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Chapter 1

Ideas & Motivations

Welcome to Calculus or Analysis II (with some! theory) by me (Gudfit). The point of these notes is to cover
everything I think is important as I build up to my current knowledge, while keeping it free and accessible
for everyone from kids to adults.

I aim for each set of notes to be max 200 pages, as rigorous as possible, and far-reaching too. (This will
probably be the longest notes as i try to fit applied calculus with theoretical analysis into one single pdf.)
That means I'll cover the axioms and proofs of the most interesting stuff, plus I'll pull in other subjects
we’ve already touched on to show how math builds on itself like funky Lego. These notes build on my
existing informal logic, algebra I notes and geometry notes, and they’re aimed at keeping the proofs, ideas,
and build-up of calculus as informal as possible.

It’ll be a mix of quick ideas and concepts, but in the appendix for each section, I'll go rigorous with the key
axioms pulled from a bunch of books.

As you browse the contents, you may notice that these notes are somewhat dense in terms of theory. This
is by design. Many standard Calculus concepts are simply extrapolations of Real Analysis; when we gloss
over these roots, it becomes difficult to see the true beauty and underlying simplicity that Calculus offers.

Consequently, we are taking the rigorous "Analysis route." We will build the machinery from the ground up
across a series of notes:

Part I: Limits and Convergence.

Part IT (This Document): Topology, Functions, Differentiation, and Integration.
Part ITI: Multivariable Calculus.

Part IV: Calculus on Manifolds.

Part V7: Metrics Spaces.

1LOL
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Part 1

Topology and Limit of Functions



Chapter 2

Introduction to Topology

In the preceding notes, we established the machinery of limits for sequences (z,, — 1). We now turn to
continuity on R.

Historically, the concepts of calculus were utilised with great efficacy by Newton and Leibniz long before they
were placed on a firm logical foundation. For centuries, arguments relied on an intuitive understanding of
"approaching" a value or "infinitesimal" changes. While sufficient for the physics of planetary motion, this
intuition eventually faltered when confronted with the pathological entities of pure mathematics. To resolve
these ambiguities, we must formalise the study of space, proximity, and deformation. This is the domain of
Topology.

Derived from the Greek topos (place) and mathema (knowledge), topology is often described as "rubber-sheet
geometry" — the study of properties preserved under continuous deformation. However, for the analyst,
topology is fundamentally the study of closeness. It provides the vocabulary required to define limits and
continuity without explicit recourse to metric distances in every instance, allowing us to generalise the
familiar properties of the real line to more abstract spaces.

2.1 The Intuition of Continuity

Before providing a definition, we must examine what we intuitively mean when we claim a function f : R - R
is "continuous". Several heuristic definitions have been proposed throughout history, notably by Euler and
Cauchy.

1. Geometric Connectivity: A function is continuous if its graph has no gaps, jumps, or breaks.

2. Mechanical Tracing: A function is continuous if its graph can be drawn without lifting the pen from
the paper.

3. Stability: A function is continuous if a small perturbation in the input produces only a small pertur-
bation in the output.

While the third intuition proves most fruitful for analysis (leading to the ¢ — ¢ definition), the first two
suggest a relationship between continuity and the "connectedness" of the domain. To verify these intuitions,
we examine functions that test their limits.

Example 2.1.1. The Heaviside Step Function. Consider the function H : R — R defined by:

Hz) 1 ifz>0
xT) =
-1 ifxz<0

(Note: In engineering contexts, H(0) is often defined as 1/2 or 1, but the jump discontinuity remains). As
illustrated in Figure 2.1, this function exhibits a clear "jump" at x = 0. It fails the stability intuition: a

8



CHAPTER 2. INTRODUCTION TO TOPOLOGY 9

movement from x = —107? to 2 = 0 results in a variation of output of magnitude 2, regardless of how small
the input step is. Thus, H is discontinuous at 0.

Figure 2.1: The Heaviside step function H(z) with a jump discontinuity at = 0.

The Intermediate Value Property

The intuition that a continuous function "cannot skip values" is formalised by the Intermediate Value
Theorem (IVT). It is tempting to define continuity solely by this property.

Definition 2.1.1. Intermediate Value Property (IVP). A function f : [a,b] — R has the Intermediate
Value Property if, for any y strictly between f(a) and f(b), there exists some ¢ € (a,b) such that f(c) = y.

If a function allows one to draw its graph without lifting the pen, it must necessarily traverse every vertical
position between its endpoints. However, is the converse true? Is a function that satisfies the IVP necessarily
continuous in the sense of "stability"?

Example 2.1.2. The Topologist’s Sine Curve. Define function f: R — R:
sin(1/x) ifx#0
Fa) = { (1/x)

0 ifz=0
Yy
. oscillations accumulate
1
+ t + + T
0 1 2 3 4
-1

Figure 2.2: The topologist’s sine curve f(z) = sin(1/z) for x # 0, with f(0) = 0. The function oscillates
infinitely often as z — 0.

As z — 0, the term 1/x grows without bound, causing the sine function to oscillate with infinite frequency
between —1 and 1.

e IVP Compliance: This function satisfies IVP. On any interval containing 0, the function takes all
values in [—1,1].

e Failure of Stability: Near 0, the value of f(z) is unpredictable. An infinitesimal move from 0 could
land on 1, —1, or 0. The graph, while not having a simple "jump" like the Heaviside function, is not
a simple curve we can trace physically.

This function satisfies definition 2.1.1 but fails the stability criterion; thus, IVP is a necessary but not
sufficient condition for continuity.
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Pathological Functions We consider functions that defy geometric intuition to demonstrate the necessity
of a robust topological framework.

Example 2.1.3. The Dirichlet Function. Let D : R — R:

1 ifzeQ
D(x){o ifz €R\Q

Recall that both Q and R\ Q are dense in R. In any neighbourhood of any point , the function D oscillates
between 0 and 1 infinitely many times. Visualising this is difficult (see Figure 2.3); the graph appears as two
parallel horizontal lines of "dust" rather than solid strokes. Intuitively, this function is continuous nowhere.

dense set of rational points

0 | dense set of irrational points

Figure 2.3: Visualisation of the Dirichlet function D(x). The dashed lines indicate that the function is defined
on sets that are dense in the real numbers, appearing as "point-dust" rather than continuous segments.

Sequential Characterisation We use theorem 2.1.1. Apply it to the Dirichlet function at an arbitrary
point r € R.

Theorem 2.1.1. Sequential Criterion for Continuity. A function f : A — R is continuous at a point
¢ € A if and only if for every sequence (x,) in A converging to ¢, the sequence (f(z,)) converges to f(c).

lim z, =c = lim f(z,) = f(c¢)

n— oo n—r oo

Let us apply this to the Dirichlet function at an arbitrary point r € R.

e Due to the density of rationals, there exists a sequence (g,) € Q such that ¢, — r. For this sequence,
D(qn) =1 for all n, so lim D(g,) = 1.

e Due to the density of irrationals, there exists a sequence (i,) € R\ Q such that i, — r. For this
sequence, D(i,) = 0 for all n, so lim D(i,) = 0.

Since the limits of the image sequences differ (1 # 0), the function cannot be continuous at r, regardless of
the value of D(r). This sequential approach confirms our intuition that the Dirichlet function is nowhere
continuous.

Why Topology?

While sequences allow the detection of discontinuity, the sequential definition is cumbersome for global
properties. We seek a definition relying on set structure. Topology abstracts "closeness" via open sets.
Rather than relying on a metric d(z,y) = |« — y|, we specify which subsets are "open neighbourhoods". In
the subsequent chapters, we will define the topology of the real line, explore the concepts of open and closed
sets, and derive the properties of continuous functions.



Chapter 3

Adherence and Closed Sets

Refining continuity requires formalising proximity. A function f is continuous at x if, whenever a set A is
close to x, the image set f(A) is close to f(x). We must quantify "closeness" not as small finite distance,
but as infinitesimal proximity.

We begin with the concept of adherence and closed sets, aligning with the sequential definitions established
in the previous chapter.

3.1 Adherent and Limit Points

We capture the idea of infinitesimal proximity via sequences.

Definition 3.1.1. Adherent Point. Let A C R. A point x € R is called an adherent point of A if there
exists a sequence (a,,) such that a,, € A for all n, and lim a,, = . We denote the set of all adherent points

n—oo
of A as adh(A) (also written A).

Essentially, x is adherent to A if z can be approximated arbitrarily well by elements of A. For x € A, the
constant sequence a, = x implies A C adh(A). Analysis often requires a stricter condition distinct from
trivial adherence.

Remark. (Sequential vs Topological Adherence). A point x is adherent to A if and only if every neighbour-
hood of x intersects A.

o If 2 € adh(A), there is a sequence a,, — . For any r > 0, eventually a,, € B,(x), so By(x) N A # 0.
e Conversely, if every By, () intersects A, choose a,, € By, (x) N A. Then a,, — x, so x € adh(A).

This equivalence is frequently used to switch between perspectives.

Definition 3.1.2. Limit Point. Let A CR. A point x € R is called a limit point (or accumulation point)

of A if there exists a sequence (a,) of distinct points in A such that lim a, = z.
n—oo

Example 3.1.1. Intervals. Let A =(0,1) and B = [0, 1].

e Any z € (0,1) is adherent to A (trivial).

e The endpoint 0 is adherent to A because the sequence (1/n),>2 lies in A and converges to 0. Similarly,
1 is adherent.

e Consequently, adh(A) = [0, 1].

e Similarly, adh(B) = [0, 1].

In this case, the set of limit points for both A and B is also [0, 1].

11
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The distinction between adherent points and limit points becomes apparent when considering discrete sets.

Example 3.1.2. The Hyperharmonic Set. Define S = {1/n:n € N}.

e Adherent Points: Every element 1/n € S is adherent. Furthermore, 0 is adherent because 1/n — 0.
Thus, adh(S) = S U {0}.

e Limit Points: Take an element x = 1/k € S. Any sequence in S converging to 1/k must eventually
be constant. Thus, no point in S is a limit point.

e However, the sequence (1/n) consists of distinct points in S and converges to 0. Thus, 0 is the unique
limit point of S (see Figure 3.1).

Interval: % =0

4:“/ o R adh(A) = [0,1]
0

1
Discrete:
unique limit point
N i3 o2 1
R adh(S) = S U {0}
0

\ isolated (not a limit point)

Figure 3.1: Top: The interval A = (0,1) with sequences converging to the boundary points. Bottom: The
hyperharmonic set S = {1/n : n € N} with 0 as its unique limit point; all other points are isolated.

Remark. Finite sets possess no limit points. If A is finite, any convergent sequence in A must be eventually
constant. Thus, the only adherent points of a finite set are the elements of the set itself.

Closed Sets

A set is "closed" if it contains its boundary, or more precisely, if it contains all points that are infinitesimally
close to it.

Definition 3.1.3. Closed Set. A set A C R is said to be closed if it contains all its adherent points.
Equivalently, A is closed if A = adh(A).

Using our previous examples:

The interval [0, 1] is closed because its adherent set is [0, 1].

The interval (0, 1) is not closed because 0 and 1 are adherent but not contained in the set.
The set S = {1/n: n € N} is not closed because 0 is adherent but 0 ¢ S.

Any finite set is closed.

s

3.2 Open Sets and Interiors

While adherence captures proximity to a set, we define the dual notion of being strictly inside a set.

Definition 3.2.1. Neighbourhood. For any x € R and r > 0, the r-neighbourhood (or open ball) of z is
the set:
B(z)=(z—-rz+r)={yeR:|z—y| <r}

Definition 3.2.2. Interior Point. Let A CR. A point x € A is an interior point of A if there exists some
r > 0 such that the entire neighbourhood B, (z) is contained within A:

B.(x)CA

The set of all interior points of A is denoted A° or int(A).
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T)CA

\
l
I
|
noy, 11‘(( rior:

){ aks out

\ /
S o P
~ o -

Figure 3.2: Visual representation of an interior point x with its neighborhood B,.(x) entirely contained in A,
compared to a boundary point y.

This definition formalises the idea of being "fully inside" a set, insulated from the complement by a buffer
of radius r.

Example 3.2.1. Interiors.

o If A=10,1], then # = 1/2 is an interior point (take r = 0.1). However, = 0 is not an interior point,
as any interval (—e¢, €) contains negative numbers, which are not in A. Thus, int([0,1]) = (0,1).

e If A= Q, the set of rationals, then int(A4) = . Any interval (x —r,x 4+ r) contains irrational numbers,
so no neighbourhood is ever fully contained in Q.

Definition 3.2.3. Open Set. A set A C R is said to be open if every point in A is an interior point.
Equivalently, A is open if A = int(A).

Example 3.2.2. Open Intervals. Any open interval (a,b) is an open set.

Proof. Let z € (a,b). We must find a radius r such that (z —r,z 4+ ) C (a,b). Let r = min(|z — al, |z — b|).
Since x € (a,b), r > 0. Forany y € (x —r,x 4+ r), we have a <z —r <y <z +r <b. Thus B,(z) C (a,b),
so the set is open. [ |

The collection of open sets satisfies specific algebraic properties that form the axioms of general topology.

Proposition 3.2.1. Union of Open Sets. The union of any collection of open sets is open.

Proof. Let {Ua}aen be an arbitrary collection of open sets, and let U = |J,cp Ua- Let x € U. By the
definition of union, there exists some index A € A such that x € U,. Since U, is an open set, x is an interior
point of Uy. Thus, there exists r > 0 such that B,(x) C Uy. Since Uy C U, it follows that B,(z) C U.
Therefore, z is an interior point of U. Since x was arbitrary, U is an open set. ]

Remark. (Finite versus infinite intersections of open sets). The intersection of finite open sets is open,
but the intersection of infinite open sets need not be. Consider U, = (—1/n,1/n). Each is open, but
N,~, U, = {0}, which is not open.

3.3 Isolated Points and Accumulation

In the previous section, we noted that adherent points are those which can be "touched" by the set A
through a sequence. However, adherence encompasses two distinct behaviours: approaching a point via
distinct elements (accumulation), and simply being a point that is already "there" but isolated from the
rest. To formalise this, first, we establish a geometric characterisation of limit points.

Proposition 3.3.1. Topological Characterisation of Limit Points. Let A C R. A point z is a limit point of
A if and only if every open neighbourhood of = contains a point of A distinct from z.

x is a limit point <= Vr > 0,3y € AN B,.(z) such that y # x

Proof.
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(=) Suppose z is a limit point. There exists a sequence (a,,) of distinct points in A converging to x. Since
the points are distinct, = can appear in the sequence at most once. By discarding that term (if it
exists) and re-indexing, we may assume a, # x for all n. Let r > 0. By the definition of convergence,
there exists N such that a, € B,.(z) for all n > N. Thus, B,(x) contains points of A (specifically
aN+1,3N+2,--.) which are distinct from x.

(<) Conversely, suppose every neighbourhood contains a point distinct from z. We construct a sequence
of distinct points inductively. Let 7y = 1. Choose a1 € AN B,,(z) with a; # z. For n > 1, define

7, = min (%, |I;a1|,..., Iw*ag"’l‘). Since ay, # z for all k < n, each distance |x — ay| > 0, so 7, > 0.

Choose a,, € AN B, (z) with a,, # x. By construction, |x —a,| < r, < % < |z —ay| for all k < n.
Thus a,, is distinct from all preceding terms. Since r,, < 1/n, we have |a,, — z| — 0, so a,, — x.

This proposition motivates the classification of adherent points into two mutually exclusive categories.

Definition 3.3.1. Isolated Point. Let © € A. We say x is an isolated point of A if z is not a limit point
of A. Equivalently, x is isolated if there exists a neighbourhood B,.(z) such that B,(x) N A = {z}.

Proposition 3.3.2. Structure of Adherence. Every adherent point of a set A is either a limit point or an
isolated point.

Proof. Let x € adh(A).

e If z is a limit point, we are done.

e If x is not a limit point, then by the negation of proposition 3.3.1, there exists some r > 0 such
that B.(z) N A C {z}. Since z is adherent, there must be some sequence in A converging to z.
For sufficiently large n, elements of this sequence must lie in B,.(x). Since the only available point
in this neighbourhood is x itself, the sequence must eventually be constant (a, = z). Thus z € A.
Consequently, B,(z) N A = {z}, satisfying the definition of an isolated point.

Example 3.3.1. Decomposition of Adherent Points. Consider A = (0,1) U {2}.
e The limit points are [0,1]. Any x € [0, 1] can be approached by distinct points in (0,1). The point 2

is not a limit point because the neighbourhood By 5(2) = (1.5,2.5) contains only 2 from the set A.
e The point 2 is adherent (trivially, as 2 € A). Since it is not a limit point, it is an isolated point.

3.4 Basic Properties of Open and Closed Sets

Having defined open and closed sets, we now explore their algebraic structure. The properties of union and
intersection differ between these two classes in a perfectly dual way, governed by De Morgan’s Laws.

Algebra of Open Sets
Proposition 3.4.1. Open Set Topology.

(i) The union of any collection of open sets is open.
(ii) The intersection of any finite collection of open sets is open.

Proof.

(i) This follows from proposition 3.2.1.
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(ii) Let Uy,...,U, be open sets and let U = ()_, U;. If U = 0, it is open (vacuously, every point in the
empty set is an interior point). If U # 0, let € U. Then « € U; for all ¢ = 1,...,n. Since each U;
is open, there exist radii r; > 0 such that B, (z) C U;. Let r = min(ry,...,r,). Since the collection
is finite, 7 > 0. Then B,(z) C B,,(z) C U; for all i. Consequently, B,(z) C (\U; = U. Thus x is an
interior point.

