function «f is integrable and obeys

/ab(af)(:c) dz = a/abf(:c) dz.

(iii) The function fg is integrable.
(iv) The function |f| is integrable and satisfies the inequality

[ 1wl < [(@iar

(v) If f(x) < g(x) for all x € [a, b], then
b b
/ f(z)dz < / g(z)dx.

(vi) If M € R is a real constant for which |f(z)| < M for all x € [a, b], then

/a ' f(@) da

Proof. As in Proposition 9.12, we will assume without loss of generality that a < b.

<M:(b—a).

(i) We first note that for an arbitrary partition D of the interval [a, b], the infimum
of f plus the infimum of g on each partition subinterval is always less than or

or equal to the infimum of f 4 g on the same subinterval, implying
s(f,D) +s(g,D) <s(f +g,D).

For any two partitions D’ and D” of the interval [a, b], it then holds that

(a)
s(f,D') +s(9,D") < s(f,D'UD") +5(9,D'UD")
<s(f+g,D'UD"),
where (a) holds by Proposition 9.4. Since the partitions D’ and D" are arbitrary,
it follows that
s(f) +s(g) <s(f +9)

We can use an analogous procedure to show that S(f + ¢) < S(f) + S(g), so

s(f) +s(g) <s(f+g) <S(f+g) <S(f)+S(g)
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(if)

(iii)

Since f and g are both integrable, it must hold that s(f) +s(g) = S(f) + S(g),
which, combined with the above inequality, gives

s(f) +s(g) =s(f +9) = S(f +9) = S(f) +5(9),
and so f + ¢ is integrable and equal to the sum of the integrals of f and g.

Let the function ¢: R — R be given by ¢(t) = at, so that af = ¢o f. Because
¢ is continuous by construction and because f is integrable, the function
af = ¢ o f is also integrable by Proposition 9.20.

It remains to show that the integral of af equals the integral of f times «. Let
D be an arbitrary partition of the interval [a,b]. We begin by assuming that
a < 0, in which case

S(Olf,D) = S(faD)
for any partition D of the interval [a, b]; since D is arbitrary, this implies that

s(af) = a-s(f).

We can show analogously that

S(af) = - S8(f).

Since f is integrable, S(f) = s(f), which in turn implies that o - S(f) = a - s(f)
and so
s(af) = a-s(f) = a-S(f) = S(af),

which is the desired proof of equality when « > 0.

We now consider the case when o < 0. In this case
s(af,D) = a-S(f,D),

since a corresponding inequality holds for the infima and suprema of o - f and
(af) on every subinterval of the partition D. In this case

s(af) = sup {s(af,D); D is a partition of [a, b] }
= sup {aS(f,D); D is a partition of [a,b]}
= o - inf {S(f,D); D is a partition of [a,b] }
—a-S(f).

Similarly, we can show that S(af) = a-s(f), and, following the same procedure
as when o > 0, that

s(af) = a-S(f) = a-s(f) =S(af),
which completes the proof of equality for all o € R.

Let 1v: R — R be the continuous function given by v(t) = t2. Because the
functions f and g are integrable, by points (i) and (ii) the functions f + g and
f — g are also integrable, and so by Proposition 9.20 the functions

(f+9)?=vo(f+g) and (f—g)>=vo(f—g)
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(iv)

are also integrable. Again by points (i) and (ii), it then follows that the function

[(f+9)°—(f—9)7]

4>|>—ﬂ

fg=

is also integrable.

The assumption f(z) < g(x) for all = € [a,b] means that

s(f,D) <s(g,D)

for every partition D of the interval [a, b], which in turn implies that

s(f) < s(g)-

Combined with the fact that s(f) = S(f) and s(g) = S(g) (because f and g
are both integrable) the inequality s(f) < s(g) implies that

b b
/ f(z)dz = S(f) = s(f) < s(g) = S(g) = / o(x) dz.

Let the function #: R — R be given by 6(t) = |t|. Because 6 is continuous and
f is integrable, the function |f| = 6 o f is also integrable by Proposition 9.20.

It remains to prove the inequality in point (iv). To do this, note that

—|f(@)] < f(z) < |f(2)| for all © € [a, b],

which be combine with points (ii) and (v) to get

- [r@ia= [ Crones [ fwas ol

Written slightly more compactly, the inequality

_/abyf(x)ydxgLbf(x)de/ablf(x)\dw,

together with the definition of the absolute value, implies that

< [ir@lar

This point follows directly from the calculation

/U\M</MM

=M(b—a).

x) dz

x)dzx

where (a) follows from point (iv) and (b) from point (v) and the assumption
that | f(z)| < M for all = € [a, b]. O
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Proposition 9.22: Splitting an integration interval in two parts

Let a,b,c € R be thee real numbers for which a < b < ¢. A function f: [a,c] — R is
integrable on the interval [a, ] if, and only if, it is integrable on the intervals [a, ]
and [b, c], and in this case it holds that

/acf(x)da: _ /abf(m)dx—l—/bcf(x) dz.

Proof. For the same reason as in Proposition 9.12, we will assume that a < b < c.

(=) Assume that f is integrable on [a, c¢]. This means that f must be bounded on
[a,c], and so f is also bounded on [a,b] and [b, ¢|. By the criterion for integrability
in Proposition 9.11, for all € € RT there exists a partition D of the interval [a, c] for
which

S(f,D) —s(f,D) <e.

We now define the partitions D; and Dy according to
Dy = (DU {b})N|a,b]
Dy = (DU{b}) N b, cl.

Thus D, is a partition of [a,b] and Dj is a partition of [b, ¢|; by construction, the
partitions D, Dy, and Dy obey

S(f: Du {b}) = S(f‘[a,b]apl) + S(f|[b,c]7D2)
S(f,DU{b}) = S(fla,p)» P1) + S(fljp,q> D2)-

We can then make the bound

[S(f’[a,b],pl) - S(f [a,b]?Dl)] + [S(f’[bych?) B S(f|[b’c]7D2):|
= S(f,DU{b}) —s(f, DU {b})

2 s(5,D) — s(£,D) < <,

where (a) holds by Proposition 9.4. This in turn implies that

S(flias» P1) — 8(fljap, P1) < €
S(f|[b,c]aD2) - S(f‘[b,c}’D2) <€,
and so the restricted functions f|(, s and f|p ) are both integrable by Proposition 9.11.

(«) Assume the restricted functions f|, s and f|j o are both integrable. Thus both
restrictions are bounded, and so the function f is itself bounded. For any partition
D’ of the interval [a, b] and for any partition D" of the interval [b, ¢] it holds that

S(fliap), D) +8(flp,q: D) = s(f, D' UD")
(f, DU 'D”)
(Fliag) D)+ S(flpg> D),

which, since the partitions D’ and D" are arbitrary, in turn implies that

S(fiap) +5(fip,e) < 8(f) < S(f) < S(flap) + S(fpp,q)-

<S
=3
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The functions f[[, 4 and fly g are both integrable, so
$(flap) +8(fp,q) = S(fla) + S(fip,q)>
which immediately implies that
(fian) +8(fip,q) = s(f) = S(f) = S(fa,5) + S(fip,q)

and so f is integrable. O

. J

Proposition 9.22 immediately implies the following:

Corollary 9.23: Splitting an integration interval into subintervals

For any integrable function f: U — R defined on a closed, bounded, nonempty
subset U C R:

(i) The function f is integrable on every closed, bounded, nonempty subinterval
of the interval U.

(ii) For any a,b,c € U it holds that

/acf(m)dx _ /abf(w)dﬂc—i—/bcf(:v)dx.

Corollary 9.23 can then be applied recursively to split an integration interval into an
arbitrary number of subintervals.

Proposition 9.24: The definite integral is unaffected by changing a finite

set of function values

Let a,b € R be two real numbers for which a < b and let f,g: [a,b] — R be two
functions for which f(z) = g(x) at every point x € [a, b], with the possible exception
of finitely many points. If f is integrable, then g is also integrable and obeys

/abg(w) d = /abf(x) dz.

Proof. Without loss of generality, we will assume that a < b. Because the value of
the function f — ¢ is nonzero only at a finite number of points, the function f — g
must be bounded and piecewise-continuous, and thus integrable by Proposition 9.14;
by Proposition 9.21 (iv) the function |f — g| is also integrable. The function |f — g|
is nonzero at only a finite number of points, which means that

s(If — g, D) = 0 (9.11)

for any partition D of the interval [a, b], in turn implying that

b a) b
[ @) - )] as Y [ 1@ = gas 2o,

where (a) follows from Proposition 9.21 (iv) and (b) from Equation 9.11. But the
absolute value of a real number can be less than or equal to zero only if the number
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itself is zero, and so
b
/ [f(x) = g(w)] dx = 0.

The function ¢ is thus integrable by Proposition 9.21, since g is the difference of
the integrable functions f and f — g. We can then complete the proof with the

calculation
b (a) b b b
[ s@a® [ f@a- [ [f@) - g do= [ f@)da-o.
a a a a
where (a) holds by Proposition 9.21. O

Proposition 9.24 means that an integrable function’s integral is unchanged by changing
a finite number of the function’s values. This fact will allow us to somewhat generalize
the notion of integrability and the definite integral, but we will first need to introduce the
concept of the extension of a function to an interval.

Definition 9.25: Extension of a function

Let a,b € R be two real numbers for which a < b, let P be a finite subset of the
interval [a,b], and let f: [a,b] \ P — R be an arbitrary function. We then define the
extension of f to the interval [a,b] as the function f: [a,b] — R given by

2y ) f@) zela, b\ P
f(x)_{o z € P

In other words, f equals f wherever f is defined, and zero elsewhere.

We now extend the definition of integrability to functions that may be undefined at isolated
points in their domain.

Definition 9.26: Integrability on an interval

Let a,b € R be two real numbers for which a < b, let P be a finite, nonempty subset
of the interval [a,b], and let f: [a,b] \ P — R be any function. The function f is
said to be integrable on the interval [a,b] if its extension f: [a,b] — R is integrable.
In this case f and f’s definite integrals from a to b are equal, and we write

/abf(:c) dz = /abf(:c) dz.

Example 9.27: Integrability on subintervals

Let a,b € R be two real numbers for which a < b, and let P be a finite subset of
the closed, bounded interval [a,b]. In this case every bounded, continuous function
f:[a,b]\ P — R is integrable, since its extension f to the interval P is bounded and
piecewise-continuous.
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Proposition 9.28: Integrals involving the zero function

Let a,b € R be two real numbers for which a < b and let f: [a,b] — R be a continuous
function for which f(z) > 0 for all « € [a, ]. In this case if

b
/ f(z)dz =0,
then f(z) =0 for all x € [a, b].

Proof. We will prove the proposition by contradiction. Let x be an arbitrary point
in the interval [a,b], and assume that f(z) # 0. Because f is nonnegative at all
points in its domain and f(x) # 0, it follows that

f(z) > 0 for all = € [a,b].

Because f is continuous, f’s values on any sufficiently small neighborhood of an
arbitrary point x € [a, b] are arbitrarily close to f(x). As a result, there exist points
u,v € [a,b] for which u < v

f(z)
2

f(t) > for all ¢ € [u,v].

Now let the set D = {a,u,v,b} be a partition of the interval [a,b]. Because f is
bounded below by the number f(z)/2 on the subinterval [u,v] of the partition D,
we can make the bound

() 25,22 {9 - Do,

where (a) holds from the assumption that f(xz) > 0 for all € [a,b]. The result

s(f) > 0 contradicts the proposition’s assumption that ff f(x)dx = 0, which requires
that s(f) = 0. We thus conclude that f(z) =0 for all = € [a, b]. O

Definition 9.29: Average value of a scalar function

Let a,b € R be two real numbers for which a < b, and let f: [a,b] — R be an
integrable function. The average value of the function f on the interval [a,b] is then

equal to
1 b
— /a f(z)dx.

Proposition 9.30: Continuous functions take on their average value

Let a,b € R be two real numbers for which a < b. For any continuous function
f: [a,b] — R there exists a point £ € [a, b] for which

b
1€)== [ fa)de.

In other words, every continuous function defined on a closed interval assumes its
average value on this interval.
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Proof. Because f is continuous and defined on a closed, bounded interval, it is
bounded by Theorem 6.36. We then note that

inf(f) < f(z) < sup(f) for all z € [a,b];

combined with Proposition 9.21 (v), this inequality implies that
b b b
inf(f)-(b—a)= / inf(f)dx < / f(z)dx < / sup(f)dx = sup(f) - (b — a).
a a a
We then divide through by the quantity (b — a) to get

b
inf(f) < ﬁ/@ f(x)dx < sup(f).

By Proposition 6.38, a continuous function defined on a closed interval attains all
values between its supremum and infimum; since ﬁ f; f(x)dx lies between f’s
supremum and infimum, there exists a point £ € [a, b] for which

b—a

Theorem 9.31: First fundamental theorem of calculus

Let a,b € R be two real numbers for which a < b, let f: [a,b] — R be an integrable
function, and let ¢ be an arbitrary point in the interval [a, b]. In this case the function
F: [a,b] — R given by

b
f(6) = / f() de. -

F(m):/xf(t)dt, z€ab]

is continuous. More so, if f is continuous at any point u € (a,b), then F is
differentiable at u and obeys

F'(u) = f(u).

The first fundamental theorem of calculus thus guarantees the existence of a primitive
function F for a continuous function f.

Proof. We first note that the function f is integrable on every closed, nonempty
subinterval of the interval [a, b] by Corollary 9.23, and so the function F' is well-defined
for any ¢ € [a, b)].

We will first show that F' is uniformly continuous, then show that F'(u) = f(u).

(i) Because f is integrable, it is necessarily bounded by Proposition 9.11. For any
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two x,y € [a,b], we then make the calculation

F(y) — F(z)] &

)/cyf(t)dt—/cxf(t)dt‘
b) /;f(t)dt—k/cyf(t)dt‘ (9.12)

© /xyf(t) dt‘

< sup(f) - [y -z},

where (a) follows from the definition of the function F', (b) from swapping the
limits of integration in the second integral, (c) from Proposition 9.22, and (d)
from Proposition 9.21 (vi) and the fact that f(¢) < sup(f) for all t € [z,y].
Now choose arbitrary ¢ > 0 and define

@
sup(f)
In this case, for all £, 7 € [a, b] for which [¢ — 7| < 0 it holds that

€

sup(f)

where (a) follows from the result of Equation 9.12, and so F is uniformly
continuous (and thus also continuous) on [a, b].

IF(n) — F(&)] S sup(f) - In — ] < sup(f) - 6 = sup(f) -

:67

(ii) We will now show that F’'(u) = f(u) for all u € (a,b) at which f is continuous.
Let f be continuous at the point u € (a,b), which means that for all e € R
there exists 6 € RT for which

I£(8) — f(u)| < % for all ¢ € [a,b] for which |t — u| < 4.

For all = € [a,b] for which 0 < |z — u| < 0 we can then make the bound

- 1w 22 ([ o= [Croa) - sw
®) miu(/ dt+/ £(1) dt) ()
)] O [

([ roa- [

F(x) - Fu)

r—Uu

9 1 |[*

@ [ 10 - s dt\
(<f) 1 €

|z — v §.|$7u|<6’

where (a) follows from the definition of the function F', (b) from swapping the
limits of integration in the second integral, (c) from Proposition 9.22 and the
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fact that [* dt = 2 —u, (d) from factoring out the common term 1/(z —u), and
(e) and (f) from Proposition 9.21 and the earlier bound |f(t) — f(u)| < €/2.
The above calculation shows that

f(u) = lim F@ = Fl).

T—U r—Uu

i.e. that F'(u) = f(u). O

\. J

Theorem 9.32: The second fundamental theorem of calculus

Let a,b € R be two real numbers for which a < b, let f: [a,b] — R be an integrable
function, and let the function F': [a,b] — R be continuous on the closed interval
[a, b], differentiable on the open interval (a,b), and let

F'(z) = f(x) for all x € (a,b).

In this case .
/ f(z)dx = F(b) — F(a).

The second fundamental theorem of calculus thus makes possible the computation of
definite integrals from indefinite integrals.

Proof. As in Proposition 9.12, we will assume without loss of generality that a < b.
First choose arbitrary e € RT. Because the function f is integrable, by Proposi-
tion 9.11 there exists a partition D = {x}}}_, of the interval [a, b] for which

S(f,D) —s(f,D) < e.

For all k = 1,2,...,n, the mean value theorem applied to the function F' on the
partition subinterval [xy_1,x] guarantees the existence of a point & € (xg_1, %)
for which

F(zy) = F(og—1) = F'(&) - (x5 — 2p—1) = f(§k) Azp.
Using this equality, the Riemann sum of f with respect to the partition D and the
set of tagging points {{x}7_; is equal to

R(f, D, {}ic) = Y f(&r)Axy
k=1

= Z [F(:L‘k) — F(:Bk_l)]
k=1
= F(z,) — F(z9) = F(b) — F(a).
Recalling Equations 9.1 and 9.4, we momentarily pause to note the inequalities
b
(D)< [ f@)de <S(£,D), and s(£.D) < R(£. D, {6u}im) < (1. D)
which we then use to make the calculation
b b
P~ Flo) - [ @) as] = [RD i) - [ (o)
< S(f,D) —S(f,D) <€
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The inequality holds for arbitrary e € R, which implies that

b
F(b) - F(a) - / f(z)dz =0,

which we then trivially rearrange to get the desired result

b
ﬂ@—ﬂ@:/f@ﬂm 0

Oftentimes, the expression F'(b) — F(a) in the second fundamental theorem of calculus is
written in the shorthand form

F(b) - F(a) = F(2)|"~" = F(x)|

r=a

b

o
We will now use the second fundamental theorem of calculus to apply some of the indefinite
integration rules from Chapter 8 to the computation of definite integrals.

Proposition 9.33: Integration by parts for computation of definite integrals

Let a,b € R be two real numbers for which a < b, let f,g: [a,b] — R be two
integrable functions and let the functions F,G: [a,b] — R be continuous on the
closed interval [a, b], differentiable on the open interval (a,b), and obey F'(z) = f(z)
and G'(z) = g(z) for all z € (a,b). In this case

b b
/ F(z)g(z)dz = F(b)G(b) — F(a)G(a) — / f(2)G(z)dz.

Proof. We first define the function H = F - G. As the product of continuous and
differentiable functions, H is itself continuous on [a, b] and differentiable on (a,b).
More so, for all z € (a,b) it holds that

H'(x) Y F'(2)G(z) + F(2)G'(z) = (fG + Fg)(x),

where (a) uses the product rule for differentiation. Because the functions f, g, F,
and G are all integrable, the function fG + Fg is also integrable. We can then apply
the second fundamental theorem of calculus to get

b b
/[ﬂ@G@yammm@szszumx
— H{(

b) — H(a)
= F(b)G(b) — F(a)G(a). O

Proposition 9.34: Change of variables for computation of definite integrals

Let f: U — R be a function defined on the real subset U C R, let a,b € R be two
real numbers for which a < b, and let s: [a,b] — R be a continuous function for
which s([a,b]) C U. More so, let F': U — R be a continuous function for which the
following properties hold for all z € (a, b):

e s(x) is an interior point of U,
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e [ is differentiable at the point s(x), and

o F'(s(z)) = f(s(z)).
Finally, assume that s is differentiable on the interval (a,b) and that the function
(fos)-s': (a,b) — R is integrable on the interval [a, b].

In this case,

b
/ f(s5(x))s' (z) dz = F(s(b)) — F(s(a)).

Proof. The functions F' and s are both continuous, so the composite function F o s
is itself continuous on [a,b]. Similarly, by the chain rule, F o s is differentiable on
(a,b) and for all = € (a,b), its derivative is equal to

(Fos)(z) = F'(s(x)) - (x) = f(s(x)) - ' (x).

Next, let ¢: [a,b] — R be the extension of the function (f os)-s’: (a,b) — R to the
interval [a, b], defined so that ¢(a) = ¢(b) = 0. The function (fos)-s': (a,b) = R
is integrable by the proposition’s assumptions, so by Definition 9.26 the extension ¢
is also integrable. We then apply the second fundamental theorem of calculus to get

b b
/fwmﬂwmz/w@wszmw@wmw =

. J

Admittedly, Proposition 9.34 is written in a rather general form. Under stricter restrictions,
the proposition simplifies considerably.

Corollary 9.35: Simplified change of variables for definite integration

Let v,w € R be two real numbers for which v < w, and let f: [v,w] — R be a
continuous function. Let a,b € R be two real numbers for which a < b and let
the function s: [a,b] — R be continuous on the closed interval [a,b], continuously
differentiable on the open interval (a,b), and let s((a,b)) C (v,w). If the function
(fos)-s: (a,b) = R is bounded, then

s(

b)
F(¢) dt.

b
/ f(s(x))s'(x) dx =
a s(a)

Proof. We first define the function F': [v,w] — R according to
F(u) =/ f)dt, wev,wl.
s(a)

By the first fundamental theorem of calculus, the function F' is continuous on [v, w],
differentiable on (v, w), and for all u € (v, w) obeys

F'(u) = f(u).

Because s is continuous and s((a,b)) C (v,w) by the proposition’s assumptions,
it follows from Corollary 6.40 that s([a,b]) C [v,w]. Again by the proposition’s
assumptions, the function (f o s)-s': (a,b) — R is continuous and bounded, and so
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is integrable on the interval [a, b]. We then apply Proposition 9.34 and the second
fundamental theorem of calculus to get

b s(b)
/f(s(x))s’(x)dsz(s(b))—F(s(a)): S 0

s(a

. J

We will now illustrate the above integration rules with a number of practical examples.

Example 9.36: Computing definite integrals

(1) (Integrating the power function) For any natural number n € N and real
numbers a,b € R, we can use the second fundamental theorem of calculus to

compute
b n+1
75
/ " dx =
o n+1

(2) (Integrating the sine function) The definite integral of the sine function over
the interval spanned by any two real numbers a,b € R is

b bn—l—l . an—i—l

n+1

a

b
. b
/ sinzdx = —cos:z:!a = —cosb + cosa.
a

As a concrete example, the area between the sine function’s graph and the
horizontal axis on the interval from 0 to 7 is

s
/ sinzdz =cos0—cosm=—(—1)+1=2.
0
On the other hand, the integral of the sine function from 0 to 27 is
2m
/ sinxdr = cos0 —cos2r = —(—1) — 1 =0.
0

Even though the area between the sine function’s graph and the horizontal axis
on the interval from 7 to 27 is also equal to 2, this area contributes negatively
to the above definite integral because the sine function is negative on the
interval z in (, 27) (perhaps see the discussion in Remark 9.9 for context).

(3) (Computing the area of a circle) Consider the semicircle bounded by horizontal
axis and the graph of the function

f(z) = \/m, x € [—r,r].

The area S; of a circle of radius r is twice the area, say Ss, of the above
semicircle. We will compute the integral with the change of variables

xr =rsint, dx = rcostdt.

In this case the interval of integration changes to t € [—m/2,7/2], and the area
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of the circle is

.
S =28 = 2/ Vr2 —z2dx
-7
w/2
:2/ Vr2 —r2gin?t rcostdt
—7/2
/2 w/2
= 27"2/ V1 —sin?t costdt = 27’2/ cos® tdt
—7/2

—7/2
—2r2/ﬂ/2 1—|—Cos2tdt

As expected from elementary geometry, the area of a circle of radius r is 772,

9.4 Numerical integration

The second fundamental theorem of calculus is a powerful tool for the computation of
definite integrals, but is useful only when one can analytically compute the primitive function
of the integrand. When a primitive function is not known or its computation is infeasible,
it is possible to approximate definite integrals to arbitrary precision using integration.
Numerical integration falls within the scope of the more general field of numerical methods,
and we will only cover two simple techniques here.

Topic 9.4: Building up to the trapezoidal rule

Let a,b € R be two real numbers for which a < b, let f: [a,b] — R be an integrable
function, and let n € N be an arbitrary natural number. We first divide the interval
[a, b] into n subintervals determined by the evenly-spaced boundary points

h—
T =a+k a’

k=0,1,...,n.

On each of these n subintervals, we approximate the region between the horizontal
line [xg_1,zx] x {0} and f’s graph with the region between [x;_1,x] X {0} and the
line connecting the points (a:k_l, f(xk_l)) and (ack, f(a:k)) As long as f(zg—1) and
f(zp) have the same sign, this approximation region is a trapezoid, hence the name
“trapezoidal rule”.

Letting y = f(xx) for k =0,1,...,n, we then sum the area of each of the trapezoids
to get the approximation

b
b—a [ yn —
/ f(x)dv’U“T<%+y1+y2+'“+yn—1>-

Of course, any approximation is of little use without an estimate of its error; we formulate
the trapezoidal rule’s error precisely in the following proposition.
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Proposition 9.37: The trapezoidal rule

Let f: U — R be a twice continuously differentiable function defined on the open
interval U C R, let a,b € U be two points for which a < b, fix arbitrary n € N, and

define ,
yk:f<a—|—k _“), k=0,1,...,n.
n

In this case (without proof) there exists a point ¢ € [a, b] for which
b 3

9k b—a

/ flx)dz = (% +y1+y2 +---+yn—1) - (12—2)f'/(0).
a n

Because f is twice continuously differentiable, the function |f”|, being continuous, is
bounded above by some constant on the interval [a, b], and so the above proposition
gives an estimate of the error of the trapezoidal rule; this error is inversely proportional
to the square of the number of subintervals n.

\

In most cases the area approximation using the trapezoidal rule is better than the corre-
sponding Riemann sum approximation for a given number of subintervals n.

Simpson’s rule is a generalization of the trapezoidal rule that uses parabolas instead of
line segments to approximate the area between a function’s graph and the horizontal axis
on each subinterval. We state Simpson’s rule and its corresponding error bound in the
following proposition.

Proposition 9.38: Simpson’s rule

Let f: U — R be a four-times continuously differentiable function defined on the
open interval U C R, let a,b € U be two points for which a < b, fix arbitrary n € N,
and define

bh—
k= f (a—{—k a), k=0,1,...,2n.
2n
In this case (without proof) there exists a point ¢ € [a, b] for which
b n n—1 5
N b—a (b — a) (4)
/a f(z)dz = o (yo + 4;34%1 +2 ;y% + y2n) Wf (o).

Because f is twice continuously differentiable, the function |f”|, being continuous, is
bounded above by some constant on the interval [a, b|, and so the above proposition
gives an estimate of the error of the trapezoidal rule; this error is inversely proportional
to the fourth power of the number of subintervals n.

9.5 Improper integrals

We have thus far computed definite integrals only of bounded functions defined on closed,
bounded intervals. In this section we will expand the definition of the definite integral to
apply to unbounded functions or to functions defined on unbounded domains. This type of
generalized definite integral is called an improper integral; we will see that its existence
depends on the existence of one or more limits. In cases where an improper integral exists,
it is said to converge; when an improper integral does not exist, it is said to diverge.
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9.5.1 Improper integrals on bounded intervals

For the entirety of this section, let a,b € R be two real numbers for which a < b.

Topic 9.5: Improper integrals on bounded intervals

(I) The improper integral of a continuous function f: (a,b] — R exists if the limit
b
lim z)dz
Ly f(@)

also exists. In this case the limit is called the improper integral of f in the
limits from a to b, and we use the shorthand notation

e—0t

/a " f(#)de = lim / b+ f(@) da.

(IT) The improper integral of a continuous function f: [a,b) — R exists if the limit
b—e
lim f(x)dx

e—0t Jg,

also exists. In this case the limit is called the improper integral of f in the
limits from a to b, and we use the shorthand notation

b b—e
/ f(z)dz = lim f(z)dz.

e—=0t Jq

(III) Let P be a nonempty, finite subset of the interval [a,b], let f: [a,b0] \ P — R
be a continuous function, and let rg,r1,...,7, € R be real numbers for which

a=rg<r<--<rp1<r,=»=

and either
(a) PN [rg—1,7%) = {rx—1} or
(b) PN [rg—1,7x) ={ri} forall k =1,2,... n.

In this case the function f’s improper integral exists if each of the type (I) or
type (II) improper integrals

Tk
/ flz)dz, k=1,2,...
Tk—1

also exist. In this case, f’s improper integral of f in the limits from a to b is
b n Tk
/ f(z)dz = Z f(z)dz.
a k=1"Tk-1

Note that there are many possible choices of the numbers rg, 71, ..., r,, but
the resulting value of the improper integral is independent of the choice.
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If the function f mentioned in the cases (I), (II), and (III) above is bounded in addition to
being continuous, then f is integrable by Example 9.27, and f’s improper integral in the
limits from a to b converges to f’s definite integral from a to b.

Proposition 9.39: Applying the second fundamental theorem of calculus
to improper integrals

Let a,b € R be two real numbers for which a < b, let P be a nonempty, finite subset
of the interval [a, b], and let f: [a,b]\ P — R be a continuous function. If there exists
a continuous function F': [a,b] — R that is differentiable on the subset (a,b) \ P and
obeys

F'(z) = f(z) for all z € (a,b) \ P,

then the improper integral of f exists and obeys
b
/ f(z)dz = F(b) — F(a).
a
Proof. We divide the proof into the following three cases:
(i) If P = {a}, the proposition follows from the calculation

b b
/ f(x)dz = lim flx)dx

e—0t a+te

@ lim [F(b) - F(a+ )]

=0+
Y F@) - Fla),
where (a) follows from the second fundamental theorem of calculus and (b)
from the continuity of F' at a.
(ii) If P = {b}, we make the analogous calculation

b b—e
/ f(z)dz = lim f(x)dz

e—0t Jq

= lim [F(b—¢€) — F(a)]

e—0F

= F(b) — F(a).
(iii) Now let P be an arbitrary nonempty, finite subset of the interval [a,b]. Let
ro,T1,...,Tn € R be real numbers for which
a=rg<r <--<rp1<r,==b
and either
(a) PNrg—1,7m%] = {rg-1} or
(b) PN [rg—1,7x) ={r1} forall k =1,2,...,n.

In this case points (i) and (ii) imply that for each kK =1,2,...,n the improper
integral of the function f exists on the interval [ry_1,7%] and is equal to

/Tk £(z)dz = F(ry) — F(re_y).

k
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We then divide the integration integral as in Corollary 9.23 to get

/abf(w - /f

O

which completes the proof.

Example 9.40: Improper integrals on bounded intervals

(1) The improper integral of the function x — 1//x in the limits from 0 to 1
converges by the calculation

——hm/\/_—hm2\/_‘ lim (2 —¢) = 2.

e—0t e—0t e—0T

(2) The improper integral of the function  +— 1/ in the limits from 0 to 1 diverges
by the calculation
Ldx Lz

— = lim — = lim ln|93| = lim (In1 —Ine¢) = oo.
0 T e—0t Jo @ e—0t e eso0t

\.

Notice that both of the above integrands take the form f(x) = 1/z® for some a € R; we
consider a more general form of this type of integrand in the following proposition.

Proposition 9.41: Convergence criterion for improper integrals of power-

function denominators on bounded domains

Let a,b € R be two real numbers for which a < b, let g: [a,b] — R be a continuous
function, and define the constant o € R. In this case the improper integral

b
/ 9=) 4.
a (3j - a)a
(i) converges if o < 1 and

(ii) diverges if @ > 1 and g(a) # 0.

Proof.

(i) Let n € N be a natural number for which n(1 —a) > 1 and define the new

integration variable
t=Vx—a,

244



in which case x = a + t" and dz = nt" 1. We then make the calculation

/b—g(x) dwg) lim ' —g(x) dx
a

x—a)® =0t Jore (x—a)e

(b) Yb—a
= lim / ng(a + t")1—=1 gy
=0t J /e

Vb—a
© / ng(a + t“)t”(l_o‘)_1 dt,
0

where (a) holds by the definition of an improper integral, (b) from the change
of variables x = a + t", and in (c¢) we have switched the order of limit and
integral evaluation because the function ¢ — ng(a + t")t"(1=*)~1 is continuous
on the interval [0, ¥/b — a]. And since the function t — ng(a + t")t"(1=~1 is
continuous and defined on a closed interval, it must also be integrable, and so
the above improper integral reduces to the corresponding definite integral.

(ii) Assume g(a) > 0. The function g is continuous, so there exists a point ¢ € (a, b]
for which ¢ —a < 1 and
g(x) > g(a)/2 for all z € [a,c].

It suffices to show that the improper integral of the function z — g(x)/(z —a)®
diverges in the limits from a to ¢. To show this integral indeed diverges, for
any small-enough ¢ € R* we first make the calculation

R )
/aJre(x—a)ad Z/CL+€2(x—a)
g(a)

= T[ln(c—a) —lne].

The improper integral evidently diverges because the limit

El_i}élJr [In(c — a) — In¢]

also diverges. The proof is analogous when g(a) < 0. O

9.5.2 Improper integrals on unbounded intervals

Topic 9.6: Improper integrals on unbounded intervals

(IV) Let b € R be an arbitrary real number and let f: (—oo,b] — R be a continuous
function. The improper integral of the function f exists if the limit

b
lim f(x)dz

a——0o0 a
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(VD)

(VII)

(VIII)

also exists. In this case the limit is called the improper integral of f in the
limits from —oo to b, and we use the shorthand notation

b b
/ f(z)dz = lim f(x)dz.

a——0o0 a

Let a € R be an arbitrary real number and let f: [a,00) — R be a continuous
function. The improper integral of the function f exists if the limit

b
e [ 100

also exists. In this case the limit is called the improper integral of f in the
limits from a to oo, and we use the shorthand notation

o0 b
[ s@ae = i [ s)an

b—oo J,

Let b € R be an arbitrary real number, let P be a nonempty, finite subset of the
interval (—oo, b, let f: (—o0,b]\ P — R be a continuous function, and let v € R
be any real number less than the smallest value in P. The improper integral of
the function f exists if the type (IV) and type (III) improper integrals

/_Oo f(z)dz and /Ubf(:c) dz

also exist. In this case the improper integral of f is given by

/;f(l’)dwz/;f(w)der/vbf(x)dx_

Note that the result is independent of the choice of v.

Let a € R be an arbitrary real number, let P be a nonempty, finite subset of the
interval [a, c0), let f: [a,00) \ P — R be a continuous function, and let w € R
be any real number larger than the largest value in P. The improper integral
of the function f exists if the type (III) and type (IV) improper integrals

/aw f(@)dz and /woo f(@)dz

also exist. In this case the improper integral of f is given by

/aoof(x)dx:/(lwf(x)dx+/:of(x)dx

Note that the result is independent of the choice of w.

Let P be a finite subset of the real numbers, let f: R\ P — R be a continuous
function, and let w € R\ P be an arbitrary real number. In this case the
improper integral of the function f exists if the type (IV)/(VI) or (V)/(VII)
improper integrals

/7; f(z)dz and /:o f(z)dz
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also exist. In this case the improper integral of f is given by

/_Zf(x)dm: /_lf(m)dx—l—/uoof(x)dx‘

Note that the result is independent of the choice of uw € R\ P.

Example 9.42: Improper integrals on unbounded domains

(1) Let us first solve the following integral:

* dx . b dz
— = lim —
1 X b—oo 1 a5

b
= lim In |m|’
b—oo 1

= lim (Inb—In1) = co.
b—ro0

The limit diverges, and so the improper integral of the function z +— 1/x in
the limits from 1 to oo also diverges.

(2) We now consider the exponential function z +— e* on the interval (—oo, 0]. This
improper integral does exist, as shown by the calculation

0 0
edr = lim e’ dx
—69 a——oo [,

) 0
= lim €*

_ 1 0 _ _
Jim = lim (e e“) =1.

a a——00

(3) We conclude the example with one more convergent improper integral:
* dx . by . 1

— = lim — = lim >

1 T b—oo J1 T b—oo —2

I 1 n 1 1

=lm({-—=—=+=)==.

b—o0 262 2 2

We conclude the chapter with two convergence criteria for improper integrals on unbounded

domains.

b

1

J

Proposition 9.43: Convergence criterion for improper integrals on un-

bounded domains

Let a € R be an arbitrary real number and let f: [a,00) — R be a continuous
function. The improper integral
o)
| f@
a

converges if, and only if, for all e € RT there exists a real number b € R for which
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b>a and )
[ #@)as

Proof. We first define the function F': [a,00) — R according to

:/atf(:n)dz:

(=) Assume the improper integral converges, which means that the limit

< € for all u,v € R for which b < u < v.

L= lim F(¢)

t—o0
exists. For all € € R there thus exists a large-enough real number b > a such that
IF(t) — L| < % for all £ > b.
For any real number u,v € R for which b < u < v we then make the calculation
z)de| = |[F() = F(u)| = |F(V) — L+ L = F(u)

L[+ |L = F(u)|

F(v) -

l\')lm

(<) Assume the proposition’s convergence criterion holds for the function f. For
arbitrary € € R there thus exists a sufficiently large real number b > a such that

|F'(v) — F(u)| = x)dx

<6
2

for any two real numbers u and v for which b < v < v. The result |F(v) — F(u)| < €
means that the sequence (F (a+n))n oy s a Cauchy sequence, and is thus convergent
by Proposition 4.31. Let  denote the limit of this sequence and choose a large-enough
natural number n € N such that a +n > b and

|F(a+n)—Q| < g

For every real number t for which ¢ > b, we can make the bound

[F(t) = Q| = |F(t) = Fla+n) + Fla+n) - Q|
<|F@) = F(a+n)[+|F(a+n) - Q|
<§+§=e.

The result |F(t) — Q| < € for arbitrary ¢ € RT means that
Q = lim F(1),

and so the improper integral converges. OJ

248




Proposition 9.44: Convergence criterion for improper integrals of power-

function denominators on unbounded domains

Let a € RT be any positive real number, let g: [a,00) — R be a bounded, continuous
function, and let a € R be a continuous constant. In this case the improper integral

(i) converges if @ > 1 and

(i) diverges if & <1 and inf{|g(x)|; = € [¢,00)} > 0 for some ¢ € [a, 00).

Proof. We prove the two parts in turn:

(i) For any real numbers u,v € R for which a < u < v we first make the calculation

v v
gz dz
[ 22 aaf <suplg) [
l—a |V
= supllo T — |

_ Sup(|g|) (,Ulfoc _ ulfa)

l—«o
@ sup(lgl) 1-a
- oa-—1

where (a) follows from the fact that w and v are both positive. We note that

lim '™ =0 (if a > 1),

U—00

then complete the proof with the calculation

lim ‘/ %dx‘ < Swl9D |y - g,

U—00 - a-—1 U—00

which, by Proposition 9.43, means that the improper integral of g/z® converges
in the limits from a to co.

(ii) We will assume without loss of generality that a = ¢ and a, ¢ > 1, and define
W = inf{lg(z)[; = € [a,00)}.
Because W > 0 and the function g is continuous, either
9(a,50)) € [W,00) or g([a,00)) C (=00, —W].

For any real number b > a we can then make the bound

b (a) b b
/g(x)dazz/ g(x)deW/ %:W(lnb—lna),

¢ T
where (a) holds because a < 1 and a > 0. We then note that

lim (Inb — Ina) = oo,
b—o0

and so the associated improper integral diverges in the limits from a to oo.
The proof is analogous when ¢([a, >)) C (—oc0, —W]. O
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9.6 The integral test for series convergence

We conclude this chapter with the integral test, in which definite integration is used to test
the convergence of series of real numbers as studied in Chapter 5.

Proposition 9.45: The integral test

Let f: [1,00) — R be a decreasing, continuous function for which

f(z) >0 for all z € [1,00).

/100 f(z)dx

converges if, and only if, the series of real numbers

S,

In this case the improper integral

also converges.

Proof. We will first prove an auxiliary inequality, the prove the proposition itself.
Choose arbitrary n € N and define the set

D,={1,2,....n+1} CR.

The set D,, is a partition of the interval [1,n + 1] into n subintervals, and we will

write it in the form D,, = {k +1}}_,. Because the function f is decreasing, its upper
and lower Darboux sums on the partition D,, are

n n

S(f,Dn) =) _f(k+1) and S(f,Dn) =) f(k+1),

k=1 =

k=1

which we then combine with Equation 9.1 to get the desired inequality
n n+1 n
S flk+1) < /1 f@)dz <3 F(k). (9.13)
k=1 k=1

We will now prove the proposition itself.

(=) Assume that the improper integral [ f(z)dz converges to the number I € R.
For all n € N, Equation 9.13 then implies the inequality

n+1 n n+1
SOEG) = £+ Fle+1) < £(1) + /1 f@de< )+ (9.14)
j=1 k=1

Equation 9.14 means that

n

Zf(k+1)§]foralln€N,
k=1
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and so the increasing sequence of partial sums of the series of nonnegative numbers
> f(k)]zozl is bounded above by I, and is thus convergent by the monotone
convergence theorem (Proposition 4.15).

(<) assume the series of real numbers Y [f(k)] "

p—p converges to the sum A € R.
Equation 9.13 implies that

n+1 w
[ @<y s <a
L k=1
and so the increasing function I: [1,00) — R given by

b
() = /1 (@) dz

is bounded above by the number A. Because I is bounded above it must have
a supremum; because [ is increasing this supremum must also be I’s limit as b
approaches infinity, and so the improper integral

/100 f(z)dz

converges. O

A classic application of the integral test is proving the divergence of the harmonic series,
which we show in the following example.

Example 9.46: Using the integral test

Consider the series of real numbers
1 oo
> (—a) ., a€R, (9.15)
k) =1

and let the function f: R™ — R be given by

By the integral test, the series in Equation 9.15 converges if, and only if, the
improper integral of the function f on the interval from 1 to co converges, and by
Proposition 9.44 this improper integral converges if o > 1, and diverges otherwise.

In particular, letting o = 1, this result means that the harmonic series

().

diverges, as we have already shown in Example 5.7.
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10 Taylor series and power series

In this section we will explore some elementary properties of power series, focusing in
particular on the construction of Taylor series.

10.1 Taylor’s formula

Loosely, Taylor’s formula approximates a differentiable function around a point in its
domain using a polynomial weighted by the function’s derivatives at that point.

As a simple motivating example using only the first derivative, let f: U — R be a
differentiable function defined on the open subset U C R and define the point a € U. As
mentioned in Remark 7.4, the tangent line to the graph of the function f at the point
a is the line that best approximates f’s graph at the point (a, f(a)) We may thus use
f’s derivative to approximate f’s function values around a using the linear, or first-order,
approximation

f(z) =~ f(a)+ f'(a)(z — a) (if = is “near” a).

We will have more to say on the validity of the approximation and how to be sure z is “near
enough” to a in the coming pages.

Example 10.1: Computing a cube root with a linear approximation

Let us use a linear approximation to compute the cube root of the number 1003. We
first note that—intentionally—the number 1003 is relatively close to 1000, which
has a cube root of 10.

To use a first-order approximation to compute /1003, let the function f: R — R be
given by

and so its derivative is

@) = a7

We will then form a linear approximation of f about the point 1000. The function
value and derivative value at 1000 are

1
1000) = 1 /(1000) = —
f(1000) =10 and f(1000) = 5.

and so the linear approximation of f about a reads

f(=) ~ £(1000) + f'(1000)(z — 1000) = 10 + %'

We then this approximation to compute the estimate

Y1003 ~ 10 + % = 10.01.

The true value of v/1003 to six decimal places turns out to be 10.009990, so the
approximation appears to be quite “good”.

\.

Importantly, the approximation method used in the Example 10.1 offered no self-contained
estimate of the approximation’s error—we had to resort to external means (in this case, a
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simple scientific calculator)—to compute the true value of v/1000.

Quite, generally, an approximation method is of little use without a self-contained estimate
of its error. Fortunately, Taylor’s approximation formula does include an estimate of its
error. We will build up to this formula in the coming pages, and begin with an auxiliary
result showing how to express a real-valued polynomial in terms of its derivatives.

Proposition 10.2: Expressing a polynomial in terms of its derivatives

Let P: R — R be a scalar polynomial of degree at most n € NU {0} and let a € R
be a real constant. In this case, for all x € R, the polynomial P can be expressed as

P// (a)
2

P (q)

n!

P(z) = P(a) + P'(a)(z — a) + (x—a)®+---+ (x —a)".

Proof. We first write the polynomial P in the form
P(z) = anz™ 4 apn_12" 1 + - + a1z + ay,

where ag, a1, ...,a, € R are real constants. We then define the new variable h = x—a
(and so x = h + a) and expand the polynomial P in powers of h to get

Pla+h)=an(a+h)" +an_1(a+h)" 4+ +ai(a+h)+ao.
This expression can alternatively be written in the general form
P(a+h) = byh™ 4 by 1h" L 4 -+ byh + by,

where the new coefficients by, by, ..., b, depend on both the point a and the original
coefficients of the polynomial P. We could compute the explicit form of the {b}
coefficients using the binomial formula, but we will instead compute them using
differentiation. Namely, we repeatedly differentiate the expression for P(a + h) with
respect to h to get

(P(a+h)) = nbyh" L 4 (n — 1)by1h" 2 4 - - 2boh + by
(P(a+h))" = n(n—1)b,h" 2+ (n— 1)(n — 2)bp_1h" 2 + - + 2by

(P(a+ h))(n) =n(n—1)--[n—(n—1)]b,.
We then simply evaluate each derivative at h = 0 to get

P®)(a)

P®)(a) = klby = by = T

k=0,1,...,n.