Remark. The finiteness condition in (ii) is crucial. As noted earlier, (),—,(—1/n,1/n) = {0}, which is not
open.

Duality of Open and Closed Sets The complement operation captures the relationship between open
and closed sets.

Proposition 3.4.2. Complement Characterisation. A set U C R is open if and only if its complement
U¢ =R\ U is closed.

Proof.

(=) Let U be open. We show U*€ is closed in the sense of definition 3.1.3. Let = € adh(U*¢). If x is isolated
in U€, then x € U€ by definition 3.3.1. Otherwise x is a limit point of U¢ by proposition 3.3.2. Suppose,
for contradiction, that x ¢ U¢. Then x € U. Since U is open, there exists r > 0 such that B,.(x) C U.
This implies B,.(x) N U® = (. However, if x is a limit point of U¢, every neighbourhood of x must
contain a point of U¢. This is a contradiction. Thus x € U€. Since U€ contains its limit points, it is
closed.

(<) Let F = U*® be closed. Let x € U, so x ¢ F. If every neighbourhood of x met F, then « € adh(F)
(by the sequential characterisation), hence = € F' by definition 3.1.3, a contradiction. Therefore some
B,.(z) is disjoint from F, so B,(z) C U and U is open by definition 3.2.3.

Algebra of Closed Sets By applying De Morgan’s Laws to the properties of open sets, we deduce the
properties of closed sets. Recall: (|JAn)® = AS and (()Ax)° = J AS.

Proposition 3.4.3. Closed Set Topology.

(i) The intersection of any collection of closed sets is closed.
(ii) The union of any finite collection of closed sets is closed.

Proof.

(i) Let {F,} be a collection of closed sets. By proposition 3.4.2, U, = F¢ are open. [ F, = (JU,)°. Since
(JU., is open by proposition 3.4.1, its complement is closed by proposition 3.4.2.

(ii) Let Fi,...,F, be closed. Then U; = Ff are open. |J;_, F; = ((;_, U;)°. Since the finite intersection
of open sets is open, its complement is closed.

Remark. Infinite unions of closed sets need not be closed. Consider F,, = [1/n,1—1/n]. Ur—, F, = (0,1),
which is open.
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3.5 Closure, Interior, and Boundary

We conclude by defining operators that generate open and closed sets from arbitrary sets.

Definition 3.5.1. Closure and Interior. Let A C R.

1. The closure of A, denoted A or cl(A), is the set of all adherent points of A. It satisfies
A= AU{zr:zis alimit point of A}.

Moreover, A is the smallest closed set containing A. (Proof: If F is closed and A C F, then any
adherent point of A is adherent to F', hence in F. Thus ACF ).

2. The interior of A, denoted A° or int(A), is the set of all interior points of A. Tt is the largest open
set contained in A.

Definition 3.5.2. Boundary. The boundary of a set A, denoted JA, is the set of points that are adherent

to both A and its complement A°. )
0A = AN Ac
Equivalently, € 0A if every neighbourhood of z meets both A and A¢; compare proposition 3.3.1.

A A ] 04noB
- 0A ~ T B
@ B, /) 0A e ANB . 0B
interior B°
Decomposition of R? Overlapping Sets

[a,b) {c}

} o} O ° R
0 a c
e ]
0A 0A 0A
(isolated)

Example: A =[a,b)U{c}, A=]a,b]U{c}, 0A={a,b,c}
Figure 3.3: The decomposition of space into the interior, the boundary, and the exterior of a set A.

Example 3.5.1. Topological Operators on Q. Let A = Q.

e Interior: int(Q) = (). (No interval is purely rational).
e Closure: Q = R. (Every real number is a limit of rationals).
e Boundary: 0Q =QNQ¢c=RNR =R.

This extreme example illustrates why the topology of the real line is non-trivial; a set can have an empty
interior yet be its own boundary.

3.6 Exercises
1. Topological Anatomy. Consider the set £ C R defined by:

E_(—3,—2]U{1+; neN}U{B}.

Determine the following sets:
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(a) The set of limit points of F, denoted E'.
(b) The closure E.

(¢) The interior int(E).

(d) The boundary OF.

(e) The set of isolated points of E.

Remark. Be particularly careful with the point 1. Is it in E? Is it a limit point?

2. Algebra of Closures and Interiors. Let A and B be subsets of R. Determine whether the following
equalities hold in general. If true, provide a proof; if false, provide a counter-example.
(a) AUB=AUB.
(b) ANB=ANB.
(¢) int(AN B) =int(A) Nint(B).
(d) int(A U B) = int(A) U int(B).

Remark. Consider intervals sharing a boundary or dense sets.

3. Boundaries and Complements. Compute the boundary dA for the following sets:

(a) A=1Z.
(b) A={1/n|n €N}
(¢c) A=Q.

Based on your calculations, prove or disprove: A = 9(A€) for any set A.

4. Supremum and Closure. We defined the supremum of a set bounded above via the Order Axioms.
Here we link it to topology. Let S C R be a non-empty set bounded above. Prove that sup S € S.
Consequently, deduce that if S is closed, then sup S € S.

Remark. Use the characterisation of the supremum: for any € > 0, there exists € S such that
supS —e <z <supS.

5. The Boundary Theorem. Prove that for any set A C R, the boundary dA is a closed set.

Remark. Recall that 94 = AN A¢. What do we know about the intersection of closed sets?

6. The Distance Function I. Let A C R be a non-empty set. Define the distance from = € R to A as
d(z,A) = inf{|z—al : a € A}. Prove that d(z, A) = 0 if and only if there exists a sequence (a,)52; C A
such that lim a,, = z.

n—oo

7. x The Cantor Set. The Cantor ternary set C is constructed by iteratively removing the middle third
of closed intervals. Start with Cy = [0, 1]. Remove (1/3,2/3) to get C; = [0,1/3]U[2/3, 1]. Remove the
middle thirds of these to get Co = [0,1/9]U[2/9,1/3]U[2/3,7/9]U[8/9,1], and so on. Let C = (,—, Cp.

(a) Prove that C is a closed set.
(b) Prove that int(C) = 0.

Remark. For (b), consider the total length of the intervals removed. Alternatively, show that C
contains no interval of length € > 0 because the maximum length of intervals in C,, is 1/3™.



Chapter 4

Continuity

The intuition of a continuous function as one that preserves proximity is formalised by the equivalence of
topological, sequential, and metric definitions. This equivalence allows continuity to be expressed inter-
changeably via adherence, convergence of sequences, or metric inequalities.

4.1 Notions of Continuity

Let us begin by stating the fundamental theorem that links the topological structure of the domain to the
metric properties of the codomain. This theorem links the topological structure of the domain to the metric
properties of the codomain, allowing translation between the language of sets, sequences, and inequalities.

Theorem 4.1.1. The Three Faces of Continuity. Let f: A — R be a function and fix a point x € A.
The following statements are equivalent:

(i) Adherence Preservation: For every subset B C A, if x is adherent to B, then f(x) is adherent to

f(B).
z € adh(B) = f(z) € adh(f(B))

This requires that any point close to B is mapped to a point close to f(B) (definition 3.1.1).
(ii) Sequential Continuity: For every sequence () in A that converges to x, the image sequence (f(z,))
converges to f(z).
lim z, =2 = lim f(z,) = f(z)

n—oo n—oo

(iii) The € — § Criterion: For every € > 0, there exists a § > 0 such that for all y € A:

|z —yl<d = [f(x) = f(y)l <e

Proof. We proceed by showcasing the cyclic implications (i) = (i) = (iii) = ().

(1) = (i) Assume that f preserves adherence. Let (z,,) be a sequence in A such that z,, — z. We aim to
show that f(z,) — f(x). By the Subsubsequence Criterion, it suffices to show that every subsequence
of (f(x,)) admits a further subsequence converging to f(z).

Let (f(zn,))r be an arbitrary subsequence of the image sequence. Consider the set of pre-images

corresponding to this subsequence, B = {z,, : k € N}. Since the original sequence (z,) converges
to x, the subsequence (z,,) also converges to x. Consequently, x € adh(B). By hypothesis (i), this
implies f(z) € adh(f(B)).

The set f(B) is precisely the set of values {f(z,,) : ¥ € N}. Since f(x) is adherent to this set,
there exists a sequence (y,,) in f(B) such that y,, — f(z). If f(B) is finite, then the convergent
sequence (yy,) must be eventually constant at f(z). Thus, infinitely many terms of (f(z,,)) are equal

18
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to f(x), forming a constant sub-subsequence converging to f(z). If f(B) is infinite, we construct a sub-
subsequence by indices. Since y,, € f(B), for each m, y,, = f(zy,, ) for some index k,,. If the indices
(k.,) are not strictly increasing, we pass to a subsequence where they are (possible since N is well-
ordered). This yields a sub-subsequence of (f(x,, )) converging to f(z). Thus, by the Subsubsequence
Criterion, f(x,) — f(x).

(19) = (i4) We proceed by contrapositive. Assume that statement (ii7) is false. The negation of (4i7) is:
Je > 0 such that V6 > 0,3y € A with |z —y| < but |f(z) — f(y)| > €

Let us fix this specific "bad" e. Since the condition holds for all §, we may choose a sequence of
0n = 1/n. For each n € N, there exists a counter-example point y,, € A such that:

o=yl < and () ()| 2 €

Consider the sequence (y,,). By the Squeeze theorem, |z — y,,| — 0, so y,, — x. However, the distance
|f(z) — f(yn)| remains strictly bounded away from 0 (at least €). Thus, f(y,) cannot converge to f(z).
This contradicts statement (i7). Therefore, (i7) must imply (4i7).

(#i1) = (i) Assume the € — ¢ condition holds. Let B C A such that = € adh(B). We must show f(x) €
adh(f(B)). Recall that z € adh(S) if and only if every neighbourhood of z intersects S (section 3.1).
Let € > 0 be given. We need to show that the neighbourhood (f(z) —e, f(2) +€) contains a point from

f(B). By hypothesis (ii7), there exists § > 0 such that mapping the §-neighbourhood of x lands inside
the e-neighbourhood of f(z):

f(AN Bs(x)) € Be(f(x))

Since z is adherent to B, the intersection B N Bs(x) is non-empty. Let y be a point in this intersection.
Then y € B, so f(y) € f(B). Also y € Bs(x), so by the implication above, f(y) € Be(f(z)). Thus,
f(y) € f(B)N Be(f(x)). Since € was arbitrary, f(x) is adherent to f(B).

While topological and sequential definitions offer theoretical utility, the € — § criterion provides the standard
analytic definition, quantifying stability.

Definition 4.1.1. Continuity at a Point. Let f: A — R and let ¢ € A. We say that f is continuous at
c if it satisfies the condition:

Ve > 0,30 > 0such that Vx € A, (Jz — | < = |f(z) — f(c)| <¢)

If f is continuous at every point ¢ € A, we say f is continuous on A.

Note. § generally depends on both the tolerance € and the point ¢. We denote this dependency as d(e, ¢). If
0 can be chosen independently of ¢, the function possesses a stronger property known as uniform continuity,
which we shall explore in later chapters.

Visualising Continuity

The definition can be interpreted geometrically using "boxes". To claim continuity at ¢, for any horizontal
band of width 2e centred at f(c), we must be able to define a vertical strip of width 2§ centred at ¢ such
that the graph of the function restricted to this strip lies entirely within the horizontal band.
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C) 1 € st S
/(@) The graph stays inside
fle)p-=----1 - the e-band when =

Fle) —e -3 o is within the §-band.

Continuity on Discrete Sets A surprising consequence of the definition is the behaviour of functions on
isolated points.

Example 4.1.1. Isolated Continuity. Let A = N and define f : N — R by f(n) = n?. Is f continuous at
c=17

Analysis: We apply the definition. Let € > 0 be arbitrary (e.g., ¢ = 0.001). We need to find § > 0 such
that for allm € N, [n — 1| < § = |n? — 1] < 0.001. If we choose § = 0.5, the only natural number n
satisfying [n — 1| < 0.5 is n = 1 itself. For n = 1, the condition becomes |12 — 1| = 0 < 0.001, which is
trivially true. Thus, the condition holds. In fact, any function defined on a set consisting solely of isolated
points is continuous everywhere. This aligns with definition 3.2.3: {c} contains a neighbourhood around
itself relative to A.

Algebra of Continuous Functions

Just as with limits of sequences, continuity is preserved under standard algebraic operations. This allows us
to build complex continuous functions from simple building blocks (like polynomials).

Theorem 4.1.2. Algebraic Continuity. Let f,g : A — R be continuous at ¢ € A, and let A € R. Then
the following functions are continuous at c:

1. f+g

2. \f

3. fg

4. f/g (provided g(c) # 0)

Proof. These follow immediately from the sequential characterisation (theorem 4.1.1) and the Algebraic
Limit Laws for sequences. For instance, to prove (3): Let (z,) be a sequence in A with x,, — ¢. Since
f is continuous, f(z,) — f(c¢). Since g is continuous, g(z,) — g(c¢). By the Product Law for sequences,
flxn)g(zn) — f(c)g(c). Thus, the product function maps convergent sequences to convergent sequences,
satisfying condition (ii). [ |

Theorem 4.1.3. Composition of Continuous Functions. Let f : A - Band g: B — R. If f is
continuous at ¢ € A and g is continuous at f(c) € B, then the composition go f : A — R is continuous at c.

Proof. Let z, — ¢ in A. By the continuity of f, we have f(z,) — f(c). Let y, = f(z,) and L = f(c).
Then y, — L is a sequence in B. By the continuity of ¢ at L, we have ¢(y,) — g(L). Substituting back,
g(f(zn)) = g(f(c)). Thus, go f is continuous at c. |



CHAPTER 4. CONTINUITY 21

These theorems imply that all polynomials, rational functions (on their domains), and compositions thereof
are continuous. The "nightmare" of ¢ — ¢ need only be faced when proving the continuity of fundamental
transcendental functions or pathological examples; for most of analysis, we rely on these algebraic properties.

4.2 The € — 6 Formalism

While the sequential definition aligns naturally with our intuition of "approaching" a point, it is the ¢ — §
formulation (Weierstrass’s definition) that constitutes the standard analytic definition. This definition often
presents a conceptual hurdle because it reverses the natural flow of a function. A function maps domain
to codomain (x +— f(z)), yet the definition prescribes a constraint on the codomain (¢) to determine a
constraint on the domain (4).

The Challenge of Approximation Recall the definition: f is continuous at c if:

Ve > 0,30 > 0 such that Vz € A, (Jlz — | < §d = |f(z) — f(c)| <¢)

The structural difference between this and the sequential definition is the primacy of e. We do not ask "what
happens when z is close to ¢?"; instead, we ask "how close must x be to ¢ to ensure f(x) is within a specific
tolerance of f(c)?"

The Game Theoretic Interpretation Continuity can be modelled as a game played between a Chal-
lenger and a Defender.

1. The Challenge: The Challenger chooses a tolerance € > 0.

2. The Response: The Defender must calculate a precision § > 0. This § acts as a shield; the Defender
claims, "Yes, provided the input z deviates from ¢ by less than §."

3. The Verification: If for every x in the d-neighbourhood, the condition |f(z) — f(c)| < € holds, the
Defender wins that round.

For a function to be continuous, the Defender must possess a winning strategy for any e the Challenger
proposes, no matter how infinitesimal.

Controlling Gradient via Domain Restriction Consider a function that increases rapidly near ¢, such
as f(z) = 10%2 near ¢ = 0. If the Challenger sets € = 1, the requirement |f(z) — f(c)| < 1 implies [10%z| < 1.
Qualitative proximity is insufficient. The steeper the gradient of the function, the smaller the § required to
satisfy a fixed e. Discontinuity arises only when no such § exists — when the function jumps or oscillates so
wildly that no amount of zooming in on the domain stabilises the output.

4.3 Limits of Functions

The concept of a limit lim f(x) = L is subtler than continuity because it describes the behaviour of f near
r—rc

¢, deliberately ignoring the value (or existence) of f(c).

Definition 4.3.1. Limit of a Function. Let f : A — R and let ¢ be a limit point of A. We say that the
limit of f as x approaches c is L, denoted lim f(z) = L, if:
r—c

Ve > 0,30 >0suchthat Ve € A, (0 < |z —¢|<d = |f(z) — L| <e¢)

There are two crucial distinctions between this definition and the definition of continuity:
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1. The Punctured Neighbourhood: The condition 0 < |z — ¢| explicitly excludes the case z = ¢. We
do not care if f(c) exists or if f(c) = L. The limit solely characterises the trend of the function as it
approaches c.

2. Restriction to Limit Points: Unlike continuity, where ¢ may be any point in A, limits require ¢ to
be a definition 3.1.2.

Remark. (Why Limit Points?). Suppose we allowed ¢ to be an isolated point of A. By definition of isolation,
there exists a dp > 0 such that the punctured neighbourhood (¢ — &g, ¢ + dp) \ {c} contains no points of A.
Consequently, if we choose any § < &g, the premise x € AAN0 < |z — ¢| < ¢ is false for all z. In classical
logic, a conditional statement with a false antecedent is vacuously true. Thus, if ¢ were an isolated point,

lim f(z) = L would be true for every real number L. To ensure the uniqueness of limits, we must restrict
r—c

our attention to limit points, ensuring that the punctured neighbourhood is never empty.