Having solved for the coefficients {by}, we can immediately write P(x) in the form

P(z) =Pla+h) =bg+bih+ -+ by_1h" " + byh"
P (a)
(n—1)! n!

=Pa)+ Pla)(x—a)+---+

which completes the proof by construction. O
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Proposition 10.2 implies that a scalar polynomial P of degree at most n € N is uniquely
determined by the set of numbers

{P(a),P'(a),...,P™(a)}

for a given point a € R. Thus, for any smooth function f: U — R, Proposition 10.2 means
it is possible to find a unique polynomial whose derivatives up to order n at a chosen point
a in the function’s domain agree exactly with f’s derivatives at a. More precisely:

Corollary 10.3: Polynomial approximation of a function at a point

Define the integer n € NU {0}, let U C R be an open subset of R, let f: U — R be
an n-times differentiable function, and define the point @ € U. In this case there
exists exactly one real polynomial P: R — R of degree at most n for which

PR @)= f®(a), k=0,1,...,n.

This polynomial is given by the formula

*) (g
P(a:):zf kf )(ac—a)k.

k=0

n

Proof. The corollary follows directly from Proposition 10.2. O

The polynomial P in Corollary 10.3 is a special case of a so-called Taylor polynomial, which
we define more precisely below.

Definition 10.4: Taylor polynomial and Taylor expansion

Define the integer n € NU {0}, let U C R be an open subset of R, let f: U — R be
an n-times differentiable function, and define the point @ € U. In this case the n-th
order Taylor polynomial of the function f expanded about the point a is defined as

n ) (g
T fasa) = Y0 T
k=0

z — a)*.

This polynomial is sometimes also called the n-th order Taylor expansion of the
function f about the point a, and is used to approximate f’s values near a.

We will now compute the Taylor polynomials of some common functions.

Example 10.5: Taylor polynomials of common functions

(1) (A polynomial) Let use compute the Taylor expansion of the polynomial
f(x) =23 — 222 — 4o + 8

about the point 2, i.e. in powers of (x — 2). Currently, the polynomial is
expanded in powers of the variable x about the point 0; to switch to powers of
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(x — 2), we first compute the three derivatives

f’(a:):33:2—43:—4 f(2)=
f'(x) = 6z — 4 f(2) =
£"(@) =6 7(2) =

We then note that f(2) = 0 and apply the polynomial expansion formula in
Proposition 10.2 to write f(z) in the form

6 z—2)3

f(x):0+0(x—2)+§(a:—2)2 3'(

=4(z — 2)% + (z — 2)3.

The first few Taylor polynomial of the function f are

Tof(z;2) =0

T1f(x;2) =0

Tof(x;2) = 4(x — 2)?

Tsf(z;2) = 4(z — 2)* + (z — 2)°

Because f is a polynomial of degree 3, its higher-order Taylor polynomials are
equal to the function f itself, i.e.

f(z) = T, f(x; 2) for all natural numbers n > 3.

(Exponential function) Let us compute the Taylor expansion of the function
frx—e”
about the point a = 0. We first note the simple relationship f (k) (x) = €%, so
F*)(0) =1 for all integers k > 0.

For all n € NU {0}, the Taylor expansion of the exponential function is thus

k 2 J,‘3 "

Tnf(a:;O):Z%:1+x+%+§+...+m_
k=0 :

(Sine function) Let us compute Taylor polynomial of the sine function
frz—sinx

about the point @ = 0. The sine function’s first four derivatives are
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Notice that f”” = f. In fact, f’s higher derivatives repeat with period 4, and
so for all integers p > 0 the sine function’s derivatives at = 0 are

For every integer m > 0, the m-th order Taylor polynomial of the sine function
expanded about the point 0 is thus

1 0 1 0 — 11l
T2m+1f(a:;0):O+Ia:+—x2 a3 —at 4. +( )

2 Tt Tt (2m +1)!
I3 $5 337 (_1)m$2m+1
I I A g by
ue k 2k:+1
-3 G

k=0

Note that this Taylor expansion contains only terms with odd powers, which is
in fact a consequence of the sine function being odd.

(4) (Cosine function) We conclude this example with the Taylor polynomial of the
cosine function f: x — cosz about the point a = 0. Following an analogous
procedure to that used above for the sine function, for all integers p > 0 the
cosine function’s derivatives at x = 0 are

410) 0

Il
S =

(4p+1) 0

(

(
(4p+2) (0) =

(

—_ — — —

(4P+3) 0

For every integer m > 0, the m-th order Taylor polynomial of the cosine
function expanded about the point 0 is thus

:L‘2 584 1‘6 (_1)m 2m
om f (23 0) BT m)!

e k2k

R

This Taylor expansion contains only terms with even powers, which is in fact a
consequence of the cosine function being even.

Definition 10.6: Taylor approximation and remainder

Define the integer n € NU{0}, let f: U: R be an arbitrary (n+1)-times differentiable
function defined on the open subset U C R, and let a € U be a constant. For each
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x € U\ {a} the n-th order Taylor approzimation of the function f at the point a is

f™(a)

n!

f(x) = Tpf(x;a) = f(a) + f'(a)(z —a) +--- +

(x —a)".

The error or remainder of the n-th order approximation, denoted by R,, is the
difference between the true function value and the Taylor approximation 7, i.e.

Rn(x) = f(2) = Tuf(z; ).

In terms of this remainder, for every & € U the function value f(x) can be written
exactly in the form

f@)=fla)+ f(a)(z —a)+---+ (x = a)" + Rn(2).

We will dedicate the next few pages to deriving (and thus constructively proving) Taylor’s
formula, which gives a bound on the remainder in Taylor approximations.

Topic 10.1: Deriving Taylor’s formula

Define the integer n € NU{0}, let f: U: R be an arbitrary (n+1)-times differentiable
function defined on the open subset U C R, and let a € U be a constant. Fix an
arbitrary point z € U \ {a} and natural number p € N and define the function
F: U — R according to

(n) T —t)" €T — p
F@) = @)~ 10 - f 0@ -1 - - L0 g (221

Assume that the chosen point x is close enough to the expansion point a that the
entire interval between x and a lies inside the set U, so that the function F' of the
variable ¢ is defined at all points ¢ € [z, a.

We first note that, by construction, the function F' is continuous on the closed interval
[a, z] and differentiable on the open interval (a,z). At the interval endpoints, the
function F' obeys

— f(z) ~ (@)~~~ 0 -0 =0,

") (z)(x — )™ z—x\?

F@) = f(a) - @) - f@)a =) = - L= _ g (o) (222}
=f(z)— f(zx)—=0—---—0—-0=0.

Thus F(a) = F(z) =0, and so F' meets the criteria for Rolle’s theorem. By Rolle’s
theorem there then exists a point £ in the open interval (a,z) for which F’'(¢) = 0.

Before computing the derivative F”, we first use the product rule to make the auxiliary
calculation

d | f® @) (z —t)k FED @ (2 —0)F  fE (@) (z — t)kL
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We then differentiate F' with respect to t to get

dt P k! x—a
@, = FEDO@E-0F K P O@ -t pRux) (-t
_O_Z k! Z (k—1)! r—a (az—a)
k=0 k=1
© - W=t S I O@ 1) pRae) (2t )
- _k:O kt =0 2 r—a (x—a)
_ MW@ =" pRu(a) (z—t\"
T n! T g (x — a> ’

where (a) follows from Equation 10.1 and (b) from introducing the new summation
index [ = k — 1. We then evaluate the above equality at the Rolle’s theorem point
€ € (a,z) at which F'(£) =0 to get

PO =" _ pRa(x) <x - 5)“ |

Fl€)=0 =

n! r—a \r—a
then rearrange and solve for the remainder to get

(CR 9 i MR) 3)

Ra(z) = o

(x —a)P.

Different choices of the number p € N lead to different expressions for the remainder,
but in any case the remainder depends on the (n + 1)-th derivative of the function f.
Resultantly, an upper bound on the magnitude of the function f (n+1) will also place
an upper bound on the magnitude of the remainder R, (z); finding such an upper
bound is the motivation for Taylor’s formula, which we are close to deriving.

Next, we will parameterize the line between the points x and a in terms of the
parameter 6 € (0,1), and write the number £ € (a,x) in the form

E=a+0(x—a), 60€(0,1).

The parameter 6 indicates where the point £ lies on the line between a and x; note
that 0 = 0 corresponds to £ = a and 0 =1 to £ = x. It then follows that

z—€&=z—a—0(zx—a)=(x—a)(l-196),
in terms of which the expression for the remainder R, (z) reads

(1 _ 9)n7p+1f(n+l) (a + 0(1, _ CL))

n+1
p-n!

R, (x) =

(- a)

Choosing p = n + 1 in this expression gives the Lagrange form of the remainder,

which reads (n41)
e +6(x —
Fale) = EZ + 1():'E ). (z —a)™*!
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for some value of the parameter 6§ € (0,1). Meanwhile, choosing p = 1 gives the
Cauchy form of the remainder, which reads

(1= 0)" £ (a + 0@ — a)
n!

n+1
)

R () = (z —a)

again for some value of the parameter 6 € (0, 1).

We stress that, for a given function f: U — R, order n € N, and expansion point
a € U, the value of 0 will differ for different choices of the number p € N; similarly, the
value of 0 also depends on the value of z at which the remainder R, (x) is evaluated.
The above derivation proves by construction the following forms of Taylor’s formula:

Theorem 10.7: Taylor’s formula

Define the integer n € NU {0}, let U C R be an open interval, let f: U — R be an
arbitrary (n + 1)-times differentiable function, and let a € U be a constant. In this
case for every z € U \ {a} there exists § € (0,1) for which

(i) (Lagrange form of the remainder)

" f)(q
:ka!( )

Ry for (a +6(z — a)) n+1

(n+1)!

(z —a)

f(z)

x—a)

k=0

(ii) (Cauchy form of the remainder)

n k) (g
@) =3 00 oty

k=0

(1-0)"f ) (a + 6(z — a))

n!

n+1

(z —a)

10.2 Taylor series

In both the Lagrange and Cauchy forms of the Taylor series remainder in Theorem 10.7, the
bound on the approximation’s error decreases rapidly with increasing n, i.e. as more and
more terms are added to the approximating Taylor polynomial. This observation raises the
question of what happens in the limit as n approaches infinity. As we will see in this section,
under certain conditions the resulting Taylor series converges exactly to the function being
approximated, potentially over the function’s entire domain.

As we have seen in Definition 10.6, for a given n € NU {0} and sufficiently differentiable
function f: U — R, the function value f(x) equals the sum of the n-th order Taylor
approximation T}, f(z; a) and the associated remainder R, (z), i.e.

~ f¥(a) k
F() = Tuf(ia) + Ru(e) = 3 T @ — )t + Roe).
k=0 '
If the function f is not a polynomial, then in general the remainder R, is nonzero. It is

possible, however, that for a given € U the remainder value R, (x) converges to zero as n
approaches infinity. If lim, o Ry (z) = 0, then

o (k) (g
fo) =3 L@ g
k=0

k!
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The real number on the right hand side is the sum of f’s Taylor series, which we now define.

Definition 10.8: Taylor series

Let f: U — R be a smooth function defined on the open subset U C R, and define
the point @ € U. The Taylor series of the function f expanded about the point a is

the infinite series ~
F®)(a)
Z [ x (z —a)* .
k=0

Note that a function’s Taylor series expanded about a given point need not converge to a
function’s value at that given point. The series can converge to some other value or not
converge at all—a Taylor series converges to the corresponding function value only when
the remainder R,, vanishes at that point.

\

We also stress the subtle but important distinction between the Taylor series

*) (g >
5 [f i >(x_a)k] |
k=0

which is an infinite series, and the sum of the series

(k) (g
Zf ()(gj—a)k,

k!
k=0

which is a real number (assuming the series converges).

Example 10.9: Taylor series of the exponential function

Let us compute the Taylor series of the exponential function about the point a = 0.
From Example 10.5, the exponential function’s Taylor polynomials about a = 0 are

k $2 £L'3 n

n
Z Zz
Tnf(:c;O):ZF=1+$+?+§+---+m,
k=0 " '

and so the corresponding Taylor series is

o

Z (%)kzo'

We now aim to find for which points « € R the exponential Taylor series converges
to the exponential function. First, noting that f("*1)(z) = e*, the Lagrange form of
the series’s remainder is

er

fn = (n+1)!

2" for some 6 € (0,1).

Because 6 € (0,1), we can bound the expression e’ above by the number e*. We
will now show that the sequence (|z|"/n!),, converges to zero for all x € R. First fix
N € N for which N > |z|. For every natural number n > N it then holds that

o™ fel® el _ el el @ 2"
— < P < e

(n+1)! nl n+l  nl N n!’
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where (a) holds because N > |z|. The sequence of nonnegative (and thus bounded
below by zero) real numbers (|x|"/n!),, is thus strictly decreasing from the N-th term
forward, and thus converges by Proposition 4.15. More so, we can directly compute
the sequence’s limit with the calculation

L RO N £/
lm — = lim —— = lim — - lim ——
n—oo nl n—oo (n+ 1)l n—ooo n! nocon+1
n
= lim ﬁ -0 =0,
n—oo n)

where (a) holds because offsetting the index n by one does not changes the limit’s
value. The sequence (|z|"/n!), converges to zero, and so

lim R,(xz) =0 for all z € R,

n—oo
which in turn implies that the exponential Taylor series converges to the exponential
for all z € R, i.e.
2 zk 2 23
e _Zk! =ltat+ gt
k=0

In particular, setting x = 1 gives the interesting equality.

Example 10.10: Taylor series of the sine function

Let us compute the Taylor series of the sine function expanded about the point a = 0.
From Example 10.5, the sine function’s Taylor polynomials about a = 0 are

n (—1)k$2k+1

Tony1f(z;0) = Z

|
2" (2k 1 1))
.’133 N .’E5 .’137 N N (_1)nx2n+1
S = — — ——
TR @2n+1)

and the corresponding Taylor series is
Z [(_1)kx2k+1] €9
2k +1)! |i_p '
We now aim to find the associated remainder. We first note that the derivatives of

the sine function are—up to a sign—either sine or cosine functions, and are thus
bounded by 1 in absolute value. For all n € NU {0} we can thus make the bound

F002) | Il
(n+1)! R CESIA

n+1
|Bn ()] = ‘

We showed in Example 10.9 that the sequence (|z|"/n!),, converges to zero, and so

lim R,(x)=0.

n—0o0
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The sine series thus converges to the sine function for all z € R, i.e.

n (_1)kx2k+1

=0

Example 10.11: Taylor series of the cosine function

From Example 10.5, the Taylor polynomials of the cosine function are

‘ B w (_l)kxzk
Ton f(x;0) = kz_o R

Sll===dr=—==—drocor
The corresponding Taylor series is
(_1)km2k €9
Z [ (2k)! ]k:O‘

Following an analogous procedure to that used for the remainder of the sine series,
the remainder of the cosine series also converges to zero:

lim R,(z)=0.

n—00
The cosine series thus converges to the cosine function for every x € R, i.e.

w (_1)k$2k 2 4 6

cosz=) ~enr =l-gtg et
k=0

Example 10.12: Taylor series of the logarithmic function

Let us compute the Taylor series of the logarithmic function
frx—In(x+1)

about the point @ = 0. Note that the function f has a vertical asymptote at the
point x = —1, so we should not expect that the function’s Taylor series will converge
to the function for all z € R.

We first compute the function’s first few derivatives:

fla)= ——= =@+
£'() = —Ul(z +1)°?
£"(z) = 2o +1)"°
#"(z) = Bz +1)~*

We can then deduce that for every k € N the function f’s k-th derivative is

fP@) = (D) k-1l +1)7F
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The function value at the expansion point is f(0) = 0 and for all k£ € N the function’s
k-th order derivative value at @ = 0 is

F®©) = (=1 - 1)L

The function f’s Taylor series about a = 0 is thus

For all n € NU {0}, the Lagrange form of the series’s remainder is

Ry (z) = FOD@6z)  (—1)mal(1 + 6z) !

(n+1)! (n+1)!

(L (e ™
= 1).
n+1\1+06x (0 )

If z € [0,1] then 14 2 > 1, which leads to the bound

(_1)n o n+1 _
n+1 \1+0zx -

The sequence (z"/n),, converges to 0 for z € [0,1], and so

:17”+1

R, = .
|Rafz)| .

lim R,(z)=0, =ze€]l0,1].

n—o0

When z € (—1,0), it is more useful to consider the series’s Cauchy remainder, which
for all n € NU {0} reads

_ g\ £(n+1)

A =-9"(-D)"n!(1+ 9x)‘"‘1$n+1
o n!

D n
O LT
Assuming x € (—1,0), it follows that 14+ #z > 1 — 6 and so
(1-0)x (1-60)x
’ 1+ 6z ’ =g |~
which in turn leads to the bound
[Fn ()] = '(1_?;5 ' HIZ?] <1 |—x|ya;| el”

The right-hand side is geometric sequence with initial term a = |z|/(1 — |z|) and
ratio ¢ = |x| € (0,1), and thus converges to zero by Example 4.20, so

lim R,(z) =0, ze¢€(-1,0).
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We have shown that the logarithmic series converges to the logarithmic function for
all z € (—1,1] and that

oo
_1k—1$k $2 .’L'3 .’I}'4
k=1

When evaluated at z = —1, the logarithmic Taylor series reduces to the negative of
the divergent harmonic series, and thus diverges. Similarly, the logarithmic Taylor
series diverges for |z| > 1, since in this case its terms increase without bound in
absolute value with increasing n.

Remark 10.13: Computing logarithms of larger numbers

With the help of a small trick, one can use the logarithmic Taylor series to compute
the logarithms of numbers larger than 1 in absolute value. We first recall from
Example 10.12 that for arbitrary = € (—1,1) it holds that

2 3 gt
n(l+z)=2— -+ 2 4.
n(l+z)==x 5 + 3 1 ,

2 3 4

x x x
n(l —2) = —p = 2 % .
n( x) T 5 3 1 ,

and that both series converge. We then subtract the two series to get

14+2x
In(1 —In(l—2)=1
n(l+z)—In(l —x) n(l—x)
223 2z°  2z7
=2+

3 5 7

1'2 £L'4 LL‘G
— o1+ 47 ).
x(+3+5+7+ )

The result, i.e.

(12} C (14 E 4542
1—-z/) 3 5 7 ’

makes it possible to compute the logarithm of an arbitrary positive number, since
the function z — (1 + x)/(1 — ) takes on every value in Rt for x € (—1,1).

Example 10.14: The binomial series

We will derive the binomial series from the Taylor series of the power function.

Let @ € R be an arbitrary real number and let f be the scalar function f: z — (1+z)*.
We will expand the power function f into a Taylor series about the point a = 0. We
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first compute the derivatives of the function f, which are

7'(@) = a(l+2)*!

f(z) = ala = 1)1 +2)*72
fPa)=ala—1)---(a—k+1)Q+z)** keN

For all £ € N, the derivative values at zero are

F0) =ala—1)---(a—k+1).

For shorthand, we now introduce the generalized binomial symbol

(a> _da=be(azk4l) R peNu{ol

k k! ’

in terms of which the Taylor series of the power function f expanded about the point
a = 0, also called the binomial series, reads

e et (]

k=0

We will divide the analysis of its convergence into two separate cases:

(i) If « e NU{0}, i.e. if « is a nonnegative integer, then f is a polynomial, and
we will write @« = m to make clear that the power is an integer. In this case
the generalized binomial symbols reduces to the familiar binomial symbol

(f) al= Tl e

m!
= k=0,1,...,m
Kl(m — k)’ et

Meanwhile, for k > m we define (7};) = 0. In this case the binomial series has

only a finite number of nonzero terms and thus converges for all z € R. For all
x € R we can then write the power function z +— (1 + z)™ in the familiar form

1+2)™ = i (7:) z*.

k=0

(ii) Now assume « € R is an arbitrary real number. We aim to find a bound for
the remainder of the binomial series. If z € [0,1), it is convenient to use the
Lagrange form of the remainder, which for all n € NU {0} and some 6 € (0, 1)

reads
R, (x) = an+l
- (n i 1> (1 + Oz) (D gntl
- wvoor 2GS0 ()
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We can bound the expression (1 + 6x)® above by the constant max{1,2%}.
Because = € [0,1) and 6 € (0,1), it follows that z/(1+ 0x) < x, which leads to
the bound

« a—1 a—n
Rl < max(1, 22| |25+ | 25 o
« a—1 a—n
_ 1 90 .‘f ‘
max{1,2%} T2 5 ‘ PTG
We then note that
— -1
lim |2 "] = Mm = |z| <1,

which means that for large enough n we can bound the sequence (| R, (z)|)n
above by the convergent geometric sequence, which means that the remainder
must also converge, i.e.

lim R,(x)=0, z€]0,1).

n—oo

For x € (—1,0), we will use the Cauchy form of the binomial series’s remainder,
which for all n € NU {0} and some 6 € (0,1) reads

Rua) = (1= oy MO0 1 gpe-tesngnn

—(1+ea;)a—1x<a.o‘—1.a—2..,a—n>.[(1—9)3;}”.

1 2 n 1+ 0z

Similarly to the process used in the analysis of the logarithmic series, because
x € (—1,0) we can make the bound

(1-0)x
1+ 0z

'(1—0)z
1-0

More so, we can bound the expression ’(1 + O:E)"_lx‘ above by the constant
value max{1,2%" !} which leads to the bound

—1 -2 _
IRn(2)] < max{1,2°71} - |a| - [ 2a| |2 Za] . |22y,
1 2 n
We then note that
i -n
lim x| =lz| <1,
n—o00 n

which means that for large enough n we can again bound the sequence
(|Rn(z)|)n above by the convergent geometric sequence, which means that
the remainder must also converge for x € (—1,0), i.e.

nlbngoRn(x) =0, ze€(-1,0).

We have shown that the binomial series converges to the power function
frx— (1+x)forall z e (-1,1), ie.

(1+2)* = :0 (Z)azk ze(~1,1).
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10.3 Power series

In this section we will generalize Taylor series to power series, which allow for complex-valued
variables.