Relationship between Limits and Continuity With the definition of a limit established, we can reframe
continuity. As we shall see in theorem 4.6.2, continuity at a limit point is equivalent to the limit equalling
the function value.

Remark. If ¢ is an isolated point, the limit is undefined. However, the function is automatically continuous,
aligning with the topological triviality of isolated points observed in proposition 3.3.2.

Discontinuity: Negating the Definition
To prove that a function is discontinuous, one must demonstrate that the ¢ — § condition fails. Logical
negation of quantifiers is a frequent source of error; thus, we explicitly formulate the negation.
The definition of continuity at c is:
Ve>0,30 >0,Vz € A, (]t — | <d = |f(z) — f(c)| <e¢)
To negate this, we swap universal (V) and existential (3) quantifiers and negate the implication. Recall that
(P = Q) is logically equivalent to P A =Q).
Definition 4.3.2. Discontinuity at a Point. A function f: A — R is discontinuous at ¢ € A if:

Jde > 0 such that Vé > 0,3z € A satisfying |x — ¢| < § and |f(z) — f(c)| > €

Y
floo+ep---m-cmccmcme -
,,,,,,,,,,, .
fle) | No §-neighborhood
flo)—efp-————m oo - g
: can keep f(x) inside
| the e-strip.
|
|
:
é X

The Adversarial Interpretation In the language of our game:

1. The Challenger finds a specific "bad" tolerance €.

The Defender tries to find a § to satisfy this tolerance.

3. However, for every § the Defender suggests, the Challenger can find a point xs that lies within the
d-shield (x5 — ¢| < J) yet violates the tolerance condition (|f(zs) — f(c)| > €o).

N
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This formulation is beneficial for proving the discontinuity of functions like the Dirichlet function or the
signum function at 0. It asserts that there is a fixed barrier ¢y such that points arbitrarily close to ¢ map to
values at least €y away from f(c).

4.4 Examples and Strategies for ¢ — ) Proofs

We now turn to the practical application of the ¢ — § criterion. The transition from intuitive limits to
inequalities can be jarring; but the key difficulty often lies not in the logic, but in the algebraic manipulation
required to find the dependency §(¢). We illustrate the technique with two fundamental examples.

Example 4.4.1. Continuity of the Identity. Let f : R — R be defined by f(z) = 2. We show f is continuous
at every point ¢ € R.

Proof. Fix ¢ € R and let € > 0. We seek a § > 0 such that |z —¢| < = |f(z) — f(c)| < e. Substituting
the function definition, we require:

|z —c| <e
This suggests the choice § = €. If |x — ¢| < § = ¢, then trivially |f(z) — f(¢)| = |x — ¢| < e. Thus, the identity
function is continuous. u

The previous example was deceptively simple because the relationship between input error and output error
was linear with a slope of 1. Take a non-linear function.

Example 4.4.2. Continuity of the Square. Define f : R — R by f(z) = 22. We show f is continuous at an
arbitrary point ¢ € R.

Proof.

Heuristic: We wish to bound |2% — ¢?| < €. Factorising the difference:

|m2 —62| =z — ||z + |

We can control the term |z — ¢| directly with §. However, the term |z + ¢| depends on z. To formulate
a valid proof, we must bound |z + ¢| by a constant independent of the specific choice of z (within the
neighbourhood).

Bounding Strategy: We may assume a priori that § < 1. If |x — ¢| < 1, then by the Triangle
Inequality:
[zl =z —c)+c| < |ox—c +]cf <1+]c|
Consequently, we can bound the problematic term:
|z 4 cf < faf+[ef < (1 +]e]) +lef =1+ 2|¢|
This bound K =1+ 2|c| depends only on the fixed point ¢, not on the variable z.

Formal Argument: Let ¢ > 0 be given. Choose § = min (1 ) Let = € R satisfy |z — ¢| < 9.

’ 1+;\c\
1. Since ¢ < 1, we have |z 4 ¢| < 1+ 2|¢].

2. Since § < we have |z — ¢| < 5=

_e
1+2[c]* 1+42[c|

Multiplying these inequalities:

|I2 —C2| = |1‘—CH,I+C‘ < <1_:2|C|> (1+2|CD = €

Thus, f is continuous at c.

Remark. The strategy employed above is a standard technique in analysis. We formally summarise this
approach below.
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A Template for Continuity Proofs

To prove lim f(z) = L or continuity at ¢, follow these steps:
xr—c

1. Setup: "Let € > 0 be given."
2. Algebraic Simplification: Manipulate |f(z) — L| to factor out the term |z — ¢|.

[f (@) = L| = & = ¢| - G(x)

3. Preliminary Bound: Assume |z —¢| < 1 (or some other fixed constant) to bound the spurious factor
|G(z)| by some constant K depending only on c.

4. Selection of §: Define § = min(1,¢/K).

5. Verification: demonstrate that this choice satisfies the condition.

4.5 Limit Laws for Functions

While the € — ¢ definition is the bedrock of proof, computing limits from first principles for every function is
tedious and impractical. Just as we did for sequences, we build a set of Limit Laws that allow us to compute
limits of complex expressions by breaking them down into simpler components.

Sequential Characterisation of Limits

We begin by explicitly linking functional limits to sequential limits. This connection allows us to import
the entire machinery of Analysis I (Algebraic Limit Laws for sequences) into the functional setting without
repeating the arduous € — § arithmetic.

Proposition 4.5.1. Sequential Criterion for Limits. Let f: A — R and let ¢ be a limit point of A. Then:
lim f(x) =L

r—c

if and only if for every sequence (z,) in A\ {c} such that lim =z, = ¢, we have:
n—oo

lim f(x,)=1L

n—oo
Remark. The requirement z,, € A\ {c} corresponds to the punctured neighbourhood 0 < |z — ¢| in the
definition of a limit. We are strictly forbidden from sampling the function at c¢ itself.

The proof of this proposition is structurally identical to the proof of The Three Faces of Continuity. We
leave the details as a crucial exercise in adapting proofs.

Algebraic Limit Laws

Using the sequential criterion, we immediately deduce the arithmetic properties of functional limits.

Theorem 4.5.1. Limit Laws. Let f,g: A — R be functions, and let ¢ be a limit point of A. Suppose that

limits exist:
lim f(z) =L and limg(z)=M

Tr—c Tr—C

Then:

(i) Sum Law:
lim (f(2) + g(x)) = L+ M

Tr—cC
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(ii) Scalar Product: For any k € R,
tim (k () = KL
(iii) Product Law:
lim (£ (x)g(x)) = LM
(iv) Quotient Law: If M # 0, then
f(x)

lim —= =

L
zve g(z) M

Proof. We illustrate the proof for the Product Law (iii). Let (x,) be any sequence in A\ {c} converging to
c. By the sequential criterion:

lim f(z,)=L and lim g(z,)=M

n—o0 n—oo

By the Product Law for sequences:

lim (f(xn)g(x,)) = ( lim f(xn)) ( lim g(xn)) =LM

n—oQ n—oo n—oQ

Since this holds for any such sequence, the functional limit is LM. The other parts follow identically. |

The Quotient Condition The Quotient Law requires a subtle verification. For the function f/g to even
be defined near ¢, we must ensure g(x) # 0 in some neighbourhood of c.

Lemma 4.5.1. Locally Non-Vanishing. If liLn g(x) = M and M # 0, then there exists a radius r > 0 such
that g(z) # 0 for all x € AN B,(¢) (with z # ¢).

Proof. Let € = |M|/2. Since M # 0, ¢ > 0. By the definition of the limit, there exists ¢ > 0 such that for
0<|z—¢| <o:

M

o) — 1) < 21
By the Reverse Triangle Inequality, |M| — |g(x)| < |M]/2, which implies |g(x)| > |M]|/2 > 0. Thus, g(x) is
non-zero in this neighbourhood, and the quotient function is well-defined. |

Continuity of Polynomials and Rational Functions

The Limit Laws allow us to construct a vast library of continuous functions without reverting to € — §
definitions.

Corollary 4.5.1. Polynomial Continuity. Every polynomial function P(xz) = a,z™ + -+ + a1 + ap is
continuous on R.

Proof. We proceed by induction on the complexity of the function.

1. Constants: The constant function f(x) = k is trivially continuous (take any ).

2. Identity: We proved in the previous section that f(z) = x is continuous.

3. Powers: By the Product Law, since z is continuous, z - x = 22 is continuous. By induction, 2" is
continuous for all n € N.

4. Linear Combinations: By the Scalar Product and Sum Laws, any linear combination a,x™+---+ag
is continuous.
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Corollary 4.5.2. Rational Continuity. Any rational function R(zx) = % (where P, (Q are polynomials) is
continuous at every point ¢ in its domain (i.e., where Q(c) # 0).

Proof. Since P and @ are continuous, liin P(z) = P(c) and liin Q(z) = Q(c). If ¢ is in the domain, Q(c) # 0.
By the Quotient Law:
. P(z) P(c
lim =
a=e Qz)  Qc)

Thus, R is continuous at c. u

4.6 The Squeeze Theorem and Trigonometric Limits

In the analysis of sequences, the Squeeze Theorem provided a robust method for determining the limit of a
sequence by bounding it between two other sequences converging to the same value. This principle extends
naturally to functions.
Theorem 4.6.1. The Squeeze Theorem for Functions. Let f,g,h : A — R be functions and let ¢ be
a limit point of A. Suppose that there exists a neighbourhood B, (c¢) such that for all z € AN B, (c) (with
x #c):

f(z) < g(x) < h(z)

If lim f(z) = L and lim h(x) = L, then liLn g(x) exists and is equal to L.
xT c

Tr—cC r—cC

Proof. Let € > 0. We must find a 6 > 0 such that 0 < |z — ¢| < § implies |g(z) — L| < e.

1. Since hm f(x) L, there exists §; > 0 such that for 0 < |z — ¢| < 01, |f(x) — L| < €, which implies

Lfe<f() L

<
2. Since lim h(x) there exists d > 0 such that for 0 < |z — ¢| < d2, |h(x) — L| < €, which implies
<L

r—c

L—e<h(zx)
Let § = min(d1, d2,7). For any x € A satisfying 0 < |z — ¢| < §, we have:

L—e< f(zx)<g(z)<h(x)<L+e

Thus, L —e < g(z) < L+¢€, or [g(x) — L| <. [ |
Y
| | g(x) trapped
| between f and h
| h(x)
****************** L+e
L+~ g(x)
********* TN e
o f(x)
| | |
BN N
C
é

Figure 4.1: The Squeeze Theorem.

Remark. One may also prove this theorem by invoking the Sequential Criterion for limits and applying
the Squeeze Theorem for sequences. While unification of these concepts via filter convergence is possible (as
explored by A.F. Beardon and others), the direct ¢ — ¢ proof suffices for our purposes.
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The Fundamental Trigonometric Limit

The most celebrated application of the Squeeze Theorem is the evaluation of hn%) % This limit is pivotal in
r—r

describing the derivatives of trigonometric functions. To define the sine and cosine functions requires power
series, a topic we shall treat in subsequent chapters. For the present, we accept standard trigonometric
properties — specifically the bounding inequality derived from the geometry of the unit circle.

Proposition 4.6.1. Fundamental Trigonometric Limit.

sinx

lim =1
x—0 X

Proof. We rely on the following geometric inequality, which holds for all € (—7/2,7/2) \ {0}:
sinz
cosy < — <1

xT

Let f(z) = cosz, g(z) = %22 and h(z) = 1. As  — 0, we know that lir%cosa: = cos(0) = 1 (by the
r—

x )
continuity of cosine proved later via power series) and clearly lir% 1 = 1. Since the limit of the bounding
z—

functions is 1, by the Squeeze Theorem,
sinx

lim =1

x—0 X

Continuity via Limits

Throughout this chapter, we have noted the structural similarity between the definition of the limit, lim f(x) =
r—rc

L, and the definition of continuity at ¢. The definition of a limit explicitly excludes the value at ¢ (requiring
0 < |z — ¢|), while continuity relies on the value at ¢. We now formalise the relationship between these two
concepts.

Theorem 4.6.2. Limit Characterisation of Continuity. Let f: A — R be a function and let ¢ € A be
a limit point of A. Then f is continuous at ¢ if and only if:

lim /() = /(0

Proof. This follows directly from comparing the logical structures of the definitions definition 4.3.1 and
definition 4.1.1.

(=) Suppose f is continuous at c¢. By definition, for every € > 0, there exists 6 > 0 such that for all z € A:
[z —cf <0 = [f(z) = flc)| <e€

This implication holds for all z in the §-neighbourhood. Specifically, it holds for all = in the punctured
neighbourhood where 0 < |z — ¢| < 0. Thus, the condition for lim f(z) = f(c) is satisfied.
Tr—c

(<) Suppose lim f(z) = f(c¢). By definition, for every e > 0, there exists 6 > 0 such that for all z € A:
Tr—cC

O0<|z—cl<d = |f(x)— flo) <e¢

To establish continuity, we must show the condition holds for all z with |z — ¢| < §. The only point
excluded by the limit condition is = c¢. However, at = ¢, we have |f(c) — f(c¢)| = 0 < ¢, which is
trivially true. Thus, the condition holds for the entire neighbourhood, and f is continuous at c.

Note. This theorem allows us to calculate limits by simple substitution, provided we know the function is
continuous. For example, lim2 (22 4+ 3) = 22 + 3 = 7 is justified precisely because polynomials are continuous
r—

functions.
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4.7 Exercises

In the following exercises, unless otherwise stated, functions are defined on subsets of R. You may rely on the
algebraic limit laws and the sequential criterion where appropriate, but strictly adhere to the ¢ — § definition
when explicitly requested.

1. Basic ¢ — § Construction. For each of the following functions, propose a candidate limit L as x — ¢,
and prove the limit using the € — § definition. Explicitly define § in terms of e.
(a) f(x)=3z—Tatc=2.
(b) g(x) = 2%+ z at c = 3.
(c) h(z)=Latc=1.

2. Piecewise Parameters. Determine the values of the constants a and b that make the function
f : R — R continuous everywhere.
z2—4 .
= ifx <2
flx)=qax®>—bx+3 if2<z<3
2r—a-+b ifx>3

3. Algebraic Limit Calculations. Evaluate the following limits. If a limit does not exist, explain why.

. 27
(a) lim 50555
(b

vV1+tanx—+/14sinx
3 .

lim
z—0
1—cos z cos(2z) cos(3z)

x—0

)
(¢) lim
(d)

x—1

4. The Damped Oscillator. Let f : R — R be defined by:

_ Jwsin(l/z) ifx#0
f(x)_{o if 2 =0

(a) Prove that f is continuous for all z € R.
Remark. For z = 0, use the Squeeze Theorem.

(b) Sketch the graph of f, paying particular attention to the envelope lines y = « and y = —x.

5. Rational Mapping Properties. Consider the function f(z) = %.

(a) Determine the domain of continuity of f.
(b) Prove that if k # 1, there are exactly two distinct values of  for which f(x) = k.
(¢) Hlustrate this result by sketching the graph of f and the line y = k.

6. Bounds of Rational Functions. Let f(z) =

(a) Prove that f is bounded on R.
(b) Find, with proof, sup{f(z) : € R} and inf{f(z) : z € R}.

(¢) Answer the same questions for the function g(z) = 42?43

_1
241"

i1 "

7. Sequential Discontinuity. Consider the signum function:

1 ifx>0
sgn(z) =<0 ifzx=0
-1 ifz<0

Use the Sequential Criterion (construct a specific sequence z,, — 0) to prove that sgn is discontinuous
at 0. Does the limit limO sgn(z) exist?
z—
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8.

9.

10.

11.

12.

13.

14.

VZ=2 Prove your assertion using the € — § definition.

Roots and Rationalisation. Evaluate lim ~—;
z—4 T

Local Positivity. Let f be continuous at ¢ and suppose f(¢) > 0. Prove that there exists a neigh-
bourhood Bjs(c) such that f(z) > 0 for all z € Bs(c).

Remark. Apply the definition of continuity with a specific choice of € related to f(c).

The Inverse Image Characterisation. In the text, we characterised continuity via adherence
preservation. A more standard topological definition involves open sets. Prove that a function f: R —
R is continuous on R if and only if for every open set V C R, the pre-image f~1(V)={z € R | f(x) €
V'} is an open set.
Density of the Rationals. Let f,g: R — R be continuous functions.

(a) Prove that if f(g) = 0 for all rational numbers ¢ € Q, then f(x) =0 for all z € R.

(b) Conclude that if f(q) = g(q) for all ¢ € Q, then f(z) = g(x) everywhere.

Remark. This result asserts that a continuous function is entirely determined by its values on the
rational numbers.

Limits of Compositions. In the text, we proved that the composition of continuous functions is
continuous. However, limits are more fragile. Suppose lim f(z) = L and lirnL g(y) = M.
r—cC y—

(a) Construct a counter-example to show that lim g(f(z)) = M is not necessarily true.
r—rc
Remark. What if g is discontinuous at L, and f assumes the value L infinitely often near ¢?

(b) State and prove a condition on f or g that suffices to make the statement true.

The Dirichlet Function. Consider the function D : R — R defined by:

)1 ifzeQ
Duﬂ_{o itr¢Q

Prove that D is discontinuous at every point ¢ € R.

Remark. Use the density of rationals and irrationals. For any d-neighbourhood, find points mapping
to 1 and points mapping to 0.

Thomae’s Function (The Popcorn Function). Consider the function T : (0,1) — R defined by:

T@){o if 2 ¢ Q

1/q if x = p/q in lowest terms (ged(p,q) = 1)

(a) Prove that lim T'(z) = 0 for every ¢ € (0,1).

T—C

Remark. For a given ¢, how many rational numbers in (0, 1) have denominators ¢ small enough
such that 1/q > €? Is this set finite?

(b) Conclude that T is continuous at every irrational number but discontinuous at every rational
number.



Chapter 5

Continuity Continued

We extend the local definition of continuity (definition 4.1.1) to the entire domain, considering functions
that exhibit stability globally.

5.1 Global Continuity and Topological Characterisation

Definition 5.1.1. Continuous Function. Let f : A — R be a function. We say that f is a continuous
function (or continuous on A) if f is continuous at every point = € A.

To study global continuity, we recast the ¢ — § definition in the language of neighbourhoods. Recall that
Br(p)=(p—rp+r).
Proposition 5.1.1. Metric Characterisation of Continuity. Let f : A — R and let ¢ € A. Then f is
continuous at ¢ if and only if for every e-neighbourhood B.(f(c)), there exists a d-neighbourhood Bjs(c) such
that:

f(AN B;s(c)) € Be(f(c))

Proof. This is a set-theoretic restatement of definition 4.1.1. The condition |z —c| < § = |f(z)—f(c)| <€
is equivalent to € Bs(c) = f(x) € Bc(f(c)), or f(AN Bs(c)) C B(f(c)). |

The Topological Characterisation

The following theorem expresses continuity solely in terms of open sets, justifying the study of general
topology.

Theorem 5.1.1. Topological Continuity. Let A C R be an open set and let f : A — R. Then f is
continuous on A if and only if for every open set V C R, the pre-image f~!(V) is an open subset of A.

f is continuous <= VYV open in R, f (V) is open in A
Note. The pre-image is defined as f~1(V) = {z € A: f(z) € V}. This relies solely on the function f, not
on the existence of an inverse function.

Proof. We prove both directions of the equivalence.

(=) Assume f is continuous. Let V C R be an open set. We must show that U = f~(V) is open. If U = 0,
it is trivially open. Suppose U # (. Let z € U. By definition, f(x) € V. Since V is open, there exists
€ > 0 such that B.(f(z)) C V.

30
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By proposition 5.1.1, there exists 4 > 0 such that:
f(AN Bs(z)) C Be(f(z)) CV

Since A is open, we may shrink ¢ if necessary to ensure Bs(x) C A. Thus, f(Bs(x)) C V. This implies
that for all y € Bs(z), f(y) € V,soy € f~1(V) = U. Consequently, Bs(x) C U. Since x was arbitrary,
every point in U is an interior point. Thus U is open.

(<) Assume pre-images of open sets are open. We show f is continuous at an arbitrary point ¢ € A. Let
€ > 0. Let V = B.(f(c)). By hypothesis, the set U = f~1(V) is open in A. This means U = W N A
for some open set W C R. Since ¢ € U, we have ¢ € W and ¢ € A. Since W and A are both open in
R, their intersection U is also open in R. Thus, ¢ is an interior point of U relative to R; there exists
0 > 0 such that Bs(c) C U. Tracing the definitions backward:

Bs(c) € f7H(B(f())) = f(Bs(c)) C Be(f(c))

This satisfies proposition 5.1.1 at c.

Remark. If the domain A is not an open set (e.g., A = [a, b]), the theorem holds if we use the definition of
open sets relative to A (subspace topology). Specifically, f is continuous iff f=1(V) = U N A for some open
set U C R.

We conclude this section by demonstrating the continuity of the square root function using the e—4 definition.

Example 5.1.1. Continuity of v/z. Let f : [0,00) — R be defined by f(x) = /z. We prove f is continuous
on its domain. We divide the proof into two cases: boundary (¢ = 0) and interior (¢ > 0).

Case 1: ¢ =0. Let € > 0. We seek § > 0 such that for x > 0:
|z — 0| <6 = |Vr—0]<e

This simplifies to x < § = 1/ < e. Choosing § = €2, we see that if 0 < x < €2, then /z < e. Thus,
f is continuous at 0.

Case 2: ¢ > 0. Let € > 0. We wish to bound |/z —+/c|. Using the algebraic identity (/= —+/c)(v/T++/c) =
T — ¢, we write:
[z — ¢l

|\/5—\/E|=m

Since « > 0, we have /r > 0. Therefore, the denominator satisfies /x + /¢ > \/c. Taking the

reciprocal reverses the inequality:
1 1

VEEVES VR

Consequently:
[z — ¢

Vo = Ve = ===

We define 0 = ey/c. If |z — ¢| < 4, then:

VE- VA < YF =

Thus, f is continuous at c.
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5.2 Topological Perspectives on Composition

We previously established the continuity of composite functions using sequences (theorem 4.1.3). We now
provide a topological proof using neighbourhoods.

Let h(x) = /22 + 1. The domain of h is R since 22 +1 > 1. We have previously established that polynomials
are continuous everywhere, and that the square root function is continuous on [0, 00). While theorem 4.1.1
allows us to deduce the continuity of sums and products directly, it does not immediately apply to the nested
structure ¢g(f(z)). We require a characterisation of composition operating directly on the topology of the
domain and codomain.

Theorem 5.2.1. Metric Continuity of Composition. Let f: A — B and g : B — R be functions. If f
is continuous at ¢ € A and ¢ is continuous at f(¢) € B, then the composite function g o f is continuous at c.

Proof. We employ the method of open balls. Let € > 0 be given. We define a target neighbourhood around
the image point (g o f)(c):

Ve = Be(g(f(c)))
We must find a neighbourhood Us around ¢ such that (go f)(ANUs) C V..

Step 1: Continuity of g. Since g is continuous at the point y = f(c), there exists a radius n > 0 such
that:
9(BN By(y)) € Ve

That is, if a point is within n of f(c), its image under g is within € of g(f(c)).

Step 2: Continuity of f. We now treat n as the tolerance for the inner function f. Since f is continuous
at ¢, there exists a § > 0 such that:

AN Bs(c)) € By(f(0))
In other words, if x is within § of ¢, then f(z) is within 5 of f(c).

Combining these inclusions:

(90 f)ANBs(c)) = g(f(ANBs(c))) € g(BN By(f(c))) S Ve
Thus, inputs d-close to ¢ yield outputs e-close to g(f(c)), proving continuity. |

Example 5.2.1. The Absolute Value of a Continuous Function. Let f: A — R be a function continuous
at ¢ € A. Consider h(z) = |f(x)|, which is the composition g o f where g(y) = |y|. Since the absolute value
function is continuous on R, and f is continuous at ¢, the composition h is continuous at c.

Example 5.2.2. Continuity of Composed Functions. Let h(x) = sin(z?). Here, f(z) = 22 is a continuous
power function and g(y) = sin(y) is a continuous trigonometric function. Theorem 5.1.1 implies that for
any open set V C R, the set g~*(V) is open, and subsequently the pre-image of that set under f, namely
f~1(g71(V)), is also open. Since the pre-image of any open set under h is open, h is a continuous function
on R.

5.3 The Language of Limits

As we progress to more complex arguments, it becomes convenient to adopt a linguistic shorthand that
captures the essence of convergence. We formalise the notions of “sufficiently close” and “arbitrarily small”.

Definition 5.3.1. Sufficiently Close. Let S C R and let ¢ be a limit point of S. Let P(z) be a logical
property defined for elements of S. We say that P(z) holds for z sufficiently close to c if there exists a
d > 0 such that P(z) is true for all x € S satisfying:

O<|z—cl<é
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Note. This definition excludes the point ¢, aligning with the definition of a limit. If we wish to include ¢
(as in continuity), we would simply require |z — ¢| < ¢.

Definition 5.3.2. Arbitrarily Small. Let f : S — R be a function and let ¢ be a limit point of S. We
say that f(x) becomes arbitrarily small as x approaches c if for every € > 0, the condition |f(x)| < €
holds for x sufficiently close to c. Equivalently:

Ve> 0,30 >0,Vz € S,(0< |z —c| <d = |f(x)] <e€)

By combining these definitions, we can restate the definition of a limit lim f(x) = L concisely.
Tr—c

Remark. (The Linguistic Characterisation). The statement lim f(z) = L is equivalent to asserting that:
Tr—c

The error |f(xz) — L| becomes arbitrarily small for x sufficiently close to c.

This phrasing allows us to reason about limits intuitively. For example, the Product Law can be summarised:
if f is close to L and g is close to M, then fg is close to LM. Specifically, we can write f(x) = L + a(x)
and g(z) = M + S(x), where the error terms « and  become arbitrarily small. The product is:

F(@)g(a) = (L + alw))(M + B(x)) = LM + LB(z) + Ma(x) + a(2)3(x)

Since e and B are arbitrarily small, their linear combination and product also become arbitrarily small (for
x sufficiently close to ¢), proving the limit is LM.

Proposition 5.3.1. Caveat on Usage. While this language is ubiquitous in mathematical literature, it is a
tool for description, not demonstration. When constructing a proof, one must invariably “unpack” the terms
“sufficiently close” and “arbitrarily small” back into their constituent ¢ and e inequalities.

5.4 Infinite Limits

We extend the language to cases where values grow without bound. Instead of quantities becoming “arbi-
trarily small”, we consider quantities becoming “arbitrarily large”.

Definition 5.4.1. Unbounded Intervals. Let a € R. We define the following sets:
[a,00) ={z €R:x >a}
(—o0,al={zeR:z<a}
(—00,00) =R

The symbols co and —oo represent unboundedness and are not real numbers.

To discuss limits as x — oo, the domain of the function must allow x to become arbitrarily large.

Definition 5.4.2. Arbitrarily Large Sets. A non-empty subset S C R is said to contain arbitrarily
large elements if for every N € N, there exists € S such that x > N. Similarly, S contains arbitrarily
large negative elements if for every N € N, there exists x € S such that z < —N.

Limits at Infinity

The definition of a limit as x — oo parallels the definition of a sequence limit n — oo.

Definition 5.4.3. Limit at Infinity. Let f : S — R be a function where S contains arbitrarily large
elements. We say that the limit of f as 2 approaches infinity is L, denoted lim f(z) = L, if:
Tr—r00

Ve > 0,3N € R such that Vo € S,(x > N = |f(z) — L| <¢)

The definition for lim f(z) = L is analogous, requiring = < —N.
Tr—r— 00
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Remark. If the domain S = N, this definition coincides exactly with the definition of convergence for a

sequence (a,). Thus, functional limits at infinity are a generalisation of sequential limits.

Example 5.4.1. Rational Decay. Let f : (0,00) — R be defined by f(x) = 1/2. We show lim 1/x = 0. Let
xr—r 00

€ > 0. By the Archimedean Property, choose N > 1/e. If z > N, then © > 1/¢, which implies 0 < 1/z < e.
Thus |f(z) — 0] < e. It follows immediately that lim 1/xz =0 as well.
Tr—r—00

Infinite Limits of Functions

We now consider the case where the function values themselves become unbounded. This corresponds to the
notion of a vertical asymptote.

Definition 5.4.4. Divergence to Infinity. Let f : A — R and let ¢ be a limit point of A.

1. We say f diverges to infinity at ¢, denoted lim f(z) = oo, if for every M > 0, there exists § > 0 such
r—rc
that for all z € A:
O<|z—¢l<éd = fla)>M
2. We say f diverges to minus infinity at ¢, denoted lim f(z) = —oo, if for every M > 0, there exists
Tr—c

6 > 0 such that for all z € A:
O<|z—¢l<d = flz)<—-M

In the language of the previous section: lim f(x) = oo means that f(x) can be made arbitrarily large by
r—c

keeping x sufficiently close to (but distinct from) c.

Example 5.4.2. Reciprocal Squared. Let f(x) = 1/2? defined on R\ {0}. We claim lin%) 1/2? = co. Let
z—

M > 0 be given (arbitrarily large). We seek § such that 0 < |z| < § = 1/2% > M. The inequality

1/2% > M is equivalent to 2% < 1/M, or |z| < 1/v/M. Choosing § = 1/v/M, the implication holds. Note

that for g(z) = 1/, the limit at 0 does not exist in this sense because the values approach co from the right

and —oo from the left. This motivates the study of one-sided limits.

Remark. The algebraic limit laws can be extended to infinite limits, provided one avoids indeterminate
forms (e.g., 00 — 00, 0 - 00, 00/00).

Theorem 5.4.1. Infinite Product Law. Let f,g: A — R and let ¢ be a limit point of A. Suppose:

lim f(z) =L >0 and limg(z) =00

Tr—c Tr—c

Then lim (f(z)g(z)) = oo.

Tr—cC

Proof. Let K > 0 be an arbitrary threshold for the product. We need to find § such that the product exceeds
K.

1. Control f: Since f(x) — L > 0, the function eventually stays positive and bounded away from zero.
Let ¢ = L/2. There exists 0; > 0 such that for 0 < |z — ¢| < ¢, |f(z) — L| < L/2. This implies
f(z) > L/2.

2. Control g: We need g(x) to be large enough so that (L/2)g(x) > K. Thus we need g(x) > 2K/L.
Since g(x) — oo, there exists d2 > 0 such that for 0 < |z — ¢| < d2, g(x) > 2K/L.

Let 6 = min(dy,d2). For 0 < |z —¢| < 0:

Thus, the product diverges to co. |
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5.5 One-Sided Limits

The definition of a limit lim f(x) considers behaviour as x approaches ¢ from both sides simultaneously. In
Tr—c

many contexts, it is necessary to restrict the approach to a single direction.

Definition 5.5.1. Right-Hand Limit. Let f : A — R and let ¢ be a limit point of the set AN (¢, 00). The
right-hand limit of f at c is the limit of the restriction of f to the domain A N (¢, 00). We denote this by:

lim f(z)=L or f(c")=1L

z—ct

Formally: Ve > 0,30 > 0 such that Ve € A, (c <z <c+0 = |f(z) — L| < ).

The left-hand limit, denoted lim f(z), is defined analogously by restricting the domain to A N (—oo, ¢).
r—c—
Remark. One-sided limits allow us to analyse “infinite limits” via a change of variable. For example,
lim f(z) is equivalent to lim+ f(1/t). This observation unifies the theory of limits at infinity with the
t—0

xr—r0o0
theory of limits at a finite point.

The relationship between the global limit and the one-sided limits provides a powerful criterion for continuity.

Theorem 5.5.1. One-Sided Continuity Criterion. Let f : A — R and let ¢ be a limit point of both
AN (c,00) and AN (—o0,c¢). Then f is continuous at c¢ if and only if:

lim f(z) = lim f(z) = f(c)

r—ct T—c™

Proof. We prove this both ways:

(=) Suppose f is continuous at ¢. Then for any € > 0, there exists 6 > 0 such that |z —¢|] < § =
|f(z) — f(c)| < e. The inequality holds for x € (¢,c+ 9) (implies the Right-Hand Limit is f(c)) and
for x € (¢ — 4, ¢) (implies the Left-Hand Limit is f(c)).
(<) Suppose both one-sided limits exist and equal f(c). Let ¢ > 0. There exists 6; > 0 such that
c<z<ct+d = |f(z)—f(c)| < e. Thereexists Jo > 0such that c—ds < x < ¢ = |f(z)—f(c)| <e.
Let § = min(dy, d2). Then for any x with |z — ¢| < d:
o If x > ¢, the first condition applies.
e If x < ¢, the second condition applies.
e Ifx=c |f(c)— flc)=0<e.
Thus f is continuous at c.

This theorem categorises discontinuities at a point c:

1. Removable Discontinuity: lim f(z) = lim f(z) = L, but L # f(c) (or f(c) is undefined). We
T—C Tr—Cc™

can repair the function by defining f(c) = L.
2. Jump Discontinuity: The limits exist but lim+ f(x) # lim f(z). No redefinition of f(c) can make
Tr—cC T—Cc—

the function continuous (e.g., the Heaviside step function).
3. Essential Discontinuity: At least one of the one-sided limits does not exist (including divergence to
+00).

Asymptotic Behaviour of Functions

In many applications, the exact value of a function is less important than its asymptotic behaviour—how it
scales as the input grows arbitrarily large.
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Polynomial Growth Polynomials form the backbone of approximation theory. Their behaviour at infinity
is governed entirely by their “leading term”. Intuitively, for very large x, the highest power of z dwarfs all
lower powers combined.

Theorem 5.5.2. Limits of Polynomials. Let P(z) = an,a™ + an_12" "' + -+ 4 ap be a polynomial of
degree n > 1 with a,, # 0. Then:

lim P(z) =

Tr—r0o0

00 ifa, >0
—o0 ifa, <0

As x — —o0, the limit depends on the parity of the degree n:

00 if n is even and a,, > 0
. —oo if nis even and a,, <0
lim P(z) = "

T——00 —oo0 ifnisodd and a,, >0

00 if nis odd and a,, <0

Proof. We factor ™ from the expression:

Gp—1 Gp—2 ag
+ ot —)
2 "

P(z)=2a" <an +

We analyse the behaviour of the term in parentheses as |x| — oo. Using the algebraic limit laws and the
fact that lirin w% =0 for k > 1:
r—

oo

. " An—k _ o

Consequently, the limit of the product behaves as lim P(x) = lim (2" - a,). The result then follows
r—Fo0 r—Fo0

from the properties of power functions:

e Asx — 00, " — 0o. Thus P(x) — (sgn ay,)oo.
e Asx — —o0, if n is even, 2™ — oco. If n is odd, "™ — —oo. The sign of a,, then determines the final
direction.