10.3.1 Convergence of power series

Definition 10.15: Power series and their convergence

A power series expanded about the point a € C is a series of the form

3 [an(z — )]0,

where ag, a1,... € C are complex constants and z € C is a complex-valued variable.

Setting the value of the complex variable z to an arbitrary complex number produces
a series of complex numbers of the form studied in Chapter 5. If the resulting series
is absolutely or conditionally convergent, we say that the power series converges
absolutely or converges conditionally, respectively, at the point z. Otherwise, the
power series is said to diverge at z.

The region of convergence of a power series is the set of all complex numbers at which
the power series converges. Generally the region of convergence of a power series is a
circular region centered at the point a € C about which the series is expanded.

Remark 10.16: Translation of power series

Most often, we will analyze power series expanded about the point a = 0, i.e. power

series of the form
Z (anzn)f:o-

Note, however, that we can derive an arbitrary power series

3 [an(z — )",

from the zero-centered series ) (anz")zozO from a simple translation by a in the
complex plane. As a consequence of this observation, all results that we will prove for
complex series expanded about a = 0 can be straightforwardly transfered to power
series expanded about an arbitrary point a € C.

Proposition 10.17: Convergence of power series

|

If a power series ) (anz”)n_o converges at the point zg € C, then the series also

converges at every point z € C for which |z| < |z0].

Proof. We will assume that zp # 0, because in this case the condition |z| < |zo|
is meaningless. The power series Y (anz(’f);ozo converges, so by Corollary 5.6 its
individual terms converge to zero, which in turns means that the sequence (a,z{§)n

is bounded. There thus exists a real number M > 0 for which
lanzy| < M for all n € NU {0}.

Now let z € C be any complex number for which |z| < |z9|. We then define the
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nonnegative real number
z
g=|—| <1 <= |z| <20,
20

and note that the series ) | (M q”)zozo is a convergent geometric series because ¢ < 1.
We then conclude the proof with the bound

= n
an2g (z_)
0

which means the convergent series ) (M q")zozo majorizes the series > (anz")zozo,

which thus converges absolutely by the comparison test in Proposition 5.13. O

lanz"| = = |anzgla™ < Mq",

\

Proposition 10.17 implies that if a power series ) (anz”)zozo converges at some point
29 € C, then it converges absolutely at all points in the interior of the disk of radius |zo|
centered at the origin at the complex plane. This observation raises the question of what is
the largest-radius disk for which a given power series converges, which leads to the concept
of a series’s radius of convergence.

Definition 10.18: Radius of convergence

Let > (anz”)zozo be an arbitrary power series and define the set

Bl = {|z|7 z € C and Z (anz™)>", converges at z} CcR.

n=0

The radius of convergence of the series > (anzn)zozo, denoted by R, is then defined as

R {sup B, B is bounded above

o0, B is not bounded above.

\.

Note that B is always nonempty, since it always contains at least the number 0. If R = 0,
the power series (anz”)zozo converges only at the point z = 0. If R = oo, the radius of
convergence is obviously not a real number. Rather, we take R = 0o to mean the radius of
convergence is larger than every real number, in which case the series converges absolutely

in the entire complex plane.

The radius of convergence is characterized by the following properties, which follow directly
from its definition in Definition 10.18.

Corollary 10.19: Characterizing the radius of convergence

The radius of convergence of the power series Y (anz”) is the real number

R € [0,00) U{oo} for which:

(i) The series ) (anz")zozo

oo
n=0

converges absolutely for all z € C for which |z| < R.

(ii) The series > (anz”)zozo diverges for all z € C for which |z| > R.

\

It follows that a power series with radius of convergence R converges absolutely inside the
complex disk with radius R, diverges outside the complex disk of radius R, and may either
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converge or diverge on the disk’s border.

Although we have stated Proposition 10.17 and Corollary 10.19 in terms of a series expanded
about the point a = 0 € C, we can straightforwardly generalize these statements to power
series expanded about an arbitrary point a € C using a simple translation by a in the
complex plane. Namely, the radii of convergence of the power series

Z an(z — a)"] ZO:O and Z (anzn)f:o

are identical and equal to, say, R. The series [anz”] ZOZO converges absolutely for all z
inside the complex disk (0, R), while the translated series Y- [an(z — a)”]zo

_ converges
absolutely for all z inside the complex disk K(a, R).

Definition 10.20: Limit inferior and limit superior

Let (r,) be an arbitrary sequence of real numbers and let E be the set of all cluster
points of the sequence (7). In this case the limit superior of the sequence (ry,),
denoted by lim sup(ry,), is defined as

n—,oo
00, (rn) unbounded above
limsup(r,) = < sup F, (r,) bounded above and E # ()
e —00,  (ry) unbounded above.

The number limsup,,_,.(r,) can be loosely interpreted as the sequence’s largest
cluster point. The limit superior of a convergent real sequence is by definition equal
to the sequence’s limit.

We may also define the limit inferior of an arbitrary real sequence (r,) as

liminf(ry,) = — lim sup(—ry,).
=2 n—o0

Loosely, a real sequence’s limit inferior is the sequence’s smallest cluster point.

Remark 10.21: Some abuse of notation

We will use the following very convenient abuses of notation when working with
inferior and superior limits:

o ~(00) = —x,
o —(—00) = o0,

e /00 =0 for all z € R", and
e z/0=o0 for all z € RT.

These are all abuses of notation because they treat co and —oo as a a real number,
when really co and —oo are a shorthand notation used to indicate that a sequence
or series diverges without bound, as mentioned in Remarks 4.22 and 5.3

\.

Using the limit superior, we can now generalize many of series convergence tests from
Chapter 5 to power series.
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Proposition 10.22: Radius of convergence using the root test

. . . [e.9]
The radius of convergence R of an arbitrary power series » (anz")n

_ Is equal to

1
- lim SUPp— 00 n\/ |an| ‘

Proof. We first define the quantity

R

1

P = )
limsup,,_,o V/|an]

then make the calculation

limsup {/|a,2"| = lim sup (|z| v |an|) = |z| limsup {/|ay| = u
n—o00 P

n—oo n—oo

If |z| < p, the largest cluster point of the sequence (\"/ |anz"|)n is strictly less than
1, meaning there exists a natural number N € N and real number ¢ € R for which

V0|anz"| < g <1foralln>N.

We can then apply the root test for series convergence (Proposition 5.17) to conclude
that the series ) (an2™)22, converges absolutely for all [z| < p.

If |2 > p, then either the largest cluster point of the sequence ({/[an2"]), is strictly
greater than 1 or the sequence ( Y/ \anz”|)n is unbounded below. In either case there

exists a natural number M € N for which {/|a,2"| > 1 for all n > M, and so the
series Y (an2")9, diverges by the root test.

We have shown that the series ) (anz”)zozo converges for |z| < p and diverges for

|z| > p, and so p is the series’s radius of convergence. O

Proposition 10.23: Radius of convergence using the ratio test

The radius of convergence R of an arbitrary power series » (anz")zozo is equal to

1
R=

An41
an

lim sup,,

Proof. The proof is essentially analogous to the proof of Proposition 10.22, with the
ratio test replacing the root test. For the sake of completeness, we first define

1
pP= ama ]’
3 n
lim sup,, o0 | 7o
and then make the calculation

] an+1 . An+1 . An+1
limsup | =+ 2| = limsup |z|| =2 | = |2|limsup | 22| = u
n—00 ap n—o00 n n—00 ap, P
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_aZ:1 z )n is strictly less than 1,

meaning there exists a natural number N € N and real number ¢ € R for which

If |z| < p, the largest cluster point of the sequence (

an+1
an,

z| <g<1foralln>N.

We can then apply the ratio test for series convergence (Proposition 5.18) to conclude
that the series ) (an2™)22, converges absolutely for all [z| < p.

If |z| > p, then either the largest cluster point of the sequence (|(an+12)/(an)|),, is
strictly greater than 1 or the sequence (|(an+12)/(an)l|),, is unbounded below. In
either case there exists a natural number M € N for which (|(an+12)/(ay)|) > 1 for
all n > M, and so the series ) (a,2")5°, diverges by the ratio test. O

\.

Under certain conditions it is possible multiply power series in a well-defined manner. Series
multiplication is, loosely, a generalization of polynomial multiplication; we give a more
precise formulation below.

Definition 10.24: Multiplication of series and the Cauchy product

Let > (anz")zozo and ) (bnz”)zozo be two power series. The product of these two
series is the series

> (2o = [ (@ne)ig] - [0 (0a2)iy)

whose coefficients are given by
n
cn = apby + a1bp_1 + - - +anby = Z agbp_p.
k=0

More generally, let > (un)f;o and ) (”n)zozo be two series of complex numbers.

The Cauchy product of these two series is the series

> (a)iee = [0 ()] - [ (on)iy)
whose terms are given by

n
Wy, = E UpUn—k-
k=0

Note that, by construction, the Cauchy product of two series is commutative. In general, a
Cauchy product of two series does not converge; the following proposition gives a condition
when a Cauchy product does converge.

Proposition 10.25: Convergence of the Cauchy product

Let > (Un)zo:o and Y ('Un)zo:o be two convergent series of complex numbers. If at
least one of the series is also absolutely convergent, then the Cauchy product of the
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series converges, and its sum is equal to

5] = (£ (5

Proof. Assume the series ) (un)zo:
first define the shorthand sums

o0 oo
U=2 w, V=2 v

and also the following shorthand partial sums for all n € N:

n
Wn = E Uk Un—k
k=0

Up=up+ur +---+ un,
Vo=vo+v1+--+ vy,
W, =wo +wyp + -+ + wy.

o 1s absolutely convergent. For conciseness, we

To complete the proof’s preparation, we note that for all n,m € N it holds that

Wn =uoVo + w1V + - +upnWo
Wner = uOVner +-ccup Vi + um+1Vn71 e ooooF uern‘/O-

We aim to show that the sequence of partial sums (W,,) converges to the number UV'.

To do so, first choose arbitrary ¢ € RT. Because the series > (vn)zozo converges, it

sequence of partials sums converges and is thus bounded, so there exists a sufficiently
large real number B € R for which

|Vk| < B for all k € NU{0}.
More so, there exists a sufficiently large natural number n € N for which
|Vatp — V| < e for all p e NU{0};
for each such p let n, = V.1, — V. For each m € N we can then write
U Vigm + - FumVa = (uo + -+ + )V + wolim + - -+ + umno-
Because each 1, is less than € in absolute value, we can make the bound
[wonm + -+ - + umno| < (|U0| = | = e oeoF |um\)e < Ae,

where A is the sum of the convergent series
o
A = fug| + [ua| + |ug| + - =D ug| > 0.
k=0

Continuing, there exists a sufficiently large natural number mg such that

|Umt1| + -+ + |wm1]| < € for all m > mg and | € N.
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We can then complete the proof with the calculation

Wsm — UV| = [toVism + - tm Vi
Um41Vn—1+ -+ + Uy Vo — UV
= [(up+ -+ + um)V + uohm + -+ + umno
Umt1Vn—1+ -+ + Upman Vo — UV|
= [(Un — U)V + ugm + - + umNo
+ Ut 1 Vo—1 + - + Um+n Vol

L (U = UIV] + [t + -~ + tiaril
+ |um+1Vn—1| + |um+nVO|

< e|V| 4 Ae+ (Jums1| + -+ + [wmin|) B

< (V| + A+ B)e,

where (a) follows from the triangle inequality. Since € € Rt was arbitrary and the
quantity |V| 4+ A + B is just a constant, the end result, i.e.

(Whtm — UV < (V| + A+ B)e

means that, for large enough m, the partial sum W, ,, grows arbitrarily close to
the number UV, which completes the proof. O

\. J

Corollary 10.26: Cauchy product of power series

Let ) (anz")f;o and ) (bnz")zozo be two power series that both converge at the
point z € C. If at least one of these series also converges absolutely at z, then the
product of the series converges at z, and the sum of the product is equal to

As a result, the radius of convergence of the product must be greater than or equal
to the radius of convergence of both of the multiplied series.

10.3.2 The complex exponential function

In this section we will use power series to expand the exponential function to the complex
numbers; in this sense, this section can be seen as a continuation of Section 6.5, in which
we defined the real-valued exponential function.

If fact, power series make it possible to generalize the definition of many elementary
functions to the complex numbers—we will see some in this section.
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Definition 10.27: The complex exponential function

The complex exponential function exp: C — C is defined as

=
exp(z ZF

This expression is well-defined because, as shown in Example 10.9, the exponential
series converges absolutely on the entire complex plane.

Definition 10.28: Te complex sine and cosine functions

The complex sine and cosine functions sin: C — C and cos: C — C are defined as

] 9 (_1)kz2k+1
sin z = — ZE C

|

kzzo (2k +1)!

€9 k2k

cosz:z z € C.

k=0

Like the complex exponential function, the complex sine and cosine function are
defined on the entire complex plane.

\

We now prove the famous Euler formula, which uses power series to relate the complex
exponential function to the sine and cosine functions.

.

.
.o

9

Proposition 10.29: Euler’s formula

For any = € R the complex exponential, sine, and cosine functions obey the equality
el = cosx + isinz.
This relationship is usually called Euler’s formula.

Proof. Euler’s formula follows directly from the calculation

() ( )k 2k €9 (_1)k$2k+1
cosT +isinx = —+i -
|
e (2k). £ 2k + 1)
(b) 00 00 2k+1
- kZ:O ! +kZ:0 2k + 1)!

o .
where (a) follows from the power series for the complex sine and cosine functions,

(b) from the identities (—1)¥ = (i2)*¥ = i?* and i- (=1)¥ =i- (i®)* = i%**! and (c)
from the power series definition of the complex exponential function. O
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Proposition 10.30: Product of two complex exponents

For any z,w € C, the complex exponential function obeys the identity

Proof. The exponential series is absolutely convergent, so we may take the Cauchy
product of two exponential series to get

€9 prg €9 w™ €9 ® Sk wh—k
n=0 n=0 n=0 \k=0

Meanwhile, the quantity e*T can be written in the form

D W k)!zk“’n_k] (10.3)

The right-hand sides of Equations 10.2 and 10.3 are equal, and so e*T% = ¢?.e®. [J

Remark 10.31: Geometric interpretation of the complex exponent

Let z € C be an arbitrary complex number, which we will write in the form z = z +iy
for two real numbers x,y € R. The complex exponent e* may then be written

o = ooty @ o gy ) e”(cosy +isiny),
where (a) uses Euler’s formula and (b) uses Proposition 10.30. This expression offers
a geometric interpretation of the complex exponential function as a real exponential
function z — e* modulated by the complex sinusoidal function y — cosy + isiny;
note that when y = 0, i.e. when z is purely real, the above expression reduces to the
familiar e* = e”.

10.3.3 Uniform convergence

We have seen that a power series can converge (or absolutely converge) at certain points and
diverge at others. But so far when studying convergence, we have only analyzed convergence
at a given point. Uniform convergence considers the convergence of a sequence or series at
multiple points simultaneously. In particular, uniform convergence can be defined not only
for power series, but more generally for sequences and series of arbitrary scalar functions.

We begin this chapter with a few definitions.
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Definition 10.32: Sequences and series of scalar functions

A sequence of scalar functions is a mapping n — f,, that associates every natural
number n € N with a corresponding scalar function f,: R — R. Usually we consider
only the case when all of the functions f,, are defined on the same subset U C R.
We will variously denote sequences of functions by

(f17f2af37 00 ) = (fn)zozl = (fn)neN = (fn)n = (fn: U— R)n = (fn)

With any sequence of functions (f,), we can associate (1) a series of functions

> (e

and (2) the corresponding sequence of the series’s partial sums, given by

(%),

Definition 10.33: Convergence of function sequences

Let (f,: U — R) be a sequence of scalar functions defined on the subset U C R.

(i) The sequence (f,,) converges at the point x € U if the sequence of scalar function
values ( T (w))n converges—this sequence of function values is a regular sequence
of real numbers of the form studied in Chapter 4.

(ii) The sequence (f,,) converges pointwise to the function f: U — R if the sequence
(fn) converges at all points z € U and obeys.

f(x) = lim f,(z) for all z € U.

n—oo

In this case we say that f is the limit of the sequence (f,,) and write

f= lim f,.

n—oo

(iii) The sequence (fy,) converges uniformly on the set U to the function f: U — R
if for all € € R™ there exists a sufficiently large N € N such that

|fn(x) — f(x)] < eforalln > N and all x € U.

Intuitively, uniform convergence means that a sequence of functions converges
“equally quickly” across all points in the function domains.

Definition 10.34: Convergence of function series

Let (fn: U — R), be a sequence of scalar functions defined on the subset U C R,

and let Y (fn)>2, be the corresponding series of functions. In this case

(i) The series > (fn)22, converges at the point x € U if the series of function

oo . . . . .
values Y (fn(x)),_, converges—this series of function values is a regular series
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of real numbers of the form studied in Chapter 5.

Analogously, the series > (fn)22, converges absolutely at the point x € U if
the series of function values ) ( fn(m))zozl converges absolutely in the sense of
Definition 5.8.

(ii) The series Y (fn)o2, converges pointwise to the function s: U — R if the
sequence of partial sums (ZZZI fk)n converges pointwise to s. In this case we
say that the function s is the sum of the series > (f,)52; and write

s = Z Teae
n=1

Equivalently, the series ) (f,)22; converges pointwise to the function s: U — R
if

s(z) = ifn(x) for all x € U.
n=1

(ili) The series Y (fn)22, converges uniformly on the set U to the function s: U — R
if the sequence of partial sums (3°;_; fx),, converges uniformly on the set U
to the function s.

\.

By definition, every uniformly convergent sequence also converges pointwise. The converse,
i.e. that every pointwise convergent sequence converges uniformly, is not in general true, as
shown in the following example.

Example 10.35: Pointwise convergence does not imply uniform conver-

gence

As an example of a sequence of functions that converges pointwise but not uniformly,
consider the sequence given by

fai[0,1] = R, fo(x) =2".

This sequence converges pointwise on the interval [0, 1] to the function f: [0,1] - R

given by
_ )0 ze]o,1),
f(x)_{l =1

However, the sequence does not converge uniformly on [0, 1], since for € € (0,1) there
does not exist any natural number N for which |f,, — f(z)| < € for all n > N and
all z € [0, 1]. For example, every element of the sequence (f,,) differs from the limit
function f by more than €/10 at all points sufficiently close to the interval endpoint 1.

Proposition 10.36: Cauchy criterion for uniform convergence

A sequence of functions (f,: U — R),, defined on the subset U C R converges
uniformly on U if, and only if, for all ¢ € R there exists sufficiently large N € N
such that

| fn(x) — fn(z)| < € for all m,n > N and all z € U.
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Proof. (=) Assume the sequence (f,) converges uniformly on U to the function
f: U — R, and choose arbitrary ¢ € RT. Because the sequence (f,) converges
uniformly, there exists sufficiently large N € N such that

|f(z) — fulz)] < % foralln > N and all z € U.

For any m,n > N we may then complete this part of the proof with the calculation
[fn(2) = fm(@)| = | fu(@) — f(2) + F(2) — fn(2)]
(a)
< |fal) = (@) + | (@) = fm(2)]

<6+6
= — =€
2 2 ’

where (a) uses the triangle inequality

(<) Under the proposition’s assumptions, the sequence of numbers ( fn(:v))n is a
Cauchy sequence for all z € U. Being a Cauchy sequence, the sequence ( In (ac))n
is convergent for € U and so the sequence of functions (f,) converges pointwise
to some function f: U — R. Now choose arbitrary ¢ € R*. By the proposition’s
assumptions there exists N € N such that

|fr(x) — fm(x)] < g for all m,n > N and all z € U.

For all x € U and all n > N it then holds that

(@) — F()| 2

i [fa(@) = fu(@) < 5 <6,

where (a) holds because the sequence (f,,) converges pointwise to f. O

\. J

Proposition 10.37: Weierstrass M-test for uniform convergence

Let Y (fn: U — R)S2, be a series of functions defined on the subset U C R and let
> (My,)22, be a convergent series of nonnegative numbers for which

| fr(x)| < M, for all n € N and all z € U.

In this case the series > (fn)72; converges uniformly on the set U and converges
absolutely at every point in U.

Proof. Let (sy) denote the sequence of partial sums of the series Y (f,)2, and

choose arbitrary e € R*. The series Y (M) converges, so by the Cauchy criterion
for the convergence of number series (Proposition 5.5) there exists N € N for which

o0
ZMk<eforalln,mENforwhichmanN.
k=n

For all m,n € N for which m > n > N and all x € U we then compute

sm(@) —sn(@) = | Y ful@)| < D |fl@)| < Y Mp <> My <e
k=n+1 k=n+1 k=n+1 k=n

278



where (a) holds by the triangle inequality and (b) under the M-test’s assumption
that M} is nonnegative for all k£ € N. O

Proposition 10.38: A uniformly convergent sequence of continuous func-

tions converges to a continuous function

If (fn: U — R), is a sequence of continuous functions that converges uniformly on
the subset U C R to the function f: U — R, then the function f is also continuous.

Proof. We will show that the function f is continuous at every point in U. Let x € U
be an arbitrary point in U and choose arbitrary e € RT. The sequence (f,,) converges
uniformly to f, so there exists n € N for which

£®) = faly)| < 5 forall y € U.
And because the function f,, is continuous at x, there exists 6 € R™ for which
|fn(z) — f(y)| < % for all y € U for which |z — y| < 4.
For all y € (x — 6,2 + ) N U we then make the calculation
1f(y) = F@)] = [f (W) = fa(y) + Ful(y) — fo(2) + ful(z) — f(2)]
< () = fa@ + [ fn(®) = fu(@)] + [ fulz) — f(2)]
€

where (a) holds by the triangle inequality. The inequality |f(y) — f(z)| < € for all
y € (x — d,z + ) N U means that the function f is continuous at z; because the
point x € U was arbitrary, f is continuous on U. O

Corollary 10.39: A uniformly convergent series of continuous functions

converges to a continuous function

If Y2 (fn: U — R)X2, is a series of continuous functions that converges uniformly on
the subset U C R, then the function’s sum Y ° | f,: U — R is also a continuous
function.