Example 5.5.1. Dominance at Infinity. Let P(z) = —3z° 4+ 1000z* + 2. Although the coefficient 1000 is
large, as x — 0o, the term —32° dominates.

Tr—r00 Tr—r 00

1000 1
lim (—32° +1000z* + z) = lim 2° (—3 + 1000, 4) = —o0
X x

Exponential Dominance Recall that factorials dominate exponentials, which in turn dominate polyno-
mials. Specifically, an exponential function with base a > 1 grows faster than any polynomial, no matter
how high the degree.

Theorem 5.5.3. Exponential vs. Polynomial Growth. Let P(z) be any non-constant polynomial and

let @ > 1. Then: . P
im a4 =00 and lim ()
35 TP(@)] poroo

=0

Note. Since we established lim n*/a™ = 0 for integers, the monotonicity of a® allows us to extend this to
n—oo

the continuum.
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LIT ) 210 (scaled)

Even a base barely > 1
eventually overtakes
: any polynomial power.
l
: T
Crossover

Figure 5.1: Competition between polynomial and exponential growth.

This result implies that in the “battle of infinities”, exponentials are a higher order of infinity than poly-
nomials. This has profound implications for the convergence of improper integrals and the complexity of
algorithms.

Example 5.5.2. A Limit at Infinity. Compute lim % Let t = 0.01xz. Then z = 100t. As x — oo,
Tr—r00
b= o0 100 100 100
100t t
lim el lim Q =100 lim —
z—o0 001z oo et t—oo et

By the growth hierarchy, 19 /¢! — 0. Thus, the limit is 0.

5.6 Applications: Curve Sketching

The analytical tools of infinite limits and continuity provide a systematic framework for determining the shape
of a curve y = f(z) without resorting to laborious point-plotting. By identifying the domain, symmetries,
and asymptotic behaviour, we can construct an accurate qualitative graph.

e Domain: Identify values where f is undefined (e.g., division by zero, negative square roots).
e Symmetry:

— If f(—z) = f(z), the graph is symmetric about the y-axis (Even).

— If f(—z) = —f(x), the graph is symmetric about the origin (Odd).
e Intercepts: Points where the curve crosses the axes (z = 0 or y = 0).

We define the linear behaviours of a function at infinity or near singularities.

Definition 5.6.1. Asymptotes.

1. A line z = ¢ is a vertical asymptote if lim+ f(z) = +oco or lim f(x)= +oo.
T—rC Tr—c—
2. A line y = L is a horizontal asymptote if lim f(z) =L or lim f(z)=L.
Tr—00 r— — 00

3. A line y = mx + ¢ is an oblique (or inclined) asymptote at +oo if:

lim [f(z) — (mx+¢)]=0

i de el

The parameters m and ¢ may be found via limits:

m = mlirglo %, c= Il;rl;o(f(x) —mzx)

Case Study: Rational Functions

Rational functions f(z) = P(x)/Q(z) exhibit a rich variety of asymptotic behaviours dependent on the
degrees of the numerator and denominator.

22+ 1

Example 5.6.1. A Function with Three Asymptotes. Consider f(z) = ————.
x? —3x+2
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1. Domain: The denominator factors as (x — 1)(z — 2). Thus D =R\ {1,2}.

2. Vertical Asymptotes: At z = 1 and x = 2, the denominator vanishes while the numerator is non-
zero (2 and 5 respectively). Checking signs near x = 1: as © — 17, numerator > 0, denominator
(17 =1)(17 = 2) = (—)(—); ratio is positive. linll f(x) = +oo. As x — 1T, denominator ~ (+)(—);

rx— 17

ratio is negative. lim f(x) = —oco. Similar analysis at © = 2 yields lim f(z) = —coc and lim f(x) =
z—1t T2~ z—2+t

+0o0.
3. Horizontal Asymptote: Since the degrees of P and @ are equal:
2 2
lim x?(1+1/x%) _q
rx—+oo xQ(l — 3/.7,‘ + 2/.1‘2)
Thus y = 1 is the horizontal asymptote.
4. Critical Points:

fiz) =

2¢(2® —3x +2) — (2? +1)(22 —3)  —32® + 22 +3

(22 — 3z +2)2

. o . o } _ 1+V10
Setting f’(x) = 0 gives 32® — 2z — 3 = 0. Roots are 2 = 1=

1 < ¢g < 2, there is a local extremum between the asymptotes.

_ (@=1)(z=3)
Y= Gw2)@=)"

Example 5.6.2. Rational Function. Sketch the curve

- (22— 32 +2)2
. c1 ~ —0.72 and ¢y ~ 1.39. Since

e Domain: The function is undefined where the denominator vanishes, so D = R\ {2,4}.
e Horizontal Asymptotes: As r — +o0, the highest degree terms dominate:

22
y=—5 —1
x

Thus, y = 1 is the horizontal asymptote. To find intersections with the asymptote, we set y = 1:

2 —4r +3

1= " — 26 +8=a?—4r+3 = —2z=-5 = =25

22 — 6z + 8
The curve crosses the asymptote y = 1 at the point (2.5,1).

e Vertical Asymptotes: There are singularities at x = 2 and x = 4. We analyse the one-sided limits:

— At z = 2: The numerator approaches (1)(—1) = —1 (negative).
x As z — 27: Denom ~ (07)(—2) =0". Thus y — —oo0.
* As x — 2%: Denom ~ (07)(—2) =0~. Thus y — +o0.
— At z = 4: The numerator approaches (3)(1) = 3 (positive).
* As x — 47: Denom =~ (2)(07) = 0~. Thus y — —oc.
* As z — 4%: Denom =~ (2)(0%) = 0F. Thus y — +oo0.
e Intercepts:

— y-intercept: x =0 — y = E:;gg:i) = %
Yy =2z :4\
\ (251) X
75; 7777777777777 Yy =
8 x

Figure 5.2: Sketch of y = %-
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Example 5.6.3. Even Function. Sketch y = 22 + I—IQ - 2.

e Symmetry: replacing x with —x leaves y unchanged. Symmetric about y-axis.
e Asymptotes: 2 = 0 is a vertical asymptote (y — 00). As  — o0, y ~ 22 (parabolic growth).
e Roots: 2?2 +1/22 —2=0 = 2* - 222 +1=0 = (22— 1)? = 0. Roots at = = +1.

This function behaves like a parabola for large = and shoots to infinity at the origin, touching the axis at
+1.

-1 1

Figure 5.3: Sketch of y = 22 + % — 2.

x2

Example 5.6.4. Odd Rational Function. Sketch y = 5.

iy
z2—1

1. Symmetry: f(—z) = (_;)”5_1 = - = —f(x). The function is odd (rotational symmetry about
the origin).
2. Vertical Asymptotes: 2> —1 =0 = z = +1.
e Asz — 1Ty~ 5 = +oo.
e Asz —17: ym 5= — —o0.
e By odd symmetry, as x — —17: y — —00, and as ¢ — —1F: y — +oo0.
3. Horizontal Asymptote: As z — +o0, y ~ .5 = % — 0. y = 0 is the horizontal asymptote.
4. Intercepts: Only at (0,0).

Figure 5.4: Sketch of y = %

z2-1"
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5.7 Exercises

1. Calculations at Infinity. Evaluate the following limits, justifying your steps using the Limit Laws
or the Growth Hierarchy.

(a)
3z —br+1
m —7———
z—o00 433 + 222 — 7
(b)
422 4+ 1
im —
r——oc0 x+2

(c)
i xlOO

lim (Va2 +z—x)

T—00

(d)

2. Curve Sketching Practice. Using the techniques established in the previous section, sketch the

general shapes of the curves given by the following equations. Explicitly label all asymptotes and
intercepts.

(a)

for n =2 (even) and n =1 (odd).
(b)
y= z+1
(c)
oz
y= 2 +1
(d)
_ 241
YT @4

3. Sequential Proof. Prove the continuity of f(z) = |z| using the sequential criterion.
T—r00

1
lim zsin () .

5. Closed Sets and Continuity. We established that a function is continuous if and only if the pre-
image of every open set is open.

4. The Variable Change Principle. Prove that lim f(z) = L if and only if lim+ f(/t) = L. Use
t—0
this result to evaluate:

(a) Prove the dual statement: f: R — R is continuous if and only if for every closed set C' C R, the
pre-image f~1(C) is closed.
(b) Open Maps. A function is called an open map if the image of every open set is open.
(i) Show that f(x) = 22 is not an open map on R.
(ii) Show that f(x) =sinx is not an open map on R.
(iii) Construct a continuous function that is an open map but is not monotonic.

6. The Pasting Lemma (Closed Case). Let A and B be closed subsets of R such that AU B = R.
Let f: A— R and g : B — R be continuous functions such that f(z) = g(x) for all z € AN B. Define
h:R — R by h(z) = f(z) for x € A and h(z) = g(z) for z € B.

(a) Use the closed set characterization of continuity (the preimage of a closed set is closed) to prove
that h is continuous.
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(b) Provide a specific counter-example to show that h may fail to be continuous if A is closed and B
is open.

7. Sequential vs. Functional Limits at Infinity.
(a) Prove that if xlgrolo f(z) = L, then for every sequence of integers (nj) diverging to infinity,
lerr;O f(ng) = L.
(b) Show that the converse is false by constructing a function f such that f(n) =0 for all n € N, yet

lim f(z) does not exist.
T—r 00

(¢) * Prove that if f is non-decreasing on (0, 00) and the sequential limit lim f(n) = L exists, then
n—oo

the functional limit lim f(x) = L exists.
Tr—r00

8. The Topologist’s Sine Curve. Consider the function f(z) = sin(1/z) for > 0.
(a) Find two sequences (a,) and (b,) approaching 0 from the right such that lim f(a,) = 1 and
lim f(by) = —1.
(b) Conclude that lirgl+ sin(1/z) does not exist.
T
(¢) Now consider g(x) = zsin(1/x). Prove that lirr%]g(x) =0.
—

(d) xLet A = {(,sin(1/z)) : 2 > 0}U{(0,y) : y € [—1,1]}. This set in R? is known as the Topologist’s
Sine Curve. Visualise this set. Is the function describing this curve continuous at = = 07

9. x Thomae’s Function Revisited: One-Sided Limits. Recall Thomae’s function f(z) = 1/q if
x = p/q and 0 if irrational.

(a) Evaluate lim f(x) for any rational number c.
Tr—c

(b) Does the limit exist? Does it equal f(c)?
(c¢) Use this to re-verify that f is discontinuous at every rational and continuous at every irrational.

10. Asymptotic Equivalence and "Little o" Notation. In the analysis of algorithms and number
theory, we often compare the growth rates of functions. We write f(z) ~ g(x) (read " f is asymptotically
equivalent to g") if lim f@) g,

z—300 9(@)

(a) Prove that ~ is an equivalence relation on the set of functions continuous on [a, o0) which do not
vanish for sufficiently large x.

(b) The Exponentiation Trap. Provide a counter-example to show that f(z) ~ g(x) does not
imply ef(®) ~ e9(),

(c) The Logarithmic Rescue. Prove that if f(z) ~ g(x) and f(z) — oo as & — oo, then In(f(z)) ~

In(g(z)).

Remark. Write f(z) = g(x)h(z) where h(z) — 1. Expand the logarithm of the product.

11. The Closed Graph Theorem (Metric Version). Let f : R — R be a function. We define the
graph of f as the subset of the Cartesian plane:

Py ={(z,y) Ry = f(a)}
(a) Prove that if f is continuous on R, then I'f is a closed subset of R? (under the standard Euclidean
metric).

Remark. Use the sequential characterisation. Let ((xy, f(z5))) be a sequence of points in the
graph converging to some point (a,b) € R?. You must show that (a,b) € I'y, i.e., b= f(a).

(b) Provide a counter-example to show that the converse is false. That is, construct a discontinuous
function f whose graph I'f is nonetheless a closed set.

Remark. Consider the function f(x) = 1/x for « # 0 and define f(0) judiciously, or consider a
function with a vertical asymptote.
12. Periodic Functions and Limits. A function f : R — R is said to be periodic with period P > 0 if
flz+ P) = f(x) for all x € R.

(a) Prove that if f is continuous and periodic, then f is bounded on R.
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Remark. You may assume the standard result that a continuous function on a closed interval
[0, P] is bounded.

(b) Prove that if f is periodic and lim f(x) = L exists, then f must be a constant function.
Tr—r00

(¢) Deduce that the sine and cosine functions do not tend to any limit at infinity.

13. The Distance Function II. Let S C R be a non-empty set. Define dg(z) = inf{|z — s|: s € S}.

(a) Prove that |ds(z) — ds(y)| <[z —y| for all 2,y € R.
(b) Prove that ds(x) = 0 if and only if z € S, where S denotes the closure of S.
(c) For any € > 0, prove that the set U, = {z € R : dg(x) < €} is an open set.

14. Bernstein Polynomials. For a function f : [0,1] — R, the n-th Bernstein polynomial B,(f;x) is

defined by:
Bn(fiz) = Zf (S) (Z)xk(l —z)" 7k,
k=0

(a) The Partition of Unity. Use the Binomial Theorem to prove that for the constant function
f(z)=1, Bp(1;2) = 1.
(b) The First Moment. Let f(z) = 2. Use the identity k(}) = n(}~;) to prove that:

i % (Z) 2F(1—2)"* =g

k=0
(c) The Second Moment. Let f(x) = 2. Prove that:

B, (z%;2) = (1 - 1) 2+ lx
n n

Remark. Write k? = k(k — 1) + k. You will need to extract factors of n(n — 1) from the binomial
coefficient.

(d) Uniform Convergence. Using the results above, calculate the explicit error B, (2% x) — 2.

Show that this error tends to 0 as n — oo independently of x € [0, 1].

15. Continuity of Monotone Surjections. While continuity usually implies the Intermediate Value
Property, the converse is false, structure rescues us. Let f : [a,b] — [c,d] be a strictly increasing
function.

(a) Prove that if f is surjective (i.e., f([a,b]) = [¢,d]), then f must be continuous on [a, b].

Remark. Proceed by contradiction. If f is discontinuous at z(, it must have a jump discontinuity
(why?). If there is a jump, can the function hit every value in the target interval?

(b) Prove the Continuous Inverse Theorem: If f : [a,b] — [c,d] is a continuous, strictly increasing
bijection, then its inverse function f~1 : [c,d] — [a, ] is also continuous.

(¢) Does this result hold if the domain is not an interval (e.g., a union of two disjoint intervals)?
Provide a counter-example.



Chapter 6

Compactness

While limits and continuity rely on local behaviour, compactness is a global property enforcing well-
behavedness on functions. The Extreme Value Theorem (as stated in calculus I) asserts that a continuous
function f : [a,b] — R is bounded and attains its maximum and minimum values. That is, there exist
¢,d € [a,b] such that f(c) < f(z) < f(d) for all € [a,b]. This theorem fails for open intervals (take
f(z) =1/x on (0,1)) or unbounded intervals (take f(z) = x on R). The property distinguishing [a, b] from
(0,1) or R in this context is compactness.

6.1 Sequential Compactness

While compactness allows definition via open covers, in real analysis it is naturally characterised via se-
quences.

Definition 6.1.1. Compact Set. A subset K C R is said to be compact if every sequence in K possesses
a subsequence that converges to a limit in K. Formally, for every sequence (z,) C K, there exists a
subsequence (z,, ) and a point z € K such that klim X, = .

—00

This definition imposes two requirements: the subsequence must converge (stability), and the limit must
remain within the set (containment).

Example 6.1.1. Finite Sets. Any finite set K = {y1,...,ym} is compact.

Proof. Let (z,) be a sequence in K. By the Pigeonhole Principle, at least one element y € K must appear
infinitely often in the sequence. The indices corresponding to this repetition form a subsequence converging
toy e K. ]

Example 6.1.2. Closed Intervals. The interval [a,b] is compact.

Proof. Let (z,) be a sequence in [a,b]. Since a < z, < b for all n, the sequence is bounded. By the
Bolzano-Weierstrass Theorem (Analysis 1), every bounded sequence in R admits a convergent subsequence
(2, ) with limit L. Since [a, b] is a closed set, it contains all its adherent points. Thus L € [a, b]. [ ]

It is instructive to examine sets that fail to be compact.

Example 6.1.3. Non-Compact Sets.

1. Open Intervals: The set (0,1) is not compact. Take the sequence x,, = 1/n. While the sequence
converges to 0, and thus every subsequence converges to 0, the limit 0 ¢ (0,1). The compactness
condition requires the limit to be in the set.

43
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2. Unbounded Sets: The set Z (or R) is not compact. The sequence x,, = n tends to infinity. It
possesses no convergent subsequence in R, violating the condition.

The Heine-Borel Theorem

The examples above suggest a strong relationship between compactness, closedness, and boundedness. In
the setting of R (and R™), these properties completely characterise compact sets.

Recall the definition of boundedness from Analysis I:

Definition 6.1.2. Bounded Set. A set S C R is bounded if there exists M > 0 such that |z| < M for all
reSs.

Theorem 6.1.1. Heine-Borel. A subset K C R is compact if and only if it is both closed and bounded.

Proof. We prove the two implications separately.