Proof. The corollary follows directly from applying Proposition 10.38 to the sequence
of partial sums (Y ;_; fk)n O

Proposition 10.40: A uniformly convergent sequence of integrable func-

tions converges to an integrable function

Let a,b € R be two real numbers for which a < b and let (fy: [a,b] — R), be a
sequence of integrable functions that converges uniformly to the function f: [a,b] — R
on the nonempty, closed, bounded interval [a, b]. In this case the function f is also
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integrable and obeys
b b
/ f(x)dz = lim [ fu(x)dz.

n—oo a

Proof. Each of the functions f,, is integrable and thus bounded, and so its uniformly
convergent limit f is also bounded. For arbitrary n € N define the number ¢, as

€n = SUP{’fn(m) — f(@)|; x € [a, b]}

Since the functions f;,, converge uniformly and thus also pointwise, for all = € [a, ]
it holds that

fn(@) —en < f(2) < fulz) + €, (10.4)

which in turn leads to the calculation

b b a
/ fn(x)dx—en(b—a)z/ [ule) = en] da 2 s(f)

b
<5< [ [alo) + ] do (10.5)

b
= / fo(z)dz + €,(b— a),

where (a) and (b) both follow from Equation 10.4 and the definition of f’s upper
and lower Darboux integrals s(f) and S(f). Equation 10.5 in turn implies the bound

0 <S(f) —s(f) <2e,(a—0). (10.6)

We then note that lim,,_, €, = 0 because the sequence (f,,) converges uniformly to
the function f, then apply the limit lim,,_,~ €, = 0 to Equation 10.6 to get

0 <S(f) —s(f) <0 = s(f) =S(f).

The result s(f) = S(f) means that the function f is integrable. More so, Equation 10.5

implies the bound
b b
/ fn(x)dz —/ f(x)dz
a a

which in the limit n — oo means that

< en(b—a),

b b
/ f(z)dx = lim fn(x)dz. O

n—oo a

\. J

Remark 10.41: On switching the order of limit and integral evaluation

Proposition 10.40 means that the uniformly convergent limit of a sequence of inte-
grable functions is again an integrable function. More so, for functions satisfying
the conditions of Proposition 10.40, it is possible to switch the order of limit and
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integral evaluation, i.e.

b b
/a [lim fn(x)} dz = lim ) fn(z) d. (10.7)

n—o0

We can verify the interchange of integration and limit evaluation in Equation 10.7 is
valid directly from the calculation

/a ’ [nlggo fal@)] do @ / fla hm i fn( ) da

where (a) follows from the uniform convergence of (f,) to f and (b) from Proposi-
tion 10.40.

Corollary 10.42: A uniformly convergent series of integrable functions

converges to an integrable function

Let a,b € R be two real numbers for which a < b and let > (f,: [a,b] — R)Zo:l be
a series of integrable functions that converges uniformly on the nonempty, closed,
bounded interval [a,b]. In this case the series’s sum > 7, fn: [a,b] — R is also

integrable and obeys
b [ o © b
/ Z fu(z)| dz = Z/ fn(z)dz
a |n=1 n=1"a

Proof. The corollary follows directly from applying Proposition 10.40 to the sequence
of partial sums (Y_;_; fk)n' O

\.

Example 10.43: Uniform convergence to the absolute value function

Let (f,: R — R), be the sequence of functions given by

faix = /a2 +1/nfor all n € N and all z € R.

This sequence of functions converges uniformly to the absolute value function
frxz—|z|

As motivation for the next proposition, we note that although the functions f,, are
differentiable for all n € N and converge uniformly to f, the function f itself is
not differentiable at the point 0. It turns out that the sequence of derivatives (f/)
converges pointwise, but not uniformly, to the sign function sgn: R — R; this is to
be intuitively expected, since the limit function sgn is not continuous.

. J

The following proposition gives a condition under which the order of differentiation and
limit evaluation can be switched for sequences of functions.
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Proposition 10.44: Differentiation of uniformly convergent sequences

Let a,b € R be two real numbers for which a < b, let (fn: (a,b) — R)n be a sequence
of differentiable functions defined on the nonempty, open, bounded interval (a,b)
that converges at some point 29 € (a,b), and let the sequence of derivatives (f} ),
converge uniformly on the interval (a,b) to some function g: (a,b) — R. In this
case the sequence of functions (f,,) converges uniformly on (a,b) to a differentiable
function f: (a,b) — R for which " =g.

Proof. Choose arbitrary e € RT. Because the sequence (f,,) converges at the point
x0, by the Cauchy criterion for sequence convergence there exists Ny € N for which

| fr(z0) — fim(z0)] < % for all m,n > Ny, (10.8)

and because the sequence (f’), converges uniformly, by the Cauchy criterion for
uniform function sequence convergence there exists No € N for which

| = fr(®)] < for all m,n > Ny and all t € (a,b).

€
2(b—a)
Let N = max{Ny, Na}. For any two points z,t € (a,b) for which x # ¢t and any
natural numbers m,n > N, we can then apply the mean value theorem to the
function f, — fi,, on the interval between x and t to guarantee the existence of a
point £ in the interval between x and ¢ for which

€ (b) €

S30—a)

where (a) holds by the mean value theorem applied to the function f,, — f,, and (b)
because |z — t| < (b—a), since z,t € (a,b). We then evaluate the resulting inequality
for t = x¢ to get the bound

|fa(@) = fn(@)] = |[fa(2) = fn(2)] = [fa(z0) = fmn(z0)] + [fn(z0) = fin(20)]

—
o
Na

< |[fa(@) = fin(@)] = [fa(@0) = fim(z0)]| + |f(z0) — frm(o)|
@%—i—%ze,

for all z € (a,b) and for all natural numbers m,n > N; point (a) follows from the
triangle inequality and (b) from Equations 10.8 and 10.9. By the Cauchy criterion
for uniform convergence of function sequences, the result |f, () — fin(z)| < € means
that the sequence (f,) converges uniformly on the interval (a,b) to some function
f:(a,b) = R.

It remains to the show that the function f is differentiable and that f’ = g. Let x be
an arbitrary point in the open interval (a,b). For all ¢t € (a,b) \ {x} we then define

Falt) = fn(a) F(#) = f(z)

Palt) = == t—x

and ¢(t) =
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For all t € (a,b) \ {z} and all natural numbers n, m > N, we then apply the bound
in Equation 10.9 to the function ¢, — ¢, to get

|n(t) — dm(t)] <

€

2(b—a)’

By the Cauchy criterion for uniform convergence, the sequence (¢,) converges
uniformly to the function ¢ on the subset (a, )\ {x}. There thus exists a sufficiently
large natural number n > N for which

[6() = én(t)] < 5 for all ¢ € (a,5) \ {z}.

More so, because the sequence of derivatives (f}), converges uniformly, and thus
also pointwise, to the function g, we may choose n to be large enough that

[F1@) = 9(@)] < -

Next, we combine the definition of the derivative and the definition of the function
¢n as a difference quotient for the function f,, to get the relationship

lim ¢y, (t) = f,(2),

t—=zx

so there exists a sufficiently small open neighborhood V' C R of the point x for which
[6a(t) = fo(@)] < 5 for all t € (VN (a,0)) \ {a}.

For all ¢ € (V N (a,b) \ {z}), we then combine the previous three bounds to get

6(t) = 9(x)| = |6(t) — b (t) + du(t) — fr(2) + fulz) — g(z)|
< |¢(t) ¢n O+ |¢n(t) = fa(@)] + | fulz) — 9(2)]
< §+§ g =€,

which means that lim;_,, ¢(t) = g(x). Since z is an arbitrary point in (a,b), we can
then complete the proof with the calculation

aE @ lim —f(t) — fz) @ lim ¢

t—x t—=x t—x

where (a) follows from the definition of the derivative and (b) from the definition of
the function ¢. O

Remark 10.45: On switching the order of limit and derivative evaluation

It is possible to switch the order of limit and derivative evaluation for functions
satisfying the conditions of Proposition 10.44. More precisely, if the sequence of
differentiable functions (f,: (a,b) — R)  converges pointwise on the interval (a, b)
and the sequence of function derivatives (f}), converges uniformly on the interval
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(a,b) to some function g: (a,b) — R, then
!/
( lim fn> = lim f].
n—,oo n—oQ

This equality follows directly from the calculation

’a C
(Jim £2) @52 e 1m 1,

n—oo

where (a) follows from the convergence of (f,) to f and (b) and (c) from Proposi-
tion 10.44.

Corollary 10.46: Differentiation of uniformly convergent series

Let a,b € R be two real numbers for which a < b, let > (fn: (a,b) — R)Zozl be a
series of differentiable functions that converges at some point xg € (a,b), and let
the series of derivatives Y (f/,)>2; converge uniformly on the interval (a,b). In this
case the series > (fn)02; also converges uniformly on (a,b) and the series’s sum is a
differentiable function for which

(z fn> S
n=1 n=1

Proof. The corollary follows from applying Proposition 10.44 to the sequences of
partial sums (Y3, fr), and (X3, f1), O

10.3.4 Uniform convergence of real power series

We will now apply the results of this section to real power series. A real power series
> (apx™)o2, with radius of convergence R converges pointwise, but in general not uniformly,
on the interval (—R, R).

Proposition 10.47: Uniform convergence of real power series

Any real power series ) (a,z™)72, with radius of convergence R converges uniformly
on the interval [—r,r] for any real number r € [0, R).

Proof. Let g € R be a real number for which r < zg < R, and define the real
number ¢ = r/xg, which by construction satisfies ¢ € [0,1). Because z¢p < R, the
series » (anx™)92, converges absolutely at zo, and so the sequence of absolute value

terms (|anx(|)n converges and is bounded. This in turn means there exists an upper
bound M € RT for which

lanxy| < M for all n € NU{0}.

More so, by the definition of g and g, it holds that

SL=q<1forallw€[—7"a7"]-
Zo

0<

o
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The previous two bounds make it possible to majorize the power series > (a,z™)22
with a convergent geometric series on the interval [—r, 7], i.e.

z\" z\"
an Ty (w—) = |anzg| - ’(x—)
0 0

The power series Y (anz™)5%, thus converges uniformly on the interval [—r, 7] by
the Weierstrass M-test. O

Proposition 10.48: Differentiation of real power series

Let > (anz™)02, be a real power series with radius of convergence of R and let the
function s: (—R, R) — R be the series’s sum on the interval (—R, R), i.e

lanz™| = < Mq".

stZa (=R, R).

In this case

(i) The power series Y (na,z" 1), also has radius of convergence R.

(ii) The function s is differentiable on the interval (—R, R), and for all x € (—R, R),
the derivative s’ is given by

(o]
= E napz" "
n=1

Proof.

(i) This point follows the calculation

limsup {/|na,| = hmsup (\/_\/ |an] )
n—oo
= hm Yn - lim sup \/|an

n—oo

=1-limsup \/|an

n—oo

where (a) holds by Proposition 10.22. Again by Proposition 10.22, the power
series with coefficients na™, i.e. Y (na,z™ 1), has radius of convergence R.

(ii) By point (i), the series of derivatives Y (na,z" 1) has radius of convergence
R, and so by Proposition 10.47, converges uniformly on any closed interval
[—7,7] for which » < R. This point then follows directly from Corollary 10.46.

O
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Corollary 10.49: Sums of real power series are smooth

Let > (anz™)0, be a real power series with radius of convergence of R and let the
function s: (—R, R) — R be the series’s sum on the interval (—R, R), i.e.

S x> Zanxn, z € (—R,R).
n=0

In this case s is a smooth function.

Proof. Differentiating a power series again produces a power series, so this corollary
follows from repeated application of Proposition 10.48 to the function s. O

Example 10.50: Differentiating real power series

(1) If we differentiate the exponential series, whose sum is

n=0 "~

term by term using Proposition 10.48, we get the expected result

(e%) = — | = n— = S
~— nl ~ nl — (n—1)!
0 k
(a) T @
= — =e
' )
— k!

where in (a) we have defined the new index of summation k =n — 1.

(2) The logarithmic series has radius of convergence equal to 1, and thus by
Proposition 10.47 converges on every closed, bounded subinterval of the interval
(—1,1), but not on the interval (—1,1) itself. The sum of the logarithmic series
is unbounded, but every finite partial sum of the logarithmic series is bounded

on (—1,1).
If we differentiate the logarithmic series, whose sum is
2 3 4
45 5 7
In(1 —p— 4z _Z L.
n(l+z)=x g ta gt

term by term, we get the expected result

[In(1 +2)]" =2’ - (%2)/+ (?)l_ (%4)/+...

=l—-z+z?—a3+.-.

1
= . ze(—1,1).
1+ 7 E )

(3) If we differentiate the sine series, whose sum is

. - 3z x7i
s1nx—w—3!+5!—7! ]
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term by term, we get the expected result

2 z* 28

(4) Finally, let us consider the binomial series. For any o € R\ {0} and all
x € (—1,1), the series’s sum is

1+2)* = i (i) ",

n=0

If we differentiate the series’s sum term by term using Proposition 10.48; the

result [(1+2)°] =a(l+2)* 1 = i n(a> =

n=1

We can then divide through by a and rearrange to get

(R o (0

n=1

oonozoz—l---a—n-l—l e
_ i (a—1)(« —(n2)_ 1)‘((1 = i ¢ 1)37"_1 (10.10)
n=1
@ = (a-1(@=2)-[(a—1)—k+1] ,

where (a) follows from defining the new summation index k = n—1. To belabor
the point, we then take the example full circle with calculation

[(1+2)%] = in(i)xn_l
=i"‘ ofa—1)-(@=n+1) ;4

n!

n=1
ai (o —1)(« —(n2)_---)!(04—n—i—l)ﬂvn_1
n=1
(a—1)(a—2)--- [(a—l)—k—i—l]xk
k!

akzz(] (CY ; 1>$k (g) a(l +.T)a_1,

where (a) follows from defining the new summation index kK =n — 1 and (b)
from Equation 10.10.

—
o

NE

)

=«

8 T
()
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11 Functions of multiple variables

This chapter is a brief introduction to functions of multiple variables. We will see that
many concepts from the theory of scalar functions can be straightforwardly extended to
multivariable functions. We will briefly cover higher-dimensional Euclidean space, then
cover continuity, differentiability, Taylor series, and the extrema of real-valued multivariable
functions.

11.1 The Euclidean space R"

When the symbol n is used without qualification in this section, it implicitly refers to any
natural number n € N.

Topic 11.1: The set R” and n-dimensional Euclidean space

The set R™ is the n-times Cartesian product of the set of real numbers R with itself,
i.e.

R"=RxRx---R={(v1,v2,...,0p); v1,01,...,0, € R}
As for the three-dimensional Euclidean space R3 covered in Chapter 3, we can
generalize the set R™ to a vector space by equipping R™ with the operations
of vector addition and scalar multiplication. To this end, for any two n-tuples
(v1,v2, ..., 0p), (W1, ws,...,w,) € R" and for any real number o € R we define

(i) The vector sum of (vy,...,vy,) and (wy,...,wy,) as

(V1y.eyUn) + (W1, ..., wp) = (V1 +Wi,...,05 +wy) €R"

(ii) The scalar multiple of the n-tuple (vi,...,v,) and the real number o € R as

a(vy,...,v) = (auy,...,av,) € R™

The set R™ equipped with the above two operations of vector addition and scalar
multiplication is called the n-dimensional Fuclidean vector space R™. In this context,
elements of R™ are also called wvectors or points in R™, and real numbers are called
scalars. We will denote the components of an arbitrary vector v € R™ by

U1,02,...,Un,
and write this vector as
n
v = (v1,v9,...,0,) € R™

The vector space R" is called “Euclidean” because it obeys the intuitive Euclidean
geometry familiar from everyday life; non-Euclidean geometries fall beyond the scope
of this course.

11.1.1 The scalar product on R"

In this section we define the scalar product operation on R™ and introduce some useful
geometrical concepts made possible by the scalar product.
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Definition 11.1: Scalar product

The scalar product of any two vectors v, w, € R" is the function
R x R™ —» RT
defined as
vV-w = viwy + vows + - - - + vpwy, € R.

The scalar product is also called the dot product and inner product; the name “inner
product” is more commonly used in the theory of general vector spaces.

. J

The scalar product can be used to define the length of a vector in R™.

Definition 11.2: Length of a vector

The length of a vector v € R™ is denoted by ||v|| and defined as

ol = Voo = yfo} + o+ + 02,

The length of a vector in Euclidean space is also called the vector’s magnitude. In
more abstract vector spaces, the length of a vector generalizes to a quantity called
the vector’s norm.

In Euclidean space the length of a vector can be denoted by either |v| or ||v||; we will use
the notation ||v|| to avoid ambiguity with the absolute value of a scalar.

The scalar product in R™ has analogous properties to the scalar product in R? covered in
Section 3.2.1; we briefly review some of these below.

Proposition 11.3: Some properties of the scalar product

(i) (The triangle inequality) For any two vectors v, w € R™,
v+ wl| < [[v]l + [lw].

The proof is analogous to the proof of the three-dimensional case in Proposi-
tion 3.8, so we omit it here.

(i1) (The Cauchy-Schwartz inequality) For any two vectors v, w € R",
v wl < flofllw], v w,eR"

The proof is analogous to the proof of the three-dimensional case in Proposi-
tion 3.7, so we omit it here.

(iii) For any vector v € R™ and for every index i = 1,2,...,n:
|vi| < |lvll < vnmax{jvi|, [va],. ..., [vn[}-

This inequality follows directly from the definition of the norm on R" in
Definition 11.2.
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Definition 11.4: Perpendicular vectors

Two vectors in v, w € R" are said to be perpendicular if
v-w=0.

In this case we write v L w. In more abstract vector spaces, perpendicularity
generalizes to the concept of orthogonality, and two perpendicular vectors would be
said to be orthogonal.

Definition 11.5: Distance between vectors

The distance between two vectors v,w € R" is a function

d(-,): R" x R" - R"

defined as

d(w,w) = [[o — wl| = v/(o1 — w2 + -+ (vn — wp)?.

In more abstract vector spaces, the distance between two vectors generalizes to a
concept called the metric on the vector space.

11.1.2 Intervals and neighborhoods

Having established a well-defined concept of distance between vectors, we may now define
basic topological concepts on R"™, for example the notion of neighborhoods and open and
closed sets. This section closely parallels the one-dimensional treatment of neighborhoods
open and closed sets in Section 2.2.6.

Definition 11.6: Open ball

A ball is the mathematical name for the solid region bounded by a spherical surface.
For any vector a € R"™ and positive number R € R™, the open ball centered at a
with radius R, denoted by K(a, R), is the subset

K(a,R) ={v € R"; d(a,v) = |la —v|| < R} C R™.

In other words, the open ball K(a, R) is the set of all points R™ whose distance from
a is less than R.

Definition 11.7: Neighborhoods; interior and exterior points

Let A C R™ be an arbitrary subset of R™ and let @ € R™ be an arbitrary vector.

(i) The subset A is a neighborhood of the point a if there exists § € R for which
K(a,0) C A.

(ii) The point a is an interior point of the subset A if A is a neighborhood of a.

(iii) The point a is an exterior point of the subset A if A’s complement A =R"\ A
is a neighborhood of a.
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(iv) The point a is a boundary point of the subset A if it is neither an interior point
nor an exterior point of A.

Definition 11.8: Open, closed, and bounded subsets

Let A C R™ be an arbitrary subset of R"™.

(i) The subset A is said to be open if A is a neighborhood of every point in A.
(ii) The subset A is said to be closed if its complement A€ = R™\ A is open.
(iii) The subset A is said to be bounded if there exists M € RT for which

A C K(0,M),

i.e. if there exists a ball of finite radius M entirely containing A.

Definition 11.9: Cluster point of a subset of R”

Let A C R™ be an arbitrary subset of R and let @ € R™ be an arbitrary vector. The
point a is called a cluster point of A if

ANK(a,d)\ {a} #0 for all 6 € RT,

i.e. if every open ball centered at a always contains points in A other than a.

11.1.3 Sequences in R"”

A sequence in the vector space R" is a function mapping the natural numbers to elements
of R™, i.e. a function of the form

N —-R" kw— a,
where k € N and a; € R” for all £k € N. We will denote sequences in R™ by
(a1,as,...) = (ar)z2y = (ar)r = (ak).

We will also refer to sequences in R™ as vector sequences. We will now define cluster points
and limits of sequences in R"™; these are defined analogously to the cluster points and limits
of sequences of real numbers from Definitions 4.6 and 4.11.

Definition 11.10: Cluster point of a sequence in R”

The point @ € R is called a cluster point of the sequence (ay) if every neighborhood
of a contains infinitely many elements of the sequence (ay), i.e. if the set

{kEN;akEA}

contains infinitely many elements for every neighborhood A of a.
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Definition 11.11: Limit of a sequence in R"

The point @ € R™ is called the limit of the sequence (ay) if every neighborhood A of
the point a contains all elements of the sequence (ay) with the possible exception of
finitely many elements, i.e. if the set {k € N; aj, # A} is finite for every neighborhood
A of a. In this case we write

a = lim ag.
k—o0

A sequence in R" is said to be convergent if it has a limit; otherwise the sequence is
said to be divergent.

Remark 11.12: Components of vector sequences

| r

If (ax) is a sequence of vectors in R™, then every element of the sequence can be
written in the component form

ap = (a1, 0k2, - -5 Qkp)-

For every i = 1,2,...,n the i-th component of the sequence’s elements forms a
sequence of real numbers (ag;);. Without proof, a sequence (aj) in R™ converges if,
and only if, all n sequences of its components converge, and in this case

lim ap = ( lim ag1, lim ago,..., lim ag, | .
k—so0 k—oo T k—oo k—oco

\.

The properties of cluster points and limits of sequences of real numbers developed in
Chapter 4 apply in a generalized form to sequences in R"™. We survey some of the more
important properties below.

Proposition 11.13: Properties of sequences in R"

(i) If a sequence in R™ has a limit, it has exactly one cluster point. This is the
analog of Proposition 4.13.

(ii) A subsequence of a sequence (aj) in R™ is a sequence (ay,);, where (k;); is an
arbitrary strictly increasing sequence of natural numbers. This is the analog of
Definition 4.24.

(iii) Every cluster point of a subsequence of a given sequence is also a cluster point
of the parent sequence. This is the analog of Proposition 4.26 (i).

(iv) Every subsequence of a convergent sequence is also convergent. This is the
analog of Proposition 4.26 (ii).

(v) The point @ € R™ is a cluster point of the sequence (ay) if, and only if, there
exists a subsequence of the sequence (ay) that converges to a. This is the
analog of Proposition 4.27.
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11.1.4 Scalar-valued and vector-valued functions of multiple variables

Definition 11.14: Scalar- and vector-valued multivariable function

Let U C R™ be an arbitrary subset of R™. A scalar-valued function of n variables is
a mapping f: U — R that associates vectors in U with real numbers in R, i.e.

fi(z1,20,...,20) €U — f(x1,29,...,2,) €R.