(=) Suppose K is compact.

e Boundedness: Suppose for contradiction that K is unbounded. Then for every n € N, there
exists x,, € K such that |z,| > n. The sequence (z,) tends to infinity; consequently, no subse-
quence of (z,) can converge to a real number. This contradicts the definition of compactness.
Thus, K must be bounded.

e Closedness: Suppose K is not closed. Then there exists a limit point x of K such that = ¢ K.
Since z is a limit point, there exists a sequence (z,) C K converging to z. Every subsequence of
(z5,) must also converge to z. Since x ¢ K, the sequence (z,) has no subsequence converging to
a point in K. This contradicts compactness. Thus, K must be closed.

(<= Suppose K is closed and bounded. Let (z,) be an arbitrary sequence in K. Since K is bounded, the
sequence (z,,) is bounded. By the Bolzano-Weierstrass Theorem, (z,) has a convergent subsequence
(2, ) with limit L € R. Since (z,,) C K and z,, — L, L is an adherent point of K. Because K is
closed, it contains all its adherent points, so L € K. Thus, every sequence in K has a subsequence
converging to a point in K, so K is compact.

Remark. Heine-Borel is a powerful tool because checking closedness and boundedness is typically easier
than testing every possible sequence. However, caution is required: in infinite-dimensional spaces (a topic
for functional analysis), closed and bounded sets are not necessarily compact.

6.2 Cantor’s Intersection Theorem

The structural similarity between compact sets and closed intervals extends to the property of nested inter-
sections. Recall the Nested Interval Theorem: if Iy D I, O ... is a sequence of closed bounded intervals,
their intersection is non-empty. We generalise this to arbitrary compact sets.

Theorem 6.2.1. Nested Compact Sets. Let (K,,)52; be a sequence of non-empty compact subsets of R
such that K., C K, for all n. Then:

() Kn#0
n=1

Proof. For each n € N, pick an element x,, € K,. This is possible since each K, is non-empty. Consider
the sequence (z,). Since K,11 C K,, we have z, € K; for all n. Since K; is compact, there exists a
subsequence (z,, ) converging to some point = € Kj.
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We claim that x € K, for every m € N. Fix an integer m. For sufficiently large k, we have ny > m. Due to
the nested property, the tail of the subsequence (2, )i>; lies entirely within K,,. Since K, is compact (and
thus closed), the limit of any convergent sequence in K, must belong to K,,. Therefore, x € K,,. Since m
was arbitrary,  belongs to the intersection of all sets K,. |

Remark. If the sets are not compact, the intersection may be empty.

1. Open sets: Let U, = (0,1/n). Then U, = 0.
2. Closed but unbounded: Let F;, = [n,00). Then N F},, = 0.

Compactness is the essential ingredient ensuring the limit point is not “lost” at the boundary or at infinity.

The Cantor Set, constructed by iteratively removing the middle third of closed intervals, is a compact set
that is uncountable, has measure zero, and contains no intervals. Being closed and bounded, it satisfies all
properties derived in this chapter.

Open Covers

Open covers allow us to localise properties. If a property holds locally (in a small neighbourhood of every
point), under what conditions does it hold globally? Compactness provides the answer: it allows us to stitch
together finitely many local patches.

Definition 6.2.1. Open Cover. Let K C R. An open cover of K is a collection of open sets O = {U, :
a € A} such that the union of these sets contains K:

Kc|Ju.
aEcA

A subcover is a sub-collection of O that still covers K. If this sub-collection consists of finitely many sets,
we call it a finite subcover.

Example 6.2.1. Finite Sets. Any open cover of a finite set K = {z1,...,z,} admits a finite subcover. If
O covers K, then for each x;, there is some set U; € O such that z; € U;. The collection {Uy,...,U,} is a
finite subcover.

Example 6.2.2. Failure of Compactness (Open Interval). Take the open interval (0,1). This set is not

compact. Define the collection:
1
0= {(,1) :nGN,nEZ}
n

Clearly, |~ ,(1/n,1) = (0,1), so this is an open cover. Suppose there existed a finite subcover. Let N be
the largest index in this finite sub-collection. Since the sets are nested, the union of the finite subcover is
simply the largest set (1/N,1). However, (0,1) € (1/N, 1) because the interval (0,1/N] is missed. Thus, no
finite subcover exists.

Example 6.2.3. Failure of Compactness (Unbounded). Let K = N. Counsider the open cover O = {(n —
1,n+ 1) : n € N}. Each integer n is contained in (n — 1,n 4 1), but removing any single set (k — 1,k + 1)
leaves the integer k uncovered. Thus, no finite subcollection can cover the infinite set N.

These examples reinforce our previous findings: open intervals and unbounded sets fail to be compact. We
now formalise the “covering” definition of compactness.

Definition 6.2.2. Topological Compactness. A set K C R is compact if every open cover of K admits
a finite subcover.
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The Lebesgue Number Lemma

To prove that our two definitions of compactness (sequential vs covering) are equivalent, we require the
Lebesgue number lemma. This states that if a compact set is covered by open sets, there is a minimum
“safety radius” ¢ such that any ball of radius § fits entirely inside at least one of the covering sets.

Lemma 6.2.1. Lebesgue Number Lemma. Let K be a sequentially compact subset of R and let O be an
open cover of K. Then there exists a § > 0 such that for every z € K, the ball Bs(z) = (x — §,x + 0) is
contained in some element U € O.

Proof. We proceed by contradiction. Suppose no such ¢ exists. Then for every n € N, the value 1/n fails to
be a Lebesgue number. This implies that for each n, there exists a point z,, € K such that the ball By, (2,)
is not contained in any single set U € O.

This construction yields a sequence (z,) in K. Since K is sequentially compact, there exists a subsequence
(2, ) converging to some limit z € K. Since O covers K, there exists some open set U, € O such that
z € U,. Because U, is open, there exists an € > 0 such that B.(z) C U.,.

Now, we examine the tail of the subsequence. Choose k sufficiently large such that two conditions are met:

1. The point z,,, is close to z: |z, — 2| < €/2.
2. The radius of the ball around z,, is small: 1/n; < €/2.

We apply the Triangle Inequality to show that the ball around z,,, lies inside B(z). Let y € By, (7n,)-
Then:

1 € € €
ly — 2| < |y — zny | + 20, — 2] <n*k+§<§+§:€
Thus, By /p, (%n,) € Be(z) € U.. This contradicts the defining property of the sequence (z,,), which stated
that By, (7y) is not contained in any element of the cover. Consequently, our assumption was false, and a
Lebesgue number § must exist. |

Equivalence of Definitions

We now establish the equivalence unifiying the topological and analytic views of compactness.

Theorem 6.2.2. The Compactness Theorem. A subset K C R is sequentially compact if and only if it
is topologically compact (every open cover has a finite subcover).

Proof. We prove the two implications separately.

(=) Sequential implies Covering. Let K be sequentially compact and let O be an open cover of
K. By lemma 6.2.1, there exists a Lebesgue number § > 0 for this cover. We construct a finite
cover using balls of radius 6. Pick an arbitrary point z; € K. If Bs(z1) covers K, we are done. If
not, pick xo € K \ Bs(x1). Proceeding inductively, if {Bs(x1),..., Bs(xn)} does not cover K, pick

m

T € K\U™, Bs(ay).

Consider the sequence (z,,) generated by this process. By construction, for any distinct indices ¢ # 7,
|z; — xj] > . Such a sequence cannot have a convergent subsequence (a Cauchy subsequence would
eventually have terms closer than §). This contradicts the sequential compactness of K. Therefore,
the process must terminate after finitely many steps. We obtain points z1,...,xxn such that K C
U;.V:l Bs(xj). Since ¢ is a Lebesgue number, each ball Bs(x;) is contained in some set U; € O. Thus,
{U1,...,Un} is a finite subcover of O.

(<) Covering implies Sequential. Let K be topologically compact. Let (z,) be a sequence in K. Let
S = {z, : n € N} be the set of values in the sequence. If S is finite, one value repeats infinitely often,
yielding a convergent subsequence. Assume S is infinite. We define L to be the set of limit points of
S. We aim to show LN K # {.
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Suppose for contradiction that L N K = (. This implies that no point in K is a limit point of
S. Consequently, for every y € K, there exists a neighbourhood U, of y that contains at most
one point of S (specifically, if y € S, it contains y; if not, it contains nothing from S). The collection
U ={U, :y € K} is an open cover of K. By compactness, there exists a finite subcover {U,,,,..., Uy, }.
Since S C K C U;nzl Uy, and each U, contains at most one point of S, the set S must be finite. This
contradicts the assumption that S is infinite. Thus, S must have a limit point € K. By the definition
of a limit point, there exists a subsequence of (z,,) converging to x.

6.3 Continuity and Compactness

We now explore the interaction between compactness and continuous functions. A topological principle
states that “compactness is preserved by continuity”.

Theorem 6.3.1. Preservation of Compactness. Let f : K — R be a continuous function. If K is
compact, then the image set f(K) is compact.

Proof. Let (y,) be an arbitrary sequence in the image set f(K). We must find a subsequence converging
to a point in f(K). Since y, € f(K), for each n, there exists some x,, € K such that f(z,) = y,. This
generates a sequence (z,) in K. Because K is compact, there exists a subsequence (z,,) converging to
some x € K. By the sequential characterisation of continuity (theorem 4.1.1), since x,, — z, it follows that
f(zpn,) — f(z). Substituting back, y,, — f(x). Since x € K, the limit f(z) belongs to f(K). Thus, (y,)
has a convergent subsequence in f(K), so f(K) is compact. [ ]

By combining Preservation of Compactness with Heine-Borel, we obtain a simple proof of the Extreme Value
Theorem.

Theorem 6.3.2. Extreme Value Theorem. Let K be a compact set and let f : K — R be continuous.
Then f is bounded and attains its maximum and minimum values on K.

Jde,d € K such that f(c) = inf f(z) and f(d) = sup f(z)
zeK zeK

Proof. By Theorem 6.3.1, the image set f(K) is compact. By Theorem 6.1.1, a compact subset of R is closed
and bounded.

Boundedness: Since f(K) is bounded, f is a bounded function.

Attainment: Let M = sup f(K) and m = inf f(K). By the definition of supremum and infimum, M and
m are adherent points of f(K). Since f(K) is closed, it contains its adherent points. Thus M € f(K)
and m € f(K). Therefore, there exist ¢,d € K such that f(d) = M and f(c) =m.

Remark. This theorem demonstrates that compactness is the “correct” generalisation of a closed interval.
The properties making [a, b] nice for optimisation are its compactness, not its connectedness or linearity.

Uniform Continuity

Recall the proof of the continuity of f(x) = z? in the previous chapter. Given € > 0 and a point ¢, we
bounded |22 — ¢?| = |z — ¢||x + ¢|. To control |z + c|, we assumed |z — c| < 1, leading to | + c| < 1 + 2|c|.
This yielded § = min(1,€e/(1 + 2|c])).
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Notice that as |¢| — oo, § shrinks towards zero. For a fixed ¢, the “sensitivity” of the function varies across
the domain. Near the origin, a large § suffices; near infinity, the function is steep, requiring a microscopic 9.

This motivates a stronger form of continuity where § depends solely on e.

Definition 6.3.1. Uniform Continuity. Let A C R. A function f : A — R is said to be uniformly
continuous on A if for every € > 0, there exists a § > 0 such that for all x,y € A:

lz—yl<d = [f(z) = fY)l <e

In logical notation, the distinction lies in the order of quantifiers:

e Continuity on A: Vo € A)Ve > 0,30 >0,Vy € A, (|x —y| < d = |f(z)— f(y)] <e).
e Uniform Continuity on A: Ve > 0,30 > 0,Vz € AAVy € A, (|Jr —y| <d = |f(x) — f(y)| <e).

Example 6.3.1. Linear Functions. The function f(z) = z is uniformly continuous on R. For any € > 0, we
may simply choose é = €. Then |z — y| < § immediately implies |z — y| < e. This 6 works for all pairs z,y,
regardless of their location.

Example 6.3.2. The Square Function. The function f(z) = 2 is continuous on R but not uniformly

continuous on R. To prove this, we verify the negation of the definition. We must show:
Je > 0 such that ¥ > 0,3z, y € R with |z —y| < § but |2 — ¢?| > ¢

be arbitrary. We construct points z,y that are J-close but mapped far apart. Choose

Let e=1. Let § >0
3+ ¢. Then |z — y| = § < 6. However, the distance between images is:

x:%andy:

f(x)—f(yn=y2—x2=<y_x><y+x):g<§+g) :1+5Z>1

Thus, the condition fails for ¢ = 1. The function grows too rapidly for a single § to suffice everywhere.

The strategy used above can be generalised. To demonstrate a lack of uniform continuity, it suffices to find
two sequences that approach each other while their images stay apart.

Proposition 6.3.1. Sequential Failure of Uniform Continuity. A function f : A — R is not uniformly
continuous if and only if there exists an ¢y > 0 and two sequences (), (y,) in A such that:

lim |z, —yn| =0 but |f(z,)— f(yn)| > €o for all n

n—oo

For f(x) = 22, the sequences x,, = n and y, = n + 1/n satisfy this criterion, as |z, — y,| = 1/n — 0 while
22 Sl =25 1/n2 2 2

The Heine-Cantor Theorem

The example in proposition 6.3.1 relied on the domain being unbounded. Intuitively, if the domain is confined
(bounded) and includes its endpoints (closed), such behaviour should be impossible.

Theorem 6.3.3. Heine-Cantor Theorem. Let K be a compact subset of R and let f : K — R be a
continuous function. Then f is uniformly continuous on K.

Proof. Let € > 0 be given. We aim to find a global § > 0 depending only on €. Since f is continuous, for
every point x € K, there exists a local radius J, > 0 such that:

yeKly—al<d, = |fy) — f@)] < 3

(Note the use of €/2, a standard preparatory step for the Triangle Inequality).
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Consider the collection of open intervals Y = {B(z, %‘) :x € K}. Note that we use half the local radius for
the covering sets. Clearly, U is an open cover of K. Since K is compact, there exists a finite subcover. Let
the centres of the finite subcover be z1,...,2,. Thus, K C U, B(xi, i) We define the global § to be

the minimum of these specific radii:
) 1
d=min{ =%, ..., ==
2 2

Since the set is finite and each d,, > 0, we have 6 > 0. Now, let u,v € K be any points satisfying |u —v| < 4.
We must show |f(u) — f(v)] < e. Since the balls cover K, the point u must belong to some specific ball

Bz, 6”7’“) from our finite subcover. This implies |u — x| < 62’“ . We now check the distance of v from the
centre xg:
)
v —xg] < |v—u|+|u— k| <5+%
. Sa
Since § < 5, we have:
) )
ol < B B,

Since both v and v are within distance d,, of xj, the continuity condition at x; applies to both:
€

2

=€

) = F)] < 1) = F@o] + ) = F0)] < 5 +

Thus, f is uniformly continuous. |

6.4 Connectedness

We turn now to the topological property that captures the idea of a set being “in one piece”. For example,
[0,1]U[2, 3] is disconnected because it consists of two disjoint components separated by a gap. Similarly, Q is
totally disconnected because between any two rationals lies an irrational gap. First we formalise the notion
of a separation. It is not enough for two sets to be disjoint (like (0,1) and (1,2)); they must be separated in
a way that prevents “gluing” at the boundary.

Definition 6.4.1. Separated Sets. Two non-empty sets A, B C R are said to be separated if:
ANB=0 and ANB=10
That is, neither set contains an adherent point of the other.

Definition 6.4.2. Connected Set. A set S C R is disconnected if it can be written as the union of
two separated sets. That is, if there exist A, B such that S = AU B and A, B are separated. If S is not
disconnected, it is said to be connected.

Example 6.4.1. Examples of Connectedness.

1. The set S = [0,1] U [2,3] is disconnected. Let A = [0,1] and B = [2,3]. Since the closure A = [0, 1]
(definition 3.5.1) is disjoint from B, these sets form a separation.

2. The set S = (0,1) U (1,2) is disconnected. Although the sets approach the same point 1, the point
1¢5S. Let A= (0,1) and B = (1,2). The closure A = [0, 1] does not intersect B, and B = [1,2] does
not intersect A.

3. The set S =[0,1]U(1,2) = [0,2) is connected. If we try to split it at 1 using A = [0,1] and B = (1, 2),
we find B = [1,2], s0o AN B = {1} # (. The sets are not separated.

Characterisation of Connected Sets

While the definition involving closures is precise, it is often cumbersome. We present equivalent conditions
that are often easier to apply.

Theorem 6.4.1. Characterisations of Connectedness. Let S C R be a non-empty set. The following
are equivalent:
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(i) S is connected.
(ii) Every continuous function f : S — {0,1} is constant. (Here {0,1} has the discrete metric).
(iii) The Interval Property: If a,b € S and a < ¢ < b, then ¢ € S. (i.e., S contains the interval [a,D]).

Proof. We proceed by the cyclic implications (i) = (i1) = (iii) = (i).

(i) = (ii) Suppose S is connected. Let f : S — {0,1} be continuous. Let A = f~1({0}) and B =
F71({1}). Since f maps into a discrete set, f is locally constant. The pre-images of closed sets are closed
in the subspace topology of S. Suppose f is not constant. Then both A and B are non-empty. Since f
A is closed relative to S (theorem 5.1.1), meaning ANS = A. Thus ANB = (ANS)NB=ANB = (.
Similarly AN B = (). This implies A, B form a separation of S, contradicting the connectedness of S.
Thus f must be constant.