Let m,n € N be any two real numbers and let V' C R™ be an arbitrary subset of R”.
A wector-valued function of n variables is a mapping f: V — R™ that associates
vectors in V' with vectors in R™, i.e.

g: (zr1,22,...,2y) €V = g(x1,22,...,2,) € R™.

\. J

We will also write the function value g(z1,x2,...,zy) in the form

g(@1,.. ., wn) = (g1(z1, ... ), oo (@1, .. 2n)) €R™.

In this sense the vector-valued function g can be thought of as having components

g1,92, - - -y gm: V — R, which are all scalar-valued functions of n variables mapping from V'
to R. We then write g = (g1, 92, - .-, 9gm). The i-th scalar-valued function g; determines the
i-th component of the vector g(z1,...,x,) € R™.

Example 11.15: A scalar-valued function of two variables

Let n = 2, in which case we conventionally denote the two variable components x;
and xo by  and y. Consider the two-variable scalar function given by

1

f(%y)=xg—+y2-

The function’s domain is the subset

U= {(z,y) €R?; (z,9) # (0,0)} =R*\ {(0,0)},

and the function’s image is the set of positive real numbers. The function’s graph is
the three-dimensional subset

1 2 3
graph(f): {(%%m) ; (x,y)EU} CR* xR =R".

Geometrically, we can interpret f’s graph as a surface in R3. For a given real number
zo € R, the intersection of f’s graph with the plane {zp} x R x R, i.e. the plane
in R3 parallel to the yz plane and passing through xzg, is a curve corresponding
to the graph of the single-variable function y — f(xo,y). Similarly, for any real
number yy € R, the intersection of f’s graph with the place R x {yo} x R is a curve
corresponding to the graph of the single-variable function x — f(z,y0). The union
of these two sets of curves for all zg, yg € R is the graph of f.
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Remark 11.16: Contour lines

Contour lines are a useful tool for visualizing the graphs of scalar functions of
two variables, such as the function f in the Example 11.15. For a given function
f: R? - R, contour lines are curves in the plane R? given by the solution sets
{(z,y) € R?; f(z,y) = 20} for a given constant zo € R.

If a function’s graph represents the surface of some terrain in three-dimensional space
(for example in the context of cartography), the function’s contour line at zq is the
set of all points at the height zg.

Topic 11.2: Combinations of multivariable functions

Let n,m € N be any two natural numbers, let U,V,Z C R" be three arbitrary
subsets of R™, let g: U — R™ and h: V — R™ be two vector-valued functions of n
variables, and let ao: Z — R be a scalar-valued function of n variables. In this case

(i) The sum of the functions g and h is the function g+ h: UNV — R™ given by
(g+h)(v)=g(v)+h(v), veUnW

This definition also holds for scalar-valued functions; one simply takes m = 1,
in which case g and h reduce to scalar-valued functions of n variables.

(ii) The product of the vector-valued function g with the scalar-valued function «
is the vector-valued function ag: Z NU — R™ given by

(ag)(v) = a(v)g(v), veUNZ
(iii) The pointwise scalar product of the functions g and h is the function g-h: UN
V — R given by
(g-h)(v) =g(v)-h(v), veUNZ
It is also possible to extend function composition to multivariable functions. Namely,
let p € N be an arbitrary natural number, let W C R™ be any subset of R™, and let

f: W — RP be a vector-valued function of m variables. In this case the composition
of the functions g and f is the function fog: g='(W) — RP given by

(fog)w)=f(gw)), veg ' (W).

11.1.5 Limits and continuity of multivariable functions

Definition 11.17: Limit of a multivariable function

Let n,m € N be any two natural numbers, let g: U — R" be a vector-valued
function of n variables defined on the subset U C R", and let a be a cluster point of
U. In this case the vector L € R™ is called the limit of the function g at the point
a if for all e € RT there exists 6 € R™ for which

g(v) € K(L,e) for all v € K(a,d)NU \ {a}.
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In this case we write

L = lim g(v).

v—a

Note that the open ball K(L,¢€) is simply an n-dimensional generalization of the
open interval (L — ¢, L + €) used in the definition of the limit of a scalar function in
Definition 6.16.

Remark 11.18: The limit must hold component-wise

Let n,m € N be two arbitrary natural numbers, let g: U — R™ be a vector-valued
function of n variables defined on the subset U C R", and let a be a cluster point of
U. In this case L € R™ is the limit of the function g at the point a if, and only if,

Lizgi_r)r}lgi(v) foralli=1,2,...,m,

where L; are the components of the vector L and g; are the component functions of
the function g.

The properties of limits of scalar functions developed in Section 6.1 apply in a generalized
form to limits of vector-valued functions. These properties are proved in an analogous
manner to the one-dimensional counterparts, so we will not prove them here.

Definition 11.19: Continuity of multivariable functions

Let n,m € N be two arbitrary natural numbers, let g: U — R™ be a vector-valued
function of n variables defined on the subset U C R™, and define the point a € U.
In this case the function g is said to be continuous at a if for all € € RT there exists
d € RT for which

g(v) € K(g(a),e) for all v € K(a, ) NU.
A multivariable function is said to be continuous if it is continuous at all points in

its domain.

The set of all continuous functions g: U — R™ is denoted by C(U, R™) or C°(U, R™).
In this notation, C'(U) = C°(U) are shorthand for C(U,R), the set of all continuous
scalar-valued functions mapping from U to R.

Loosely, Definition 11.19 states that the function g is continuous at a if the function values
g(v) come arbitrarily close to g(a) whenever v is arbitrarily close to a. Note that the
open balls IC(g(a), e) and K(a,d) are just the n-dimensional generalizations of the open
intervals (f(a) — €, f(a) +€) and (a — §,a + &) used in the definition of the continuity of a
scalar function in Definition 6.26. Like in Definition 6.26, the actual function value g(a)
has no influence on the limit of g at a.

Remark 11.20: Continuity must hold component-wise

Let n,m € N be any two natural numbers, let g: U — R™ be a vector-valued
function of n variables defined on the subset U C R", and define the point a € U.
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The function g is continuous at a if, and only if, each of its component functions

G1,92,---ygm: U = R

are also continuous at a.

\. J

Properties analogous to those developed for continuous scalar functions in Section 6.2 apply
to continuous vector-valued functions. We briefly state two of these below.

Proposition 11.21: Properties of continuous multivariable functions

Let n,m € N be any two natural numbers, let g: U — R™ be a vector-valued
function of n variables defined on the subset U C R™, and define the point a € U.
In this case

(i) If @ is a cluster point of U, the multivariable function g is continuous at a if,
and only if, the function value at a equals the function’s limit at a, i.e. if

g(a) = lim g(v).

v—a

This is the analog of Proposition 6.28 (ii).

(ii) The multivariable function g is continuous at a if, and only if, for every vector
sequence (ay) in U that converges to a, the corresponding sequence of function
values (g(ay)) ,, converges to the function value g(a). In this case the order of
limit and function evaluation is interchangeable, i.e.

lim g(ag) =g ( lim ak> .
k—o0 k—o0

This is the analog of Proposition 6.28 and Remark 6.29.

\. J

The following properties are the higher-dimensional generalizations of Corollaries 6.32
and 6.33 in Section 6.2.

Topic 11.3: Combinations of continuous multivariable functions

Let n,m € N be arbitrary natural numbers, let U, V,Z C R" be three arbitrary
subsets of R", let g: U — R™ be a vector-valued function of n variables let h: V —
R™ be a vector-valued function of n variables, and let a: Z — R be a scalar-valued
function of n variables. In this case

(1) If the functions g and h are continuous, then their sum g+ h is also continuous.
(ii) If the functions g and « are continuous, then their product ag is also continuous.

(iii) If the functions g and h are continuous, then their pointwise scalar product
g - h is also continuous.

(iv) Let p € N be an arbitrary natural number, let W C R™ be an arbitrary subset
of R™ and let f: W — RP be a vector-valued function of m variables. If both
f and g continuous, then their composition f o g is also continuous.
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Example 11.22: Projection functions

For all i =1,2,...,n, a projection is a scalar-valued function pr,: R™ — R given by
pri(xla x2, ... 7$n) = Zj.

A projection function thus returns a single (scalar) component of its input vector.
Projections are continuous functions. To show this, we first recall from Proposi-
tion 11.3 (iii) the inequality

|ui] < ||u|| for all w € R" and all i =1,2,...,n.
For any two vectors v,a € R™, we then apply this inequality to the vector v — a to get
vi — ag| < v —all.

This inequality implies that |v; —a;| < ¢ if ||[v —al < J; setting 6 = € in the
definition of continuity then implies that projections are continuous functions.

Example 11.23: Multivariable polynomials

All polynomial scalar-valued functions of n variables are continuous functions, since
polynomials are the sums and products of projection functions. Since projection
functions are continuous and the sums and products of continuous multivariable
functions are again continuous, n-variable scalar-valued polynomials are continuous.
For example, the following two polynomials are continuous:

f(z,y,2) = zy2?,
g(z,y,2) =2y + 3y23 s 12yz4 —z2°.

11.1.6 Path-connectedness and compactness

In this section we introduce the important topological concepts of path-connectedness and
compactness. Unlike higher-dimensional neighborhoods, openness, limits, and continuity,
which we encountered in previous chapters, path-connectedness and compactness are new
topics in this book.

Definition 11.24: Paths and path-connectedness

(i) Let A C R™ be a subset of R” and define the points v, w € A. A path in the
subset A from the point v to the point w is a continuous vector-valued function

v:[0,1] - R"

for which 4(0) = v, y(1) = w, and 7([0, 1]) C A. A path can be interpreted is
a continuous “walk” through the set A from the initial point v to the terminal
point w as the function argument runs from 0 to 1.

Note that the term “path” refers to the function -y, and not to function’s image
'y([(), 1]), i.e. the n-dimensional curve in A consisting of points along the path.
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(ii) A subset A C R™ is path-connected if for any two points v, w € A there exists
a path in A from v to w.

| r
\

Example 11.25: Real intervals are path-connected

All intervals on the real line are path-connected. In fact, intervals are the only path-
connected subsets of the real numbers. By the definition of paths and continuity, for
any subset of R other than an interval (which would necessarily contains “gaps” in
the real numbers), it would be impossible to construct a path connecting any two
points separated by a gap.

The following proposition generalizes Theorem 6.35.

Proposition 11.26: Zeros of continuous functions on path-connected sub-
sets

Let f: U — R be a continuous scalar-valued function defined on a path-connected
subset U C R™. If f(v) - f(w) < 0 (i.e. if f(v) and f(w) have opposite signs) for
any two points v, w € U, then there exists a point & € U for which f(&) = 0.

Proof. The subset U is path-connected, so there exists a path 4 in U from the
point v to the point w. Both f and ~ are continuous, so the composite function
fo~:[0,1] — R is also continuous. By the proposition’s assumptions, the function
f o~ obeys
(fox)(0) - (fov)() = f(v)f(v) <O.

And since f o~ is a continuous, scalar function defined on a closed interval that
takes on oppositely-signed values at the interval endpoints, by Theorem 6.35 there
exists a point ¢ € [0, 1] for which f(v(c)) = 0. The point & = v(c) € R™ thus obeys
f(€&) =0, completing the proof. O

Proposition 11.27: The image of a continuous function on a path-connected
domain is path-connected

Let m,n € N be two natural numbers and let g: U — R™ be a continuous vector-
valued function defined on a path-connected subset U C R™. In this case the
function’s image g(U) is also path-connected.

Proof. Consider two arbitrary points a,b € g(U) and let v, w € U denote two points
in U for which a = g(v) and b = g(w), respectively. The subset U is path-connected,
so there exists a path v in U from v to w. The functions g and ~ are continuous, so
the composite function g oy: [0,1] — g(U) C R™ is also continuous.

Because g o is continuous and necessarily only takes on values in g(U), go~y is a
path in the set g(U) from the point @ to the point b; since the points @ and b were
arbitrary, there thus exists a path in g(U) between any two points in g(U), so the
subset g(U) is path-connected. O
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Definition 11.28: Compactness

A subset A C R" is said to be compact if every sequence of points in A has at least
one cluster point in A.

In preparation for the coming proposition, we will first extend the Bolzano-Weierstrass
theorem (Theorem 4.9) from the real numbers R to the n-dimensional Euclidean space R™.

Lemma 11.29: Bounded sequences have a cluster point

Every bounded sequence in R™ has at least one cluster point.

Proof. Let (ay) be an arbitrary sequence of vectors in R™. We have already proved
the n =1 case in Theorem 4.9, and can in fact prove the n-dimensional case simply
by applying the n = 1 case component-wise to every component of (aj). Namely,
n such applications would produce a subsequence of (ay) that converges in each of
its components, and is thus itself convergent by Remark 11.12. There thus exists a
convergent subsequence of (ay), and so by Proposition 11.13 (v) this subsequence’s
limit is a cluster point of (ay). O

We may now state the following important characterization of compact sets.

Proposition 11.30: Compact subsets are closed and bounded

A subset A C R" is compact if, and only if, it is closed and bounded.

Proof. (=) Let A C R™ be a compact subset. We will first show, by contradiction,
that A is bounded. If A were not bounded, then for all k¥ € N there would exist a
point aj, € A for which ||ag|| > k. Any thus-defined sequence (ayj) would not have
any cluster points, which contradicts the assumption that A is compact.

We will now show, again by contradiction, that A is closed. Assume that A is not
closed, in which case A = R™\ A is not open, meaning there would exist a point
b € R™\ A that is not an interior point of R”\ A. Thus R™\ A is not a neighborhood
of b, which implies that

K(b,1/k)N A #( for all k € N,
and so there would exist a corresponding point by € R™ for which
b, € K(b,1/k) N A.

Any thus-constructed sequence (by) would consist only of points in A, but would
converge to b, which is not in A. Thus the sequence (by) of points in A would not
have a cluster point in A, which contradicts the assumption that A is compact. It
follows that A being compact implies that A is closed and bounded.

(<) Assume that A C R” is closed and bounded, and let (ay) be an arbitrary
sequence of vectors in A. Because A is bounded, the sequence (ay) is necessarily
also bounded, and thus (ay) has at least one cluster point @ € R by Lemma 11.29.
Because A is closed, the cluster point a must lie in A, and since the sequence (ag)
was arbitrary, every sequence of vectors in A has at least one cluster point in A, and
so A is compact. O
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Example 11.31: Closed, bounded intervals are compact

An interval on the real line is compact if, and only if, it is closed and bounded;
Neither open, nonempty intervals nor unbounded intervals are compact.

Proposition 11.32: The image of a continuous function on a compact

domain is compact

Let m,n € N be two natural numbers and let g: U — R™ be a continuous vector-
valued function defined on a compact subset U C R”. In this case the function’s
image g(U) is also compact.

Proof. We aim to show that that any sequence (by,) of points in the subset g(U) C R™
has at least one cluster point in g(U). To show this, let (ax) be a sequence of points
in U for which

br = g(ay) for all k € N.

The set U is compact, so the sequence (ag) has a cluster point a € U; by Propo-
sition 11.13 (v) there then exists a subsequence (ay,); of the sequence (ay) that
converges to a. Because the function g is continuous, by Proposition 11.21 the
subsequence (by,); = (g(akl))l converges to the point g(a) € g(U), and so the point
g(a) is a cluster point of the sequence (by). O

11.2 Partial and total differentiability

This section introduces some generalizations of the scalar derivative from Chapter 7 that

extend the differentiation operation to multivariable functions.

11.2.1 Partial derivatives

Topic 11.4: Motivation for the partial derivative

Let f: U — R be a scalar-valued function of n variables defined on the open subset
U C R", let a = (a1,as,...,a,) be an interior point of U, and let k € 1,2,...,n
denote any index from 1 to n.

If we take all of the function f’s n variables, with the exception of the k-th variable
Tk, to be constant, the result is a single-variable function of the form

xp = fla, ..., ap—1, Tk, Qg1 - -+, 0n)-

The graph of this single-variable function is a curve along the graph of the original n-
variable function f that progresses in the direction of the k-th coordinate and passes
through the point (a,, f (a)) € R™ x R = R™*!; the derivative of this single-variable
function, if it exists, is the slope of the tangent line to this curve in the direction of
the k-th coordinate.

Definition 11.33: Partial derivative and gradient a scalar-valued function

Let f: U — R be a scalar-valued function of n € N variables defined on the
open subset U C R", let a = (aj,as,...,a,) be an interior point of U, and let
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ke€1,2,...,n be an arbitrary index value.

(i) The partial derivative of the function f with respect to the variable xy, at the
point a is denoted by %(a) and defined as
6f . f(al,...,(]/k_l,a/k;+h,ak+1,.-.,an)
= (a) =1
8xk (a) hl—r>% h

f(a/la sy A1, 0k, Q41,5 - - - 7an)
h )

assuming the limit exists. If the limit does exist, the function f is said to be
partially differentiable with respect to the variable xj at the point a.

Note that when n = 1 the partial derivative reduces to the familiar derivative
of a single-variable scalar function from Definition 7.1.

(ii) The function f is said to be partially differentiable at the point a if it is partially
differentiable at a with respect to all of its variables x1,xa, ..., xy.

(iii) If the function f is partially differentiable at a, then the gradient of the function
f at the point a is defined as the vector

(Vf)(a) = g—i(a),g—i(a),m,%(a) € R".

(iv) The function f is said to be partially differentiable with respect to the variable
x, if it is partially differentiable with respect to x; at every point in its domain.
In this case the partial derivative of f with respect to the variable xy, is defined
as the scalar-valued function
of

of
8_:%,U_>]R, m»—>8—$k(w) for all x € U.

(v) The function f is said to be partially differentiable if it is partially differentiable
at every point in its domain. In this case the gradient of the function f is
defined as the vector-valued function

(Vf):U—=R", z— (Vf)(x) forall x € U.

Definition 11.34: Continuous differentiability of a scalar-valued function

A scalar-valued function f: U — R of n € N variables defined on the open subset
U C R” is said to be continuously-differentiable if f is continuous and partially
differentiable and if all of f’s partial derivatives 5%‘ U—->R,j=1,2,...,n are

themselves continuous functions.

We denote the set of all continuously-differentiable scalar-valued functions f: U — R
by CH(U).

We now define an alternative and more compact notation for the partial derivative in terms
of unit vectors, with which you will gain more experience in a course on linear algebra.
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Remark 11.35: Alternative notation for the partial derivative

Let & denote the vector of unit norm whose k-th component is 1 and whose j-th
component is zero for all j € {1,2,...,n} \ {k}; some example unit vectors are

&, = (1,0,0,...,0)
~—_—
n—1 terms
&, =(0,...,0,1,0,...,0)
S—— ~——
k—1 terms n—k terms
&, = (0,0,...,0,1).
———

n—1 terms

Using unit vector notation, we can write the partial derivative of a scalar-valued
function f: U — R™ at some point a € U in the more compact form
of _fla+hé,) — f(a)

By (@) = fimy h

Finally, here are some more notations regularly used for the partial derivative:

g—f a) = 8i(f>(a) = fu(a) = (Dif)(a) = (De, f)(a)-
Tl Tk

. J

We have defined the partial derivative of a multivariable scalar function as the derivative of
the single-variable function obtained by restricting the multivariable function to vary only
along a given coordinate axis é;. More generally, is quite reasonable to consider restricting
a multivariable function to vary along a line in the direction of an arbitrary vector u € R".
This idea motivates the concept of the directional derivative, which we define below.

Definition 11.36: Directional derivatives

Let f: U — R be a scalar-valued function of n € N variables defined on the open
subset U C R™, let @ € U be an interior point of U, and let u € R™ be an arbitrary
vector. In this case the directional derivative of the function f in the direction of u
at the point a is denoted by (D, f)(a) and defined as

(Duf)(a) = lim £8P = f(a)

h—0 h

€R,

assuming the limit exists.

\

Having introduced the differentiability for scalar-valued functions, we now extend some of
these concepts to vector-valued functions.

Definition 11.37: Partial differentiability of vector-valued functions

Let m,n € N be two arbitrary natural numbers, let U C R” be an open subset
of R", and let g: U — R™ be a vector-valued function with scalar components
g=1(91,---,9m)- In this case:

(i) The vector-valued function g is said to be partially differentiable if each of its
scalar components g1, ..., g, is partially differentiable. In this case we define
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the partial derivative of g with respect to the variable x) as the vector-valued

function
89 391 agm 891 8gm
= - : R™ — e, ——
8a:k (89:k’ ’ 8xk U= ’ e allj'k (m)’ ’ Bmk ($)

(ii) The vector-valued function g is said to be continuously-differentiable if each of
its scalar components g1, ..., gn, is continuously-differentiable.

(iii) We denote the set of all continuously-differentiable vector-valued functions
f: U —R™ by CHU,R™).

\.

Example 11.38: Partial derivatives of a polynomial

Let f be the scalar-valued polynomial function of two variables given by

f(z,y) = 2? + 2xy> + 4z.
The function f’s partial derivatives are then

8f . 3 8f _ 2
D (r,y) =2x 4+ 2zy° +4 and By (z,y) = 6xy”.

11.2.2 The tangent hyperplane

Topic 11.5: Three-dimensional motivation for the tangent hyperplane

Let U C R? be an open subset of R?, let f: U — R be a continuously-differentiable
function of two variables, let (xg,yo) € U be an arbitrary point in U, and define the
point zo = f(zo,yo). Using f’s two partial derivatives, it is possible to compute the
equation of the tangent plane to the graph of f at any point (z¢, yo, 20) on f’s graph.

Consider taking the intersection of f’s graph with the planes R x {yo} x R and
{zo} X R x R, i.e. the three-dimensional planes of constant y value y = yp and
constant x value x = xg, respectively. The intersection of f’s graph with these two
planes produces two curves whose slopes at the point (zg, o, 20) are given by the
partial derivatives fy(zo,v0) and fy,(zo,yo), respectively.

The tangent vectors to these two curves at the point (xg, yo, z0) are thus

0 0
S1 = (1705 a_i(xmyO)) and sg = <0a 17 a_i(xo’yO)) :

The normal to the tangent plane at (xo,yo, 20) must be perpendicular to both of
these two tangent vectors, and we can construct such a normal vector using the cross

product
of of
Sog X8 =|=—,=—,—-1]).
S (83} oy
Having found the normal to the tangent plane, the point normal form (see Defini-
tion 3.9 for review) of the equation of the plane tangent to f’s graph at the point
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(%0, Yo, 20) is

g—i(fco,yo) (= z0) + %(ﬂio,yo) (¥ — o) — (¢ — 20) = 0.