(19) = (i4i) Suppose all continuous maps to {0,1} are constant. Assume for contradiction that condition
(iii) fails. Then there exist a,b € S and a point ¢ ¢ S such that a < ¢ < b. Define a function

f:8—{0,1} by:
0 ifx<ec
f(x):{l ifx>c

Since ¢ ¢ S, this function is defined on all of S. The function is continuous because for any = € S, we
can choose a neighbourhood of z (e.g., radius |z — ¢|) that does not cross ¢, on which f is constant.
However, f(a) =0 and f(b) =1, so f is not constant. Contradiction.

(i41) = (i) Suppose S has the Interval Property. Assume for contradiction that S is disconnected, so
S = AU B with A, B separated. Pick a € A and b € B. Without loss of generality, assume a < b. By
the Interval Property, [a,b] C S. Let K = ANJa,b]. Since A is closed in S (it equals ANS), K is closed
in the subspace [a,b]. Let s = sup(K). Since K is closed and bounded, s € K C A. Because b € B
and AN B = (), we must have s < b. By the property of the supremum, every point in the interval
(s,b] must belong to B (otherwise there would be a point of A larger than s). This implies that s is a
limit point of B from the right. Thus s € B. Consequently, s € AN B, which implies AN B # (). This
contradicts the separation condition (AN B = )). Thus S must be connected.

Corollary 6.4.1. Connected Subsets of R. A subset of R is connected if and only if it is an interval. The
connected sets are precisely the singletons, open intervals (a, b), closed intervals [a, b], and half-open intervals
(bounded or unbounded).

We conclude this section by re-deriving the Intermediate Value Theorem (IVT) as a topological result.

Proposition 6.4.1. Preservation of Connectedness. Let f : S — R be a continuous function. If S is
connected, then the image f(.5) is connected.

Proof. Let g : f(S) — {0,1} be a continuous function. Consider the composition h = g o f. Since f and g
are continuous, h : S — {0,1} is continuous. Since S is connected, h must be constant. This implies that g
must be constant on f(S). By Theorem 6.4.1, f(S) is connected. |

Theorem 6.4.2. The Intermediate Value Theorem. Let f : [a,b] — R be a continuous function such
that f(a) # f(b). If y is any value strictly between f(a) and f(b), there exists ¢ € (a,b) such that f(c) = y.

Proof. The interval [a, b] is connected. By proposition 6.4.1, the image f([a,b]) is connected, and thus must
be an interval (corollary 6.4.1). Since f(a) and f(b) are in the image, the entire interval connecting them
(denoted I,, with endpoints f(a), f(b)) must be contained in the image. Since y € I,4, it follows that
y € f([a,b]). Thus, there exists ¢ € [a, b] such that f(c) =y. [ ]
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6.5 Darboux Continuity

It is natural to ask whether the converse holds: does the Intermediate Value Property (IVP) imply continuity?
To investigate this, we isolate the property itself.

Definition 6.5.1. Darboux Continuity. A function f : I — R is said to be Darboux continuous (or has
the Intermediate Value Property (IVP)) if for any sub-interval [a,b] C I and any value + strictly between
f(a) and f(b), there exists ¢ € (a, b) such that f(c) = .

While The Intermediate Value Theorem asserts that continuity implies Darboux Continuity, the converse
is false. The property of traversing all intermediate values does not prevent the function from oscillating
wildly.

Example 6.5.1. The Topologist’s Sine Curve. Recall the function defined in Chapter 1:

_Jsin(l/z) x#0
o= {0 =20

As established previously, this function is discontinuous at = 0. However, it possesses the Intermediate
Value Property (IVP). On any interval [0, b], the function takes the value 0 at the endpoint. For z > 0, as
x — 0, the term 1/2 — oo, causing sin(1/z) to oscillate through the entire range [—1,1] infinitely many
times. Thus, f assumes every value between f(0) = 0 and f(b) within the interval. Consequently, f is
Darboux continuous despite its discontinuity.

Remark. Historically, Gaston Darboux showed that derivatives of differentiable functions satisfy the Inter-
mediate Value Property (IVP), even if the derivative itself is not continuous. Thus, the class of Darboux
continuous functions is significant in the study of differentiation.

Monotonicity and Continuity While Darboux Continuity alone is insufficient to guarantee continuity,
imposing a structural constraint on the function’s growth bridges the gap. If a function is strictly monotone,
it cannot oscillate; therefore, if it also skips no values (Darboux), it must be continuous.

Definition 6.5.2. Strict Monotonicity. A function f : I — R is strictly increasing if for all z,y € I,
x<y = f(z) < f(y). It is strictly decreasing if z <y = f(z) > f(y).

Theorem 6.5.1. Continuity of Monotone Darboux Functions. Let I be an interval and let f : I — R
be a strictly increasing function. If f is Darboux continuous, then f is continuous on I.

Proof. Fix an interior point ¢ € I. We analyse the left and right limits of f at ¢. Define the left limit
candidate L~ = sup{f(z) : # € I,z < ¢} and the right limit candidate Lt = inf{f(z) : € I,z > ¢}. Since
f is strictly increasing, for any x < ¢ < z, we have f(z) < f(c¢) < f(z). This implies:

L™ < fle)< LT

We claim that L™ = f(c¢). Suppose for contradiction that L= < f(¢). Since f is Darboux continuous, the
image f(I) must be an interval. However, the value y = K%M satisfies L™ < y < f(c¢). For any z < ¢,
fl@) < L™ <y. For any = > ¢, f(z) > f(c) > y. Thus, y is never attained by f, contradicting the Darboux
property. Therefore, L™ = f(c). By a symmetric argument, L* = f(c). Since the left and right limits exist
and equal f(c), the function is continuous at c¢. (The argument for endpoints is identical, considering only

the relevant one-sided limit). |

Note. Continuity of Monotone Darboux Functions provides a powerful tool for proving the continuity of
inverse functions. If a continuous function f is strictly increasing, its inverse f~! is strictly increasing and
maps an interval to an interval (surjective). This implies f~! has the Intermediate Value Property (IVP),
and thus, by the theorem above, f~! is automatically continuous.
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6.6 Exercises

1.

10.

Compactness in Discrete Metrics. Let X be an infinite set equipped with the discrete metric
dlz,y)=1ifx #£yand 0if x = y.
(a) Determine which subsets of X are compact using the sequential definition of compactness.
(b) Does the Heine-Borel theorem (Compact <= Closed and Bounded) hold in this metric space?
Justify your answer.

. Intersection of Nested Sets. Give explicit counter-examples to show that the intersection ﬂff:l K,

may be empty if the sets K,, are nested (K,+; C K, ) but we relax the conditions:

(a) K, are closed but not bounded.
(b) K, are bounded but not closed.

. Finite Intersection Property. Let K be a compact set. Prove that a collection of closed subsets

F,}taea of K has a non-empty intersection F,, # 0 if and only if every finite sub-collection has
aEA
a non-empty intersection.

Remark. Consider the complements U, = K \ F, and use the definition of compactness via open
covers.

. The Cantor Set. The Cantor middle-thirds set C is constructed by removing the open middle third

(1/3,2/3) from [0, 1], then removing the middle thirds (1/9,2/9) and (7/9,8/9) from the remaining
segments, and so on ad infinitum.

(a) Prove that C is a compact set.
(b) Prove that C is uncountable by identifying points in C with ternary expansions using only the
digits 0 and 2.

Remark. Map each binary sequence (b,,) to .00, 2

n=1 3n

. Compactness of the Limit Point Set. Let (z,) be a bounded sequence in R. Let L be the set of

all subsequential limits of (x,). Prove that L is a compact, non-empty set.

. Local vs Global Boundedness. A function f: R — R is called locally bounded if for every z € R,

there exists a neighbourhood U, on which f is bounded.
(a) Prove that if f is locally bounded on a compact set K, then f is bounded on K.
(b) Construct a function f : R — R that is locally bounded everywhere but not bounded on R.
Attainment of Bounds. Let f : R — R be a continuous function. Suppose that lim f(z) =
Tr—r0o0
I, Fle) =0
(a) Prove that f is bounded on R.

(b) Prove that f attains a maximum or a minimum value (or both) on R.
(¢) Give an example where the maximum is attained but the minimum is not.

. Proper Maps. A continuous function f : R — R is called a proper map if the pre-image of every

compact set is compact.
(a) Prove that if f is proper, then lim |f(x)| = co.
|z|—o00

(b) Prove that if f is a non-constant polynomial, then f is a proper map.

. Semi-Continuity. A function f: R — R is called lower semi-continuous (LSC) at ¢ if for every € > 0,

there exists 6 > 0 such that:
e —c <d = f(z)> flc)—¢

(a) Prove that the indicator function of an open set is LSC.
(b) Prove that if f is LSC on a compact set K, then f attains its minimum on K.
(¢) Prove that a function is continuous if and only if it is both upper and lower semi-continuous.

Fixed Point Theorems. Let f : [a,b] — [a,b] be a continuous function.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

(a) Prove that f has a fixed point, i.e., there exists ¢ € [a, b] such that f(c) = c.

(b) Contraction Mapping: Suppose further that there exists a constant 0 < k < 1 such that
|f(z) = f(y)] < k|z —y]| for all x,y € [a,b]. Prove that the fixed point is unique.

(¢) Weak Contraction: Let K be a compact subset of R and let f : K — K be a function such
that | f(x) — f(y)| < |z — y]| for all  # y. Prove that f has a unique fixed point.

Remark. The function g(z) = |x — f(z)| is continuous. Does it attain a minimum?

Inverse Functions on Intervals II. Let f : [a,b] — R be a continuous, injective function.

(a) Prove that f must be strictly monotone.
(b) Prove that f([a,b]) is a compact interval and that the inverse function f=! : f([a,b]) — [a,b] is
uniformly continuous.

Remark. Use connectedness of [a,b] and the Heine-Cantor theorem.

Inverse Functions on Compact Sets. Let K be a compact subset of R and let f : K — Y be a
continuous bijection onto a subset Y C R. Prove that the inverse function f~!: Y — K is continuous.

Remark. Use the topological characterisation of continuity. Show that the pre-image of a closed set
under f~! is closed in Y.

Uniform Continuity I: Concrete Checks. Determine whether the following functions are uniformly
continuous on the specified domains. Provide € — ¢ proofs or counterexamples via sequences.

(a) f(x)==xsin(1/z) on (0,1).
(b) g(x) = sin(2?) on [0, 0).
(¢) h(z) = 1-&-% on R.

Uniform Continuity II: The Square Root. Prove that f(z) = /x is uniformly continuous on
[0, 00).

Remark. Split the domain into a compact part [0, 1] and an unbounded part [1, c0). Use the Lipschitz
property on the latter.

Uniform Continuity III: Periodic Functions. Let f : R — R be a continuous function that is
periodic with period P > 0 (i.e., f(z + P) = f(x) for all z). Prove that f is uniformly continuous on
R.

Linear Growth. Let f: R — R be a uniformly continuous function. Prove that there exist constants
A, B > 0 such that for all z € R:
|f(z)] < Alz|+ B

The Extension Theorem. Let f : (a,b) — R be a continuous function. Prove that f is uniformly
continuous on (a,b) if and only if f can be extended to a continuous function f : [a,b] — R.

Remark. For the forward direction, use Cauchy sequences to define limits at the endpoints.

Extension from Dense Sets. Let D C R be a dense subset (e.g., Q) and let f : D — R be a
uniformly continuous function.

(a) Prove that if (z,,) is a Cauchy sequence in D, then (f(z,)) is a Cauchy sequence in R.

(b) Use this to prove that f has a unique continuous extension to the closure D.

(¢) Show that this fails if f is merely continuous but not uniformly continuous (consider f(z) = 1/x
on (0,1)).

Holder Continuity. A function f : A — R is said to be Hélder continuous of order « if there
exists a constant C' > 0 such that for all z,y € A:

|f(x) = f(y)| < Clo —y|*

(a) Prove that if f is Holder continuous of order @ > 0 on A, then f is uniformly continuous on A.
(b) Prove that if @ > 1 and A is an interval, then f must be a constant function.
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(c) Let f(z) = v/x on [0,1]. Prove directly from the definition that f is Holder continuous of order
a=1/2.

20. The Distance Function III. Let K C R be a non-empty closed set. Define dg (z) = inf{|lz —y|:y €
K}.
(a) Prove that for every x € R, there exists a point k € K such that di(z) = |z — k|.

(b) Suppose K is also a convex set. Prove that for each = € R, the point k£ € K that minimizes the
distance to x is unique.

21. Distance Between Sets. Let K C R be a non-empty compact set and let ' C R be a closed set
disjoint from K.

(a) Using the previous exercise, define g(z) = dp(x). Prove that g(z) > 0 for all z € K.
(b) Using the Extreme Value Theorem on g, prove that there exists a strictly positive minimum
distance between the sets:

dK,F)=inf{lzr —y|:x€e K,y F} >0
(c¢) Show by counter-example that this fails if K is closed but not compact.

22. x Equicontinuity and Arzela-Ascoli. Let {f,} be a sequence of continuous functions on [0, 1].
We say the family is equicontinuous if for every e > 0, there exists § > 0 such that for all n and all
z,y € [0,1]:

|z —yl<é = |ful®) — fu(y) <€
(Crucially, 6 does not depend on n).

(a) Suppose {f,} is equicontinuous and pointwise bounded. Let D = {ry,ra, ...} be the set of rationals
in [0, 1]. Using a diagonalisation argument, show there exists a subsequence { f,, } that converges
at every rational point ;.

(b) Prove that this subsequence actually converges uniformly on the entire interval [0, 1] to a contin-
uous function f.

23. Connectedness of the Graph. Let f: R — R. Let I'y = {(z, f(x)) : # € R} C R? be the graph of
f.
(a) Prove that if f is continuous, then I'y is a connected subset of R%.
(b) Is the converse true? If the graph I'y is connected, must f be continuous?

24. The Pasting Lemma (Open and Local Case). Let {U, }ncs be a collection of open sets in R such
that J,c; Ua = R. Suppose for each o € I, there is a continuous function f, : Uy — R such that
fa(z) = fa(x) for all x € U, NUsg.

(a) Prove that the globally defined function h(z) = fu(z) for z € U, is continuous.
(b) Contrast this with the closed case: show that if we have an infinite collection of closed sets K,
the resulting glued function is not necessarily continuous. (Hint: Consider K, = {1/n} and

Ko ={0}).
25. % Uniform Continuity Preview. Consider f(x) = z3.

(a) In a continuity proof at a point ¢, one convenient choice is

S=min(1,—o ).
3c2 +3|c| +1

Show that as |¢| — oo, the required ¢ for a fixed € tends to 0.

(b) Prove that it is impossible to choose a single § > 0 that satisfies the continuity condition for € = 1
for all x € R simultaneously.

(¢) Contrast this with g(z) = sinz by showing that |g(z) — g(y)| < |z — y| for all z,y and hence g is
uniformly continuous on R.

26. x Continuity of Roots. Let n € N. Prove that the function f(z) = /™ is continuous on [0, c0).

Remark. Split the proof into continuity at ¢ = 0 and continuity at ¢ > 0. For ¢ > 0, use the identity
a” — b= (a—0b)(a" 1 +a"2b+---+b""1) to bound |z — ¢|.
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27. x Total Disconnectedness I: Rationals. Prove that the set Q of rational numbers is totally
disconnected. That is, show that if S C Q is a connected set containing more than one element,
we arrive at a contradiction.



Chapter 7

Perfect Sets and the Structure of Open
Sets

We begin by introducing a class of sets that are, in a topological sense, self-contained and dense within
themselves. This leads to the construction of the Cantor set, a pathological counterexample to many intuitive
notions in analysis, and finally to a complete characterisation of open sets on the real line.

7.1 Perfect Sets

We have previously defined a limit point of a set .S as a point = such that every neighbourhood of x contains
a point of S distinct from z. A closed set is one that contains all its limit points. We now consider the
converse property: a set where every point is a limit point.

Definition 7.1.1. Perfect Set. A subset P C R is said to be a perfect set if it is closed and every point
in P is a limit point of P. In the language of derived sets (where P’ denotes the set of limit points of P), P
is perfect if it is closed and satisfies P = P’.

Note. The terminology “perfect” suggests a set that is “complete” (closed) and lacks “isolated defects”
(isolated points).

Example 7.1.1. Examples of Perfect Sets.

1. Any closed interval [a,b] with a < b is a perfect set. Every point in the interval can be approached by

a sequence of distinct points within the interval.

The entire real line R is a perfect set.

3. Finite sets are never perfect (unless empty). As established in Chapter 2, points in a finite set are
isolated.

N

One might ask whether there exists a perfect set that contains no intervals. The answer, provided by the
Cantor set, is affirmative. However, such a set cannot be “small” in terms of cardinality.

Theorem 7.1.1. Uncountability of Perfect Sets. Let P be a non-empty perfect set. Then P is un-
countable.

Proof. We proceed by contradiction. Suppose P is countable. We may enumerate its elements as P =
{x1,x2,235,...}. We shall construct a sequence of nested compact intervals whose intersection with P is
non-empty but contains no point from the enumeration.

Construction of I;: Pick an arbitrary z; € P. Since x; is a limit point, for any € > 0, the neighbourhood
(1 — €,21 + €) contains infinitely many points of P. Choose a closed interval I; C R centred at x;

56
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such that I; N P # (). To ensure we can exclude x; later, ensure the interior of I; contains points of P
distinct from x7.