The line normal to the graph of f at the point (xg,yo, 20) is given by the equation

T—To _ Y—Y _ Z—20

fo(@o,y0) — fy(zo,90) -1’

this equation is of course defined only as long as fi(z0,%0) # 0 and fy(z0,%0) # O.

\.

Example 11.39: Tangent plane to the graph of a two-variable function

Let us determine the equations of the three-dimensional tangent plane and normal
line to the graph of the two-variable function

f:(z,y) — 22 + 2z + 42

at the point (zg,y0) = (1,0). We have already computed the function’s partial
derivatives in Example 11.38, these are given by

%(a},y)=2x+2y3+4 :fz(l,O):&
0
a—gj;(x,y) = 6zy? = f,(1,0) = 0.

Noting that zp = f(1,0) = 5, the point-normal equation of the tangent plane to f’s
graph at the point (1,0,5) is then

6(x—1)4+0(y—0)—(2—5)=0 = bz —2=1,

while the equation of the normal to this plane at (1,0,5) is

z—1 z—5
= : =0.
6 1 Y

\.

A tangent hyperplane is the higher-dimensional generalization of the tangent plane to the
graph of a two-variable function, and is defined for functions of n variables.

Topic 11.6: Tangent hyperplanes

Define n € N, let U C R" be an open subset, let f: U — R be a continuously-
differentiable function of n variables, let @ € U be an arbitrary point in U, and
define the point z = f(a) € R. Finally, for every k =1,2,...,n, let

0 0
si=[0,....010..0 %@ :<ék,—f(a))€R”+1
k—1 terms n—k terms

denote the tangent to the graph of f in the direction of the k-th coordinate axis at
the point (a, f(a)) € R™*1.
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In this case the normal vector to the tangent hyperplane of the graph of f at the
point (a, f(a)) is the vector

oxy - 7 Oy,

(%a) ﬁ(a»—l) = (V£)(a),~1) € R™;

this vector is by construction perpendicular to each of the tangent vectors sg, since

(ﬁm) ﬁ<a>,_1).(ék’ﬁ(a))_ﬁ(a) O oo

Ox1° 7 Oz, oxy, T Oz Oy,

The tangent hyperplane to the graph of f at the point (a, f (a)) is the hyperplane in
R™! consisting of all vectors » = (21, ..., 2y, 2) € R*™! for which

(VH(@),-1) - [r - (a. f(@)] =0,

i.e. vectors passing through the point (a, f (a)) and perpendicular to the normal to
the tangent hyperplane. The equation of the tangent hyperplane in point-normal

form is
@) 1)+ + 2L (@) (on = an) — (- S(@)) =0,
where ay,...,a, are the components of the vector a.

11.2.3 Total differentiability

Definition 11.40: Total differentiability

Define m,n € N, let U C R™ be an arbitrary subset of R™, and let a € U be an
interior point of U.

(i) A scalar-valued function f: U — R is said to be totally differentiable at the
point a if there exists a vector v € R™ for which

fla+w)— f(a) —v-w

lim =0.
w—0 [lwl]|
(ii) A vector-valued function g: U — R™ with components g = (g1, .., gm) is said

to be totally differentiable at a if each of its components g1, ..., gn, is totally
differentiable at a.

(iii) A scalar-valued function f: V — R defined on an open subset V' C R" is said
to be totally differentiable if it is totally differentiable at every point in V.

(iv) A vector-valued function g: U — R™ with components g = (g1,...,9m) is
said to be totally differentiable if each of its components g1, ..., gn, is totally
differentiable.

Total differentiability is a stricter condition than both continuity and partial differentiability;
we formulate this statement more precisely in the following proposition.
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Proposition 11.41: Implications of total differentiability

Define n € N, let U C R" be an arbitrary subset of R, let a € U be an interior
point of U, and let the function f: U — R be totally differentiable at a. In this case

(i) The function f is continuous at a.
(ii) The function f is partially differentiable at a.

(iii) For each vector w € R™ the directional derivative of f in the direction of u
exists at a and is equal to

(Duf)(a) = (Vf)(a) - u.

(iv) There exists exactly one vector v € R" for which

i F@+w) = f@) = 0w
w—0 [lwl|

— 0,
and this vector is the gradient v = (V f)(a).

Proof. Since f is totally differentiable at a, there exists a vector v € R™ for which

L flatw) —f@)—v-w

w0 |lwl|

=0.

For shorthand, we denote the above fraction’s numerator by
a(w) = fla+w) — fla) —v-w.
We show that f is continuous at a with the calculation

lim [f(a +w) — f(a)] 2! J;iino [a(w) + v - w]

w—0
a(w) (b)

= lim ||lw|——4+v-w| =0,
w0 l|lwl|

where (a) follows from the definition of a(w) and (b) because f is totally differentiable,
S0 limoa(w)/||w|| = 0. We have shown that
w—

lin [f(a+w) - f(a)] =0 = lm f() = f(a).

Thus f’s function value and limit at a are equal, and so f is continuous by Proposi-
tion 11.21 (i).

We will now prove points (ii)-(iv). Define w € R™ and h € R. We will first show that

lim o(hu)

h—0 h =0

When u = 0, this follows directly from the fact that a(0) = 0. When u # 0, the
above equality follows from the calculation

1 .. a(hu) . alhu) @) .  a(w) (b
— 11 —_— l —_— 1 _— =
|u|| =0 |h| h—0 ||hul| w0 ||w||
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where (a) follows from defining w = hu and (b) holds because f is totally differen-
tiable at @, and so limy_,o(a(hu))/h = 0 when u # 0.

We now compute the directional derivative

(Duf)(a) = tim LMW = ()
— lim a(hu) + v - (hu)
h—0 h
a(hu) ()

+v-u=7v-u.

= i
hlg%) h

where (a) follows from the earlier result limy, ¢ a(i}zu) = 0. Theresult (D, f)(a) =v-u
means the directional derivative of f exists at a for any vector u € R™, which implies
that all of f’s partial derivatives (which are just directional derivatives in the direction
of unit vectors) exist at @, and so f is partially differentiable at a, proving point (ii).

For each of the unit vectors é;,k = 1,2,...,n we then make the calculation

of

B (@) = (Dg,)(a) = v - & = vy,

Thus the k-th component v of the vector v equals f’s partial derivative at a with
respect to xj, which in turn implies that

v=(v1,...,0p) = (g—gi(a),...,g—i(a)) = (Vf)(a).

This result shows that v is uniquely equal to (V f)(a), proving point (iv), and that

(Duf)(a) = (V)(a)-u,

proving point (iii) and completing the proof. O

Proposition 11.42: Continuously-differentiable functions are totally differ-

entiable on open subsets

Every continuously-differentiable function f: U — R defined on an open subset
U C R" is totally differentiable.

Proof. Define the arbitrary point @ € U and choose arbitrary e € RT. All of f’s

partial derivatives are continuous, so for all k = 1,2, ..., n there exists 6 € RT for
which K(a,d) C U and
88—;; v) — aa—ai(a) < 2 for all v € K(a, ). (11.1)
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Next, let w denote any vector in K£(0,6) C R™ and define the vectors

bp=0
bl = (wl,O,...,O) = w1é1
by = (w1, ws,0,...,0) = w1& + weés
b, = (w17w2a"~awn) = w,
where wy, ws, ..., w, are the components of the vector w. Because w € K(0,),

Ib] < |lw|| < d forall k=1,2,...,n,

and so all points of the form a + by, lie in the ball K(a, ).

More so, the ball K(a,d) also contains the image of the path constructed by using
straight line segments to connect the points a = a + by, a + by, a + bs, and so on for
all k =1,2,...,n until reaching the terminal point a + b,, = w. By the construction
of this path and the definition of the points {by}, the restriction of the function f to
the line segment between the points @ + by_; and a + by 1 depends only the variable
xk as it takes on values from ag to ap + wy. Because f is continuously-differentiable,
this restriction is necessarily a differentiable function of zj, and so we can apply the
mean value theorem to the restricted function on the interval [ay, ar + wg], which
guarantees the existence of a point ¢ € (0,1) for which

ﬁ(a + br_1 + crwiéy) = fla Tal:ﬁklwf)(ciz:k—l)

)

Oxy,

or, after rearranging,

0 N
fla+bg)— fla+bg1)= wkaai(a + b1 + crwiéy). (11.2)
We then pause to note the auxiliary identity

n

fla+w)— f(a) =) [fla+by) — fla+be1)], (11.3)

k=1
which we then use in the calculation

fla+w) - f(a) = (Vf)(a) w

Bl (11.4)

oxy.

Tk 8.73k
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where (a) follows from the definition of the gradient and dot product, (b) from
Equation 11.3, and (c) from Equation 11.2. We then take the absolute value of the
result of Equation 11.4 and continue the calculation to get

|fa+w) — f(a) = (V)(a) - w]|

Z W [S_jk(a + b_1 + crwié) — ﬁ(a)] '

— oxy,
(%) g |wg| g—i(a + bp_1 + crwiéy) — g—i(a)‘ (11.5)
v ; ol 2@+ becs 4 i) - 2L
D3 € = sl

k=1

where (a) follows from the triangle inequality, (b) from the bound |wg| < ||wl|
from Proposition 11.3 (iii), and (c) from Equation 11.1 and the fact that the vector
(a+ bg_1 + crwi€y) lies in K(a, d), since any point of the form a + by, lies in K(a, 9),
and a + bx_1 + crwi€y lies on the line segment between a + bi_; and a + bpy;.
Rearranging the result of Equation 11.5 produces

[f(a +w) = fla) = (VS)(a) w| _

< €,
[w]l

since € € Rt and the point a € U were arbitrary, it follows that

o @+ w) = f(@) = (V£)(@) - w

w0 lwl|

=0 for all a € U,

and so f is totally differentiable. O

Example 11.43: Interpreting the gradient

Let f: U — R be a continuously-differentiable function defined on the open subset
U C R", let @ € U be a point in U for which (Vf)(a) # 0, and let &« € R” be an
arbitrary unit-norm vector, i.e. a vector for which ||@|| = 1. By Proposition 11.42, f
is totally differentiable on U, which allows us to compute the directional derivative
of f in the direction of 0 as follows:

(a) . N
(Daf)(a) = (Vf)(a) a=[af[|(VF)(a)] cos¢

(®)
= [(Vf)(a)| cos ¢,
where (a) holds by Proposition 11.41 (iii), (b) because @ is of unit norm, and ¢
denotes the angle between the vectors @t and (Vf)(a). The result (Dgf)(a) =
I(Vf)(a)|| cos¢ means that f’s directional derivative at a is maximized when
cos® = 1. But cos¢ = 1 when 1 points in the same direction as the gradient of f
at a, which means that the gradient (V f)(a) points in the direction in which the
function f is most rapidly increasing at the point a.
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11.2.4 The chain rule

Partial derivatives are computed analogously to the derivatives of scalar functions—all
variables except one are set to constants, and the resulting partial derivative is analogous
to the derivative of a scalar function. Thus the rules for partial differentiation of sums,
products, and quotients of multivariable functions are analogous to their scalar function
counterparts in Section 7.2.

However, the chain rule for computing the derivative of a composition of multivariable
functions requires special attention, since this rule is more involved than its scalar analog;
we will dedicate this section to the statement and proof of the multivariable chain rule.

Proposition 11.44: The chain rule for multivariable functions

Define n,m € N and the subsets U C R"™ and V C R™, let the vector-valued
function g: U — R™ be totally differentiable at the interior point @ C U, let g(a)
be an interior point of V', and let the scalar-valued function f: V' — R be totally
differentiable at g(a). In this case a is an interior point of g=!(V'), the composite
function fog: g~!'(V) — R is totally differentiable at a, and

9(fog) 9g

—5—(a)=(V/)(g(a)) - oy

r (a) for all k =1,2,...,n.

Proof. Because a is an interior point of U, because g is totally differentiable and
thus continuous at a, and because V is a neighborhood of g(a), the point a is an
interior point of g=!(V).

Before completing the remainder of the proof, we first establish some notation: We
will denote the variables of the function g by z1,...,z, and the variables of f by
U, ..., Un. Let b= g(a), let g have scalar-valued components g = (g1, ..., gm), and
let v € R™ be the vector with components

o= (V)0 32 (a).

For any vector w = (wq,...,wy) € R™ it then holds that

2wy (N @ w

V1)(b) - n(w),

where (a) follows from the definition of the dot product, (b) and (c¢) from the
definition of the dot product and gradient, and in (d) we have defined the vector

n(w) = [(Vgl)(a') w, ..., (Vgm)(a) - w]
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We then fix an upper bound M € R for which
(VA)(b)| <M and |[(Vg)(a) < Mforalli=1,...,m; (11.6)

we can be sure such an upper bound exists because f and g’s total derivatives exist
at the points b and a, respectively.

Next, choose arbitrary € € R™ and choose sufficiently small v € R* for which v < 1
and
vv/m(l+2M) <. (11.7)

Because f is totally differentiable at b, there exists y € Rt for which K(b,u) C V
and

F®B+7) — £®B) — (VH®) 7| Z a(r)| < vifr| for all » € K(©O,),  (108)

where in (a) we have introduced the shorthand notation

a(r) = f(b+7)— f(b) = (V[)(b) - 7.

Because g is totally differentiable, and thus continuous, at a, there exists § € R for
which
K(a,0) CU and g(K(a,d)) C K(b,p) C K(g(a),p).

Additionally, again because g is totally differentiable at a, it holds that
|Bi(w)| = |gi(a +w) — gi(w) = (Vgi)(a) - w| < v[w] for all w € K(0,0),
where we have defined the quantities

Bi(w) = gi(a + w) — gi(w) — (Vgi)(a) w, i=1,....m
B(w) = (Br(w),...,Bn(w)) € R™.

The inequality |5;(w)| < v||w|| for all ¢ = 1,...,m in turn implies that

1B(w)]| < Vmv|w]. (11.9)

Next, we choose arbitrary w € K(0,d) C R™ for which w # 0 and define
r = r(w) = g(a + w) — g(a).

The function g is continuous at a and thus g(K(a,d)) C K(b,u) = K(g(a), u),
which in turn implies that
r e K(0,pu).

More so, the components of the vector r obey

il = lgi(a + w) = gi(a)| = |Bi(w) + (Vgi)(a) - w]
(

(a )
< |6i(w)] +1(Vgi)(a) - w] < |6i(w)] + (Vi) (@)l w]]

< vllw| + Mjw]|

(c)
< (1+ M)|jwl],
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where (a) and (b) follow from the triangle and Cauchy-Schwartz inequalities, respec-
tively, and (c) from the requirement that g < 1. The result |r;| < (1 + M)||w|| in
turn implies that

el < vm(1+ M)l|w]. (11.10)

We then continue with the calculation

flgla+w)) - f(g(a)) —v-w=flb+r)—- f(b)—v-w
=a(r) + (Vf)(b) -7 — (V)(b) - n(w)
=a(r) + (Vf)(®) - (r — n(w))
= a(r) + (Vf)(b) - B(w),

which we then use to make the bound

f(gla+w)) — f(g(a)) —v-w| _|a(r)+(V/)(b)-B(w)|

ol ol
< B0 e lEel
L RGO
© 8w

<wvym(l+ M)+ I(Vf)(b)lw

< vvm(l+ M)+ vMym
_uvm(142M) D e,

where (a) follows from the triangle inequality, (b) from Equation 11.8, (c) from
Equation 11.10, (d) from Equations 11.6 and 11.9, and (e) from Equation 11.7. The
result of this calculation is

|f(gla+w)) — f(g(a)) —v-w|

[

< € for arbitrary e € R,

which implies that the function f o g is totally differentiable at a, and that its partial
derivatives are equal to the components of the vector v, i.e.

feg), « = Jg
a—%(a)—vk—(Vf)(b)-a—%(a). O

\. .

Example 11.45: Using the multivariable chain rule

(1) Consider the vector-valued function g: R?> — R? given by

g(r,¢) = (rcos ¢, rsin ).

This function encodes the change of variables from polar to Cartesian coordi-
nates, since we could also write it in the form

g =(91,92) = (z,9),
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where the component functions x and y are given by

xz(r,¢) =rcos¢ and y(r,¢) = rsine.

For any two-variable function f: R? — R of the Cartesian coordinates x and v,
we will aim to find f’s partial derivatives with respect to the polar coordinates
r and ¢. To this end, we apply the chain rule to get

8(](;: 9) (r,¢) = %(r cos @, r sin ¢)g—i(r, o) + ggjj (r cos ¢, rsin QS)a (r, @)

= %(r cos ¢, 7 sin ¢) cos ¢ + gz(r cos ¢, 7 sin ¢) sin ¢,
A(foy) of
9¢ O

(rcosd),rsmd))a (r, gb)—i—az(rcosd),'rsmd))

99
of

M (r cos ¢, rsin ¢)r cos ¢.

(r,¢) = (r, @)

99
= g‘af;(r cos ¢, rsin ¢)(—rsin @) +

As a concrete example, let us find the partial derivatives of the function

fla,y) = 2% + 42,

for which the composite function f o g reads

(fog)(r,¢) = f(rcos¢p,rsing) = 7“2c052¢>+7«251n2¢ — 2

Thus in polar coordinates the function f depends only on the variable r, so we
expect that f’s partial derivative with respect to ¢ will be zero. We first note
that f, = 2z and f, = 2y, then apply the chain rule to get the expected result

d(fog)
or

d(fog)
o

(r, ) = 2r cos? ¢ + 2rsin® ¢ = 2r,

(r, ) = —2r? cos ¢sin ¢ + 2r% sin ¢ cos ¢ = 0.

Let «v: J — R™ be a continuously-differentiable vector-valued function of one
variable defined on the open interval J C R and defined as

Y(t) = (n1(t),..., (b)) for all t € J.

The function ~ represents a parameterized curve in R”, and its derivative at
any point tg € J, i.e.

dvy

dr 7(t0) (;Yl(to)a doc 7;)’71(150)) e R",

is a vector tangent to the curve at the point «(¢g) that represents the velocity
of the parameterization.

Next, let f: U — R be any continuously-differentiable function defined on the
open subset U C R™ and defined the point a = ~(ty) € U. We then apply the
chain rule to compute the derivative

d(fo~)

2 (t0) = (V1)(@)-4(to) 2 (Dyo) 1) (@),
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where (a) follows from Proposition 11.41 (iii). If the parameterized curve - lies
inside a set of points on which the function f is constant, i.e. inside a so-called
level hypersurface of f, then the function f o~y is also constant and obeys

d(fon)

2 (19) = (V1)(@) - H(to) =0,

meaning that the gradient of f at the point a is orthogonal to the level
hypersurface of f passing through the point a.

11.2.5 Higher-order partial derivatives

Definition 11.46: Higher-order partial derivatives

Let f: U — R be a scalar-valued function of n variables defined on the open subset
U C R™. If f is partially differentiable with respect to the variable z;, then the
partial derivative f,,: U — R is itself a function of n variables, and if f,, is partially
differentiable with respect to the variable zj, then the second partial derivative of f
with respect to the variables x; and xy, is defined as

0,
2 oo .1 20)
ai'kai'i B 8$k 81‘1 N (9:Ek
We will also write second partial derivatives in the more compact forms
0*f
8xkaxi

We define higher-order derivatives similarly: the k-th partial derivative of the function

f with respect to the variables x; , z;,, ..., x;, is defined as

o 0 ( (2 (2 h))...
81'% 0x;,0x;, N 8:Cik Oz, \ 0Ti, 2

assuming the appropriate partial derivatives exist. If the function f is k-times
differentiable with respect to the same variable x;, we write the corresponding
higher-order partial derivative in the shorthand form

ok f B ok f B
ox; - 0x;0x; o axf a

DFf.

Definition 11.47: Continuous higher-order partial differentiability

(i) Let f: U — R be a scalar-valued function of the n variables x,xa, ..., 2,
defined on the open subset U C R™ and let £k € NU{0} be an arbitrary positive
integer. The function f is said to be k-times continuously-differentiable if it is
continuous and, for all natural numbers p < k and all possible choices of the

314



indices i1, 42,...,1, € {1,2,...,n}, the partial derivatives of the form

orf
8:% cee BZEZ’Q 8:Ci1

exist at every point in U and are themselves continuous functions of n variables
mapping from U to R.

(ii) We denote the set of all k-times continuously-differentiable scalar-valued func-
tions f: U — R by C*(U).

(iii) Let m,n € N be arbitrary natural numbers, let g: U — R™ be a vector-valued
function with scalar-valued components g = (91,92, -.,9m) defined on the
open subset U C R", and let k € NU {0} be an arbitrary nonnegative integer.
The function g is said to be k-times continuously-differentiable if each of its
components g1, g2, - - -, gm 18 k-times continuously-differentiable.

(iv) We denote the set of all k-times continuously-differentiable vector-valued func-
tions g: U — R™ by C¥(U,R™).

(v) Functions inside the set intersections
e} o
Ce(U) =) FU) and C®UR™ =[] UR™)
k=0 k=0

are called smooth functions.

\. J

Example 11.48: Second partial derivatives of a polynomial

Let f be the scalar-valued polynomial function of two variables given by

f(z,y) = 2% + 2z + 4.

The function f’s second partial derivatives are

gx2 (z,y) =2

;fg (z,y) = 6y
T o) =
giy];(w,y) = 12zy

\. J

Note that f’s two mixed partial derivatives in Example 11.48 are equal—in this particular
case this equality of partial derivatives is not a coincidence, but mixed partial derivatives
are not equal in general. In this section we will show that mixed higher-order partial
derivatives are equal whenever the relevant partial derivatives exist and are continuous. In
preparation, we first prove the following lemma.
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Lemma 11.49: An auxiliary result for proving equality of mixed partial

derivatives

Let f: U — R be a scalar-valued function of n variables defined on the open subset
UCR" leti,j€{1,2,...,n} be two indices for which ¢ # j, assume the partial
derivatives D; f and Dj; exist at all points in U, and define the point a € U. More
so, let h,k € R\ {0} be two nonzero real numbers for which

a+té +sé; €U forallt € [0,h] and all s € [0, k].

In this case there exists a point tg € (0,h) and a point sp € (0, k) for which

fla+hé&; +k&;) — f(a+h&;) — f(a+ké;)+ f(a)
= hk(Dji f)(a + to&; + s0&;).

Proof. We first define the function u: [0, h] — R given by
u(t) = fla+té&; + ké&;) — f(a+t&;), te][0,h].

We then apply the mean value theorem to u on the interval [0, h], which guarantees
the existence of a point ¢y € (0, k) for which

%(t )= u(h) —u(0)
" h=0
or, after rearranging,
du
u(h) = u(0) = h - —(to)
d (11.11)

where (a) follows from the chain rule.

We then define the function v: [0, k] — R given by
v(s) = (Dif)(a + to&; + s&;), s € [0,k].

Like for the function u, we apply the mean value theorem to v on the interval [0, k],
which guarantees the existences of a point s € (0, k) for which

dv _v(k) —v(0)
)= "o
or, after rearranging,
d
(k) —v(0) = k - d—z(s()) = k- (D;Dif)(a+ to8; + s08;). (11.12)

On the one hand, by the definition of w, it then holds that

u(h) — U(O) = f(a + hél + kié]) — f(a + héz) — f(a + kiéj) + f(a),
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while on the other hand the equalities earlier in this proof imply that

u(h) —u(0) € - [(Dif)(a + tod: + k&;) — (Dif)(a + toé:)]

= h- [v(k) —v(0)]
= hk - (Djif)(a + to&; + s0&;),

where (a) follows from Equation 11.11, (b) from the definition of v(s), and (c) from
Equation 11.12. We then complete the proof by equating the above two expressions
for u(h) — u(0). O

Proposition 11.50: Condition for changing the order of partial differentia-

tion

Let f: U — R be a scalar-valued function of n variables defined on the open
subset U C R"™, and define the indices i,j € {1,2,...,n}. More so, assume the
partial derivatives D; f, D;f and Dj; f exist at all points in U and that the function
Dj;f: U — R is continuous at some point @ € U. In this case the second partial
derivative D;; f exists at @ and obeys

(Dijf)(a) = (Djif)(a).

Proof. If i = j the proposition is trivial, so we will assume that ¢ # j. First choose
arbitrary € € RT. Because the function Dj; f is continuous at a, there exists § € RT
for which K(a,d) C U and

|(Di; f)(v) — (Djif)(a)| < € for all v € K(a,?).

By Lemma 11.49, for any two nonzero real numbers h,k € R\ {0} for which
h? + k% < 62, it holds that

fla+hé; + k&) — fla+he)  fla+ke;)— fla)
hk hk

— (Djif)(a)

< €.

We now consider the limit of the left-hand side of the above equality as k — 0
at a fixed value of h. By recognizing the expressions for partial derivatives and
remembering that the partial derivative D;f is assumed to exist at a, this limit

reduces to
(Djf)(a+ h&) - (Djf)(a)
h

This resulting inequality in turn means that the function D; f is partially differentiable
with respect to x; at the point @ and obeys

(Djf)(a+ h&i) — (D;f)(a)

— (Djif)(a)

<e.

(DiDjf)(a) = lim W = (Djif)(a),
which completes the proof that (D;;f)(a) = (Djif)(a). O

\.

Proposition 11.50 is very useful in practice, since it means that the mixed partial derivatives
D;;f and Dj;f are equal for any function f € C?(U). More so, the proposition can be
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naturally extended to apply to the mixed partial derivatives of arbitrary order of any
smooth function.

11.3 Taylor’s formula for multivariable functions

In this section we will extend Taylor expansions to functions of multiple variables.

Topic 11.7: Deriving Taylor’s formula for multivariable functions

Define n € N, m € NU{0}, the open subset U C R”, the point a = (a1,...,a,) € U,
and let f: U — R be an (m + 1)-times continuously-differentiable function of n
variables. The set U is open, so there exists R € Rt for which K(a, R) C U. Define
the point = (z1,...,2,) € K(a,R) \ {a} CR", and let

W= (Wi,...,wy) = (T1 — aA1,..., Ty — Gp).

Note that, by construction, the entire line segment between a and a + w lies inside
the open ball K£(a, R). We will parameterize the line containing the points a and
a + w with the vector-valued function «v: R — R" given by

¥(t) = a + tw.

By construction, the function = is smooth and obeys ¥(0) = @ and (1) = a + w,
the set ([0, 1]) C R™ is the line segment between a and a + w, and (¢) = w for all
t € R. Next, we define the scalar function g: y~!(U) — R as the composition

g=fov, g(t)=rf(v().
Because f is continuous, the set vy~1(U) C R is open, and in addition
[0,1] € y~(U).

Because the function f is (m + 1)-times continuously-differentiable and because
~ is smooth, by the chain rule the function g is itself (m + 1)-times continuously-
differentiable, and in addition obeys

9(0) = f(a) and g(1) = f(a+w).

By Taylor’s formula for scalar functions applied to ¢ when expanded about 0, there
exists a point 0 € (0,1) for which

fla+w) = g(1) = 32 L0 gy 20 _gyn

Kl (m +1)! o
= gP) | gD '
=D T

We can then find the corresponding Taylor’s formula for f by computing g’s derivatives
using the chain rule, and then expressing these derivatives in terms of the partial
derivatives of f. To do this, we first write v by components as

¥y=(,---,7m) and F;(t)=w;, teR, j=1,2,...,n.
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We then apply the chain rule, which for all ¢ € g=!(U) produces
/
t —
g(t) = Z ax, Z oz,

= Z(Dif)(a + tw)w;
i=1

We should remember that the function (D; f)(a + tw) is a composition of function ~y
and the function D;f (similarly to how ¢ is a composition of v and f); with this in
mind we can then apply the chain rule once more to get

n

9" =" | (Di(Dif) (@ + tw)w; | w;

i=1 | j=1

= Z Djif)(a + tw)w;w;.

4,j=1

More generally, the k-th derivative of the (m + 1)-times continuously-differentiable
function g is

n

g® (1) = Z (Di, .., [)la+tw)w;, - w;,, k=1,...,m+ 1.

i1peip=1

We then substitute these derivatives of g into the earlier Taylor’s formula expression
for the scalar function g in Equation 11.13 to get

m 1 n
flatw)=>" i > Di i h)@wi, - wi,
k=0 " |i1,..,i=1

n

1

Tt Yo Diim=1H)a+ dww, - w,,
i17~~~7im+1:1

for some 6 € (0,1). This expression is the m-th order Taylor’s formula for the
function f expanded about the point a with the remainder in Lagrange form.

We now continue the above derivation with some simplifications to mixed partial derivatives.

Topic 11.8: Simplifying mixed partial derivatives

The function f is (m + 1)-times continuously-differentiable, so by Proposition 11.50
the order of partial differentiation is immaterial. As a result, we can arrange the
partial derivatives so that we first differentiate f with respect to the first variable
(as many times as required), then with respect to the second variable, and so on. As
a concrete example, consider the partial derivative

ok f

8.%'7;1 8.%'i2 000 (9%'% ’

D;, . 4. f=
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and suppose r1 of the indices i1, ..., are equal to 1, ro of the indices are equal to 2,
and in general r; of the indices are equal to j for j = 1,2,...,n. We can then write
o f ok f

Oz, Oxiy -+ Oy, Ox'Ox? -+ Dy

D;, 4 f =

Different sequences of the indices i1, ...,%; can lead to identical sequences of the
indices 71, ...,r,. It turns out—this follows from basic combinatorics—that the
number of different 7 sequences that lead to the same r sequence is exactly

k!

— 11.14
Tl!T‘Q!---Tn! ( )

As an aside, if each of the indices i1,...,1; are different, then the denominator is
exactly 1, in which case, as might be expected, the number of i sequences leading to
the same r sequence (which in this case consists only of 1s) equals k!, the number of
permutations of 4 indices.

Using Equation 11.14, we can then write the derivatives in Taylor’s formula for the
function f as

n

Z (Diy..ip, [)(@)wiy - - - wy,

i1yeyip=1

| k
- Y L@,

!l 0zt - Ozt
T il s S 2
ri4-+rn=~k

while the full expression for Taylor’s formula becomes

m ok f wit wkn
flatw)=3"| > W(G)—l'“—

71! o
k=0 | 0<ry,...,rn<k l n
Tt rn=k

oFf wit  w'r

1 n
T pmmoagetiw) T
0<r1, e <m+41 1 n ’
rit-trp=m+l

for some 6 € (0, 1).

Remark 11.51: Simplifications of Taylor’s formula

The general form of Taylor’s formula given above for a function of n variables is
admittedly rather complicated. Here we show three special cases often used in
practice; these are considerably simpler.

(1) (Low-order expansions) The first-order Taylor polynomial of a function f: R™ —

R of n variables x1, ..., z, expanded about the point a € R" is
of of
fla) + 8—961(0)(371 —a1)+---+ a—wn(a)(l‘n — an)
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The corresponding second order Taylor polynomial is

fla)+ g—i(a)(ml —a)+--+ %(a)(xn - a")]
82
u % : 8961-6{8] e el =a)
1<i,5<

(2) (Function of two variables) For a two-variable function f: R? — R we denote
the two variables by x and y. If we expand the function f about the point
(w0,y0) € R?, the resulting second-order Taylor polynomial is

v, 0) + | 5 o) = a0) + 5 (a0, o) = o)

2 "

t3 [@(wo, yo)(z — z0)* + g—yz(ﬂffo, %0)(y — vo)?

2

+ 283:(‘;; (20, %0)(x — z0)(y — yo)] :

The general m-th order Taylor polynomial of the two-variable function f can
be written using the binomial formula in the form

1[Nk ok
Z k! [TZ:(:) (1") W;’cr(%’ yo)(z — wo)"(y — yo)k_T] -

Example 11.52: Taylor expansion of a multivariable polynomial

Let us compute the third-order Taylor polynomial of the two-variable function
f: R? = R given by
flaz,y) =2° + 9 +ay

when expanded about the point (1,2). The function’s partial derivatives are

fo=32"+y f2(1,2) =5
fy=2y+z fy(1,2) =5
fmy:fymzl fyz(l,Q):l
fyy =2 fyy(1,2) =2

the remaining third-order derivatives are all equal to zero. The first-order Taylor
polynomial expanded about (1,2) is then

Tlf(xay; (1?2)) = f(laQ) + fr(172) ’ (.’L‘ - 1) + fy(1>2)(y - 2)
=74+5(xz—1)+5(y—2).
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The second-order Taylor polynomial about (1,2) is

Tgf(l’,y; (17 2)) = Tlf(l'ay; (17 2)) + %[fmx(lv 2)(1' - 1)2 + fyy(la 2)(y - 2)2
+ 2fay(1,2)(z — 1) (y — 2)]
=745z -1 +5@y—2)+3(z—-1)2+ @y -2+ (z—-1)(y—2).

Similarly, the third-order Taylor polynomial about (1,2) is

Tsf(z,y;(1,2)) =7+ 5(x — 1) + 5(y — 2)
(z—1)°

+3(z—-12+(@y-2°+@-1(y—2)+6 31

As might be expected and is straightforwardly verified, this expression is exactly
equal to the original function f(z,y), which is itself a third-order polynomial.

11.4 Extrema of multivariable scalar-valued functions

In this section we will give a necessary condition for existence of extrema of multivariable

scalar-valued functions and a sufficient condition for the existence of extrema of a two-

variable function. These conditions are generalizations of those developed in Section 7.3 for
scalar functions. Besides minima and maxima, multivariable functions also have critical
points called saddle points, which do not have a scalar analog. Throughout the section, we
will again assume that n € N is an arbitrary natural number.

Definition 11.53: Extrema of multivariable functions

Let f: U — R be an n-variable scalar-valued function defined on the subset U C R",
and define the point a € U.

(i) The function f has a local mazimum at a if there exists § € R* for which

f(v) < f(a) for all v € K(a,d) NU.

(ii) The function f has a local minimum at a if there exists § € R for which
f(v) > f(a) for all v € K(a,d) NU.

(i) The function f has a local extremum at a if it has either a local maximum or

a local minimum at a.

(iv) The function f has a strict local mazimum at a if there exists § € R™ for which

f(v) < f(a) for all v € K(a,d) N (U \ {a}).

(v) The function f has a strict local minimum at a if there exists 6 € R for which

f(v) > f(a) for all v € K(a,d) N (U \ {a}).

(vi) The function f has a strict local extremum at a if it has either a strict local
maximum or a strict local minimum at a.
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(vii) The function f has a global mazimum at a if f(v) < f(a) for all v € U, and a
strict global mazimum at a if f(v) < f(a) for all v € U \ {a}. In both cases
we then write

max(f) = f(a).

(viii) The function f has a global minimum at a if f(v) > f(a) for all v € U, and a
strict global minimum at a if f(v) > f(a) for all v € U \ {a}. In both cases
we then write

min(f) = f(a).

(ix) The function f has an (strict) global extremum at a if it has either a (strict)
maximum or a (strict) minimum at a.

Definition 11.54: Stationary point of a multivariable function

Let f: U — R be an n-variable function defined on the subset U C R™. An interior
point a € U is called a stationary point of f if f is totally differentiable at a and

(Vf)(a) =0.

Proposition 11.55: Necessary condition for the extremum of a multivari-

able function

Let f: U — R be an n-variable function defined on the subset U C R", and assume
f is totally differentiable at some interior point @ € U. In this case if f has a local
extremum at a, then a is necessarily a stationary point of f.

Proof. Let uw € R™ be an arbitrary vector and let v: R — R™ be the smooth
vector-valued function given by

¥(t) = a + tu.

In this case v(0) = a and %(0) = u and the single-variable function fo~: v~1(U) —
R is differentiable at 0. Since the function f has a local extremum at a, the function
f o has an extremum at 0, and so, by the necessary condition for the extrema of
scalar-valued functions in Proposition 7.14,

(f o) (0) =0. (11.15)

We then make the calculation

—
=

(©)

(V@) w2 (V) -40) Y (For)(0) Lo,

where (a) follows from the definition of 4, (b) from the chain rule, and (c¢) from
Equation 11.15. Since the vector u € R™ was arbitrary and f is totally differentiable
at @, we can choose u = (V f)(a), which we then substitute into the previous equality
to get

(V@) (VFa)=0 2% (Vf)(a) =0,

where (a) follows from the positive-definiteness of the scalar product. O
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In Proposition 7.25 we showed that a first derivative equal to zero together with a nonzero
second derivative was a sufficient condition for the extrema of a scalar function. Formulating
a sufficient condition for extrema of multivariable functions is somewhat more involved—it
involves a matrix of second derivative values called the Hessian matriz.

Since we have not covered matrices or linear algebra in this course, we will consider only
the case of a two-variable function, which can be straightforwardly formulated without
detailed knowledge of matrices. To this end we now define the determinant of the Hessian
matrix of a two-variable function.

Remark 11.56: The Hessian matrix of a scalar-valued multivariable func-

tion

The determinant of the Hessian matriz of a scalar-valued function of two vari-
ables f: U — R defined on an open subset U C R? is the scalar-valued function
detH(f): U — R given by

2
det H(f)(z,y) = %(m‘,y)

92 52 2
- {%gy@,y)} |

We can now give a sufficient condition for the existence of extrema of a two-variable function.

Proposition 11.57: Sufficient condition for the extrema of a two-variable

function

Let f: U — R be a twice continuously-differentiable function of the two variables x
and y defined on the open subset U C R? and let (29,y0) € U be a stationary point
of the function f. In this case

(i) If det H(f)(zo,y0) > 0 and fre(z0,y0) < 0, then f has a strict local maximum
at the stationary point (xg,yo).

(i) If det H(f)(x0,y0) > 0 and fzz(x0,y0) > 0, then f has a strict local minimum
at the stationary point (xg, o).

(iii) If det H(f)(zo, yo) < 0, then f does not have a local extremum at the stationary
point (xg,yo). Instead, f is said to have a saddle point at (zg,yo)-

Proof. Because the point (zg,yp) is a stationary point of the function f, all of f’s
first partial derivatives at (xg,y0) are zero, and so for sufficiently small vectors
(h,k) € R?, f’s Taylor expansion about the point (zg,yo) reads

1[0?
f(xo +h,y0 + k) = f(zo,v0) + 3 8—;;(370+0h,y0+0k)h2

2

T (20 + 0h, o + O bk

e oxdy

2

0
+ a—yJ;(l‘o + 0h,yo + 9k)k2 .
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We first introduce the more compact notation

a=a(hk) = ﬁ(xo + 6h, yo + k)
’ Ox? ’
B =pB(h,k) = azf (zo + Oh,yo + Ok)
’ Oxdy ’
0% f
Y= V(hﬂ k) = 8:1/2 (:BO + eh’a Yo + 9]{3),

in terms of which f’s Taylor expansion about the point (xg,yo) reads

f(zo+ h,yo + k) = f(zo,90) + %[a(h, k)h® + 2B(h, k)hk + v(h, k)k?].
In the context of this proof, we are interested in the sign of the quantity
B = B(h, k) = a(h, k)h? + 28(h, k)hk + y(h, k)k?;
if this quantity is positive (negative) for all sufficiently small vectors (h, k), the f

has a strict local minimum (maximum) at the point (zg,yo).

By the proposition’s assumptions, det H(f)(xq,v0) # 0. Because f € C?(U), all of
its second partial derivatives are continuous, and so the function det H(f) is itself
continuous; as a result, the function det H(f) is nonzero and of the same sign as
det H(f)(z0, yo) in any sufficiently small neighborhood of the point (zq, yo)-

To prove points (i) and (ii), we will assume that det H(f)(zo,y0) > 0. As a result
a(h, k) - B(h,k) > 0 for sufficiently small (h, k). More so, because the function « is
continuous, the sign of the function value a(h, k) is the same as the sign of «(0,0)
for sufficiently small (h, k). If k # 0, we may define t = h/k and write

B = ah? + 26hk + k% = k?(at? + 26t + 7).

The expression for B is a quadratic function of the variable ¢ with a discriminant
equal to

D = (28) — day = 4(8> — ay) = —4det H(f)(zo + h, yo + k).

For sufficiently small (h, k), the discriminant D is negative and the quantity B is
of the same sign as «. Additionally, in the case when k = 0 and h is nonzero and
sufficiently small, the quantity

ah? + 28hk + vk* = ah?
is of the same sign as a. For sufficiently small small nonzero (h, k) the quantity
ah?® + 28hk + vk?

is thus negative when « is negative and positive when « is positive. If follows that f
has a strict local maximum at (2o, yo) in the case (i) and a strict local minimum at
(z0,yo0) in the case (ii).
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To prove point (iii), we will assume det H(f)(zo,y0) < 0 and show that in this case
there exist arbitrarily small vectors (hi, k1) and (hg, k2) for which

f(xo + hi,y0 + k1) > f(xo,y0)
f(xo + ha,yo + k2) < f(x0,¥0),

which means that f does not have an extremum at (zo,yo). To begin, the inequality
det H(f)(zo,yo0) < 0 implies that the quadratic function

a(0,0)t* +25(0,0)t 4+ ~(0,0)

has a positive discriminant, which means there exist real numbers t1,t2 € R for
which

a(0,0)t? +253(0,0)t; +~v(0,0) > 0
(0,0)t2 +26(0,0)t2 + (0, 0) < 0.

More so, the continuity of the function f’s second partial derivatives means that for
sufficiently small (h, k), it holds that

alh, k)2 4+ 2B(h, k)t; +~v(h, k) > 0
alh, k)2 4+ 26(h, k)ty + v(h, k) < 0.

Let us now choose h; and k; for which ¢; = hy/k1, and note that the set of all
such pairs (h1, k1) satisfying ¢; = hy/k; forms a line in the plane. If h; and k; are
sufficiently small and k; # 0, then

a(hy, k1)t] + 2B(h1, k1)ts +v(h1, k1) > 0,
which in turn implies that
alhy, k1)h2 +28(hy, k1)hiks +v(hy, k1)E2 > 0.

We have thus found arbitrarily small vectors (hy, k1) for which

1
f(xo + hi,y0 + k1) = f(xo,v0) + 5 [a(h1, k1)h3
+ 2B(ha, k1)hiky + y(hy, k1) K3 |
> f(x0,%0)-

Analogously, we can find arbitrarily small vectors (he, k2) for which to = ho/ko and
f(xo + h2,y0 + k2) < f(z0,90)-

Combining the results f(xo+h1, yo+k1) > f(xo,y0) and f(xo+he, yo+k2) < f(xo, o)
implies that f does not have an extremum at the point (zg, yo). OJ
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Example 11.58: Extrema of two-variable functions

(1)

Let us find the extrema of the two-variable function

flz,y) = 2* +y° — 3ay.

We will first find the function f’s stationary points— f’s first partial derivatives
are

fe =322 -3y and fy= 3y? — 3u,
and so any of f’s stationary points must satisfy the system of equations
fo =32 —3y=0,
fy =3y -3z =0.

The first equation implies 22 = y, while the second implies that y? = z; we
square the second equation and substitute the result into the second equation
to get

y'=y.
The equation y* = y has two real solutions—y = 0 and y = 1, which combined
with the equations 22 = y and y? = z lead to the corresponding x values z = 0
and x = 1. The function f thus has two stationary points; these are

P1(0,0) and P(1,1).
The function f’s second partial derivatives are
Joz =62,  foy=fya=-3,  fyy =0y,
and so the determinant of f’s Hessian matrix is
det H(f)(z,y) = 6x - 6y — (—3) = 36xy — 9.
At f’s stationary points, the Hessian matrix’s determinant equals
det H(f)(0,0) = -9 <0 and detH(f)(1,1)=27>0,

and so f has a saddle point at P; and, because f;5(1,1) =6 > 0, a strict local
minimum at Ps.

Let us now consider the function given by
flz,y) =222 +3y? — 4o + 2 =2(x — 1)% + 3%
The function f’s first partial derivatives are
fe=4x—4 and f, = 6y,

and, without derivation, f has a single stationary point, P;(1,0). The function
f’s second partial derivatives are

Joz =4, fxy:fyxzoa fyy:67
and so the determinant of f’s Hessian matrix is
det H(f)(z,y) =4-6 —0=24> 0.

Because det H(f)(z,y) > 0 for all (z,y) € R?, the function f has a strict local
minimum at its single stationary point P (1,0).
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(3) Finally, let us consider the function given by

flz,y) =y —2*

The function’s first partial derivatives are
f=—-2xz and f, =2y,

which implies that f has a single stationary point, P;(0,0). The function f’s
second partial derivatives are

fmc:_Qa fa:yzoa fyy:27
and so the determinant of f’s Hessian matrix is
det H(f)(z,y) =(-2)-2=0=-4<0.

Because det H(f)(x,y) < 0 for all (z,y) € R?, the function f does not have
an extremum (but instead has a saddle point) at its single stationary point
P;(0,0).
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