Inductive Step: Suppose we have constructed a closed interval I, such that I, N P # (). We wish to
construct I,41 C I, such that I,,11 NP # 0 and x,, ¢ I,41. Since I,, N P is non-empty and P is
perfect, the set I,, N P must be infinite. If it were finite, then any point p € I,, N P would be isolated in
P (we could pick a radius smaller than the distance to any other point in the finite set). This contradicts
the fact that every point in a perfect set is a limit point. Thus, I,, contains at least two points of P.
We can therefore choose a point y € (I,, N P) such that y # x,. Since y is a limit point of P, we can
construct a small closed interval I,,1 around y such that I,,y1 C I, I,.1 NP # 0, and z, & T,41.

The Intersection: Consider the sequence of sets K,, = I,, N\ P. Since each I, is closed and P is closed, each
K, is closed. Furthermore, K,, C I, so the sets are bounded. Thus, each K, is a compact set. By
construction, K, 1 C K,, and each K,, is non-empty. By Theorem 6.2.1, the intersection is non-empty:

K= OlKn: Ol(lnﬂP) £0

Let z € K. Then z € P. However, for every n, z € I,,11, which implies z # z,, (since we explicitly
excluded z,, from I,,;1). Thus, z is an element of P that is not in the list {z1,x2,...}.

This contradicts the assumption that P was enumerated by (z,,). Therefore, P must be uncountable. |

7.2 The Cantor Set

We now construct the Cantor Ternary Set, denoted C. This set provides a counterexample to the intuition
that “uncountable sets must have non-empty interior” or “any set that occupies no length must be countable”.
We begin with the closed unit interval Cy = [0,1] and define a recursive process of “removing the middle
third”.

e Step 1: Remove the open middle third (1/3,2/3) from C.

e Step 2: Remove the middle thirds of the two remaining intervals. That is, remove (1/9,2/9) and

(7/9,8/9).
Cy =[0,1/9] U [2/9,1/3] U [2/3,7/9] U [8/9,1]

e Step n: (), is the union of 2" disjoint closed intervals, each of length 37™. (41 is obtained by
removing the open middle third of each interval in C),.

Definition 7.2.1. Cantor Set. The Cantor set C is the intersection of all sets in the construction:

D

C= Ch

n=0

Co
Ch

- — —

- - - - - =y

- C

Figure 7.1: The first few iterations of the Cantor set construction.
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Topological Properties
Proposition 7.2.1. Compactness. The Cantor set C is a compact set.

Proof. Each set C), is a finite union of closed intervals, hence closed. The intersection of any collection of
closed sets is closed. Thus C is closed. Since C C [0, 1], it is bounded. By Theorem 6.1.1, C is compact. N
Proposition 7.2.2. Non-Empty. The Cantor set is non-empty.

Proof. The endpoints of the intervals in C, are never removed. For instance, 0,1,1/3,2/3,1/9,... remain
in C forever. Since the set of endpoints is non-empty, C # {. |

We now address the “size” of the Cantor set in terms of length.

Proposition 7.2.3. Total Length Removed. The sum of the lengths of the removed intervals is 1.

Proof. In step 1, we remove one interval of length 1/3. In step 2, we remove two intervals of length 1/9. In
step n, we remove 2"~ ! intervals of length 1/3"™. The total length removed is the geometric series:

Oo2n_1 100 2 n 1 1 1
L: = — — :7'7:7'3:1
3n 3;)(3) 3'1-2/3 3

n=1

Since we started with an interval of length 1 and removed total length 1, the remaining set occupies no
interval length inside [0,1]. In an informal sense, it has total length 0. |

Despite having zero length, the set is surprisingly robust.
Theorem 7.2.1. The Cantor Set is Perfect. The Cantor set C is a perfect set.

Proof. We know C is closed. We must show that every point x € C is a limit point of C. Let x € C and let
€ > 0. We must find y € C such that y # z and |z — y| <e.

Recall that C C C,, for all n. The set C), consists of disjoint intervals of length 37™. Let J,, be the specific
component interval of C,, that contains x. Choose n sufficiently large such that 37" < €. The interval J,, has
two endpoints, say a, and b,. Since the endpoints of construction intervals are never removed, a,,b, € C.
Since = € J,,, it must be that x is equal to one of these endpoints or lies strictly between them. In any case,
we can choose an endpoint y, € {a,,b,} such that y, # x (unless J,, has degenerated to a point, which it
has not; it has length 37™). Since z,y, € J,, we have |x — y,| < 37" < e. Thus, we have found a point in C
arbitrarily close to x. Hence, z is a limit point. |

Corollary 7.2.1. Cardinality of the Cantor Set. The Cantor set C is uncountable.
Proof. C is a non-empty perfect set. By Theorem 7.1.1, it is uncountable. |

Finally, we classify the interior of the set.

Proposition 7.2.4. Empty Interior. The Cantor set contains no intervals. That is, int(C) = .

Proof. Suppose for contradiction that there exists an open interval (a,b) C C. Then (a,b) C C,, for all n.
However, C,, is a union of intervals of length 37". If (a,b) is contained in C,,, it must be contained in one
of these components. Thus b — a < 37". This must hold for all n € N. Taking the limit as n — oo, we get
b — a <0, which contradicts the definition of a non-empty open interval. Thus, C contains no intervals. B

The Cantor set is therefore an uncountable, compact, perfect set with empty interior that, in terms of length,
occupies no interval length inside [0,1]. It serves as a stark warning against relying on geometric intuition
when dealing with infinite sets.
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The Structure of Open Sets

We conclude this section by resolving the structure of open sets in R. It turns out that every open set, no
matter how complex, is merely a collection of simple open intervals.

Definition 7.2.2. Convex Set. A set S C R is convex if whenever z,y € S with = < y, every point
between them is in S; that is,
r,y€S, r<y = [z,y] CS.

Equivalently, S is convex if for all z,y € S and ¢ € [0,1], we have tz + (1 —t)y € S.
Note. In R, convex sets are precisely the intervals.

Theorem 7.2.2. Structure of Open Sets. Let G C R be a non-empty open set. Then G can be written
as a countable union of disjoint open intervals:

G:Uh

where each I, is an open interval (possibly unbounded). Uniqueness follows because each interval is exactly
a connected component of G, and connected components are uniquely determined.

Proof. We construct the intervals using an equivalence relation based on connectivity within G.

Step 1: The Relation. Define a relation ~ on G by:
z ~y <= [min(z,y), max(z,y)] C G

In other words, « and y are related if the entire closed segment connecting them lies within G. This is
an equivalence relation.

o Reflexivity: [z,z] = {z} C G is trivial.

e Symmetry: The definition is symmetric in x and y.

e Transitivity: Suppose z ~ y and y ~ z. Assume without loss of generality x < y < z. Since
[z,y] C G and [y, 2] C G, their union [z,z] C G. Thus x ~ z.

Step 2: The Equivalence Classes. Let I, be the equivalence class of a point € G. Let I, = {y € G :
x ~ y}. We claim I, is an open interval. Since G is open, there exists € > 0 such that (z—e,z+¢€) C G.
For any y in this neighbourhood, [y,z] C (x — €¢,x +€) C G, so y ~ x. Thus I, contains an interval
around z. Furthermore, if a,b € I, with a < b, then = ~ a and = ~ b, implying [a,z] and [z,b] (or
appropriate segments) are in G. By convexity of intervals, [a,b] C I,. It follows that I, is a convex
subset of R with open neighbourhoods around every point. Thus I, is an open interval (possibly
unbounded).

Step 3: Disjointness. Equivalence classes form a partition. Thus, if x and y are in different classes,
I, NI, = 0. If they are in the same class, I, = I,. So G is the disjoint union of these component
intervals {I,}.

Step 4: Countability. We must show the collection of intervals is countable. By the density of the ra-
tionals, each open interval I, contains at least one rational number ¢, € Q. Since the intervals are
disjoint, these rationals must be distinct. We can define an injective map from the collection of inter-
vals to @Q by choosing one rational per interval. Since Q is countable, the collection of intervals must
be countable.
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Disjoint intervals

= distinct rationals
= countably many I,
I I I3 1, I5
o o0—0O O—O0—-+0—0 o o o——— R
q q2 q3 q4 qs
A
~~

G = U I, (disjoint union)

Each I,, contains
a rational ¢, € Q

Figure 7.2: Every open set G C R decomposes uniquely into countably many disjoint open intervals {I,,}.
By density of Q, each interval contains a rational g,,.

Remark. This theorem allows us to visualise any open set G as a “broken” line, consisting of separated
segments. It simplifies the study of measures and integration on open sets, as we can often reduce problems
to calculations on single intervals and sum the results.

The Baire Category Theorem

The Baire Category Theorem provides critical insight into the structure of the real line.

Definition 7.2.3. Dense Set. A subset A C R is said to be dense in R if its closure is the entire real line,

i.e., A =R. Equivalently, A is dense if every non-empty open interval in R contains an element of A.

We have previously established that Q and R\ Q are both dense in R. The Baire Category Theorem asserts
that the real line is “too thick” to be constructed from “thin” sets.

Theorem 7.2.3. Baire Category Theorem. Let (G,)52; be a sequence of open, dense subsets of R.
Then their intersection -
G=()Gn
n=1

is also dense in R.

Proof. We employ a nested interval argument. Let Iy be an arbitrary non-empty open interval. We aim to
show that G N Iy # 0.

1. Since (7 is dense and open, the intersection G7 N Iy is a non-empty open set. Thus, we can choose a
closed interval J; of positive length such that J; C G N I.

2. Now consider Gs. Since G is dense and open, G5 Nint(J7) is non-empty and open. We can choose a
closed interval Jy of positive length such that J; C G Nint(Jy).

3. Proceeding inductively, for each n € N, we construct a closed interval .J,, such that:

Jn € G Nint(J,—1)

This yields a nested sequence of non-empty compact intervals J; O Jo O .... By the Nested Interval
Property, the intersection is non-empty:

() Jn #0
n=1

Let 2 be a point in this intersection. By construction, z € J,, C G,, for all n, so z € (G, = G. Furthermore,
x € J; C Iy. Thus, GN Iy # (). Since I was arbitrary, G is dense in R. [ |

It is useful to consider the complement perspective.



CHAPTER 7. PERFECT SETS AND THE STRUCTURE OF OPEN SETS 61

Definition 7.2.4. Nowhere Dense. A set S C R is said to be nowhere dense if the interior of its closure

is empty: int(S) = (). Intuitively, a nowhere dense set does not “cluster” sufficiently to fill any interval, no
matter how small.

For example, Z is nowhere dense in R. The Cantor set C, despite being uncountable, is also nowhere dense.
theorem 7.2.3 can be reformulated as follows: R cannot be written as a countable union of nowhere dense
sets. In the language of topology, R is of Second Category.

7.3 The Taxonomy of Discontinuities

Earlier, we examined the Dirichlet function, which is discontinuous everywhere. We now reintroduce a
function with a more exotic structure: one that is continuous on the irrationals but discontinuous on the
rationals.

The Thomae Function

Also known as the Riemann function, this example demonstrates that the set of points of continuity can be
dense while the set of discontinuities is also dense.

Definition 7.3.1. Thomae Function. We define f : R — R by:
1 ifx =0,

flx)=491/n ifzeQ\{0}, 2 =m/n in lowest terms,
0 ifzeR\Q.

f(z)
F(3) =13
i “
(1 1
‘/ F(3)=3
I °
s ° °
+ o® ° ° .,
[ ] [ ] [ ] [ ]
/o ® o0 a. ..o o.. .. S d .
1]'1'}1“()11}118
— { =0 i — T

Figure 7.3: The Thomae function on (0, 1]. Rationals m/n in lowest terms map to 1/n; irrationals map to
0. Points accumulate densely near the z-axis as denominators increase.

Proposition 7.3.1. Discontinuity on Rationals. The Thomae function is discontinuous at every rational
number.

Proof. Let ¢ € Q. Then f(c) > 0. Since the irrationals are dense in R, there exists a sequence (zj) of
irrational numbers converging to c¢. For each k, f(xg) = 0. Thus, klim f(xg) = 0+# f(c). By the sequential
—00

characterisation of continuity, f is discontinuous at c. |

Proposition 7.3.2. Continuity on Irrationals. The Thomae function is continuous at every irrational
number.

Proof. Let ¢ be an irrational number. Then f(c) = 0. We wish to show that lim f(x) = 0. Let € > 0 be
Tr—c
given. We must find a 6 > 0 such that if |z — ¢| < J, then |f(z)| <e.
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Consider the value of f(z). If x is irrational, f(z) = 0 < e trivially. If z is rational, x = m/n, then
f(z) =1/n. We require 1/n < ¢, or equivalently n > 1/e. Thus, the “bad” rational numbers are those with
a denominator n satisfying 1 <n < 1/e.

Let N = [1/€]. Take the interval bounded by integers (|c], [¢]). Within this interval, there are only finitely
many rational numbers with denominator n < N. Let S. be this finite set of rationals:

56:{%:1§ngN, M<%<m}

Since c is irrational, ¢ ¢ Se. Since S, is finite, the distance between ¢ and the nearest element of S, is strictly
positive. Let § = min{|c —r| : r € S.}. Now, consider any = such that |z — ¢| < J.

e If z is irrational, |f(z) — 0] =0 < e.
e If z is rational, x = m/n. By our choice of §, = ¢ S.. Consequently, the denominator n must be greater
than N. Therefore, f(z) =1/n < 1/N <e.

Thus, f is continuous at c. |

This result yields a surprising conclusion: the set of discontinuities of the Thomae function is exactly Q.

7.4 Oscillation and the Quantification of Discontinuity

To systematically classify sets of discontinuities, we need a local measure of “how discontinuous” a function
is at a point. We use the concept of oscillation.

Definition 7.4.1. Diameter. Let S C R be a bounded set. The diameter of S is the supremum of distances
between pairs of points in S:
diam(S) = sup{|z — y| : z,y € S}

Definition 7.4.2. Oscillation. Let f: A — R be a function and let « be an interior point of A (or, more
generally, a limit point of A). The oscillation of f at z, denoted osc,(f) (or wg(x)), is defined as the limit
of the diameter of the image of small closed neighbourhoods around z:

oscz(f) = 61_igl+ diam (f(AN [z — 8,z +3)))

Note. The limit exists because the function g(§) = diam(f(A N Bs(x))) is monotone decreasing as § — 0
and bounded below by 0.

The oscillation provides a precise numerical value representing the “jump” of the function at a point. For
the Heaviside step function at 0, the oscillation is 2 (the jump from —1 to 1). For the Thomae function at
a rational © = m/n, the oscillation is 1/n.

Proposition 7.4.1. Oscillation Criterion for Continuity. A function f is continuous at z if and only if
oscz(f) =0.

Proof.

(=) Suppose f is continuous at z. Let ¢ > 0. There exists 6 > 0 such that for all y € [x — §,z + ¢],
|f(y) — f(z)] < €/2. By the Triangle Inequality, for any y, z in this neighbourhood:

1) = I 1) — @)+ 1f (@) — f() < S+ 5 =

Thus, diam(f(AN[z —d,2 +d])) <e. As J — 0, the diameter approaches 0.
(<= Suppose osc;(f) = 0. Let € > 0. By definition, there exists § > 0 such that diam(f(AN[z—d, z+d])) < e.
Since x € [z — §,x + §], for any y in this neighbourhood (intersected with A), we have:

[f(y) — f(2)| < diam(f(AN [z =6,z +0])) <e

Thus, f is continuous at x.
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Using oscillation, we can characterize exactly which sets can be the set of discontinuities of a function. Let
Dy be the set of points where f is discontinuous. We can write:

Dy ={xz:o0sc,(f) >0} = U {37 rosey (f) > ib}
n=1

It can be shown that the sets K,, = {x : osc;(f) > 1/n} are closed sets. Consequently, Dy is a countable
union of closed sets (known as an F, set).

Remark. This characterisation tells us that while Q can be a set of discontinuities (as it is an F, set),
the set of irrationals R \ Q cannot be the set of discontinuities of any function, as it is not an F, set. This
distinction relies on Theorem 7.2.3.

7.5 Classification of Discontinuities

A function f is continuous at z if the limit tlim f(t) exists and equals f(x). When this condition fails, we
—x

classify the discontinuity based on the behaviour of the limit. For precision, we assume f is defined on an
open interval containing x.

Definition 7.5.1. Types of Discontinuity. Let f: (a,b) — R and let = € (a,b).
1. Removable Discontinuity: If }im f(t) exists but implies tlim f(t) # f(x) (or f is undefined at x).
- —x

2. Jump Discontinuity: If the one-sided limits lim f(¢) and lim+ f(t) both exist but are unequal.
t—x— t—x

3. Essential Discontinuity: If at least one of the one-sided limits does not exist.

The terminology “removable” is justified by the fact that we can modify the function at a single point (defining
f(z) = tlim f(¢)), to restore continuity. Jump discontinuities represent a finite “break” in the graph, such
—x

as in the Heaviside function. Essential discontinuities, such as that of f(x) = sin(1/z) at x = 0, exhibit
oscillatory or unbounded behaviour that cannot be tamed by simple redefinition.

~

Essential

Removable Jump

Figure 7.4: Visual classification of discontinuities.

A powerful property of monotone functions is that their behaviour is “tame”™ they cannot oscillate wildly.
Consequently, they cannot possess essential discontinuities.

Theorem 7.5.1. Monotone Discontinuities. Let f : (a,b) — R be monotonically increasing. Then:
(i) For any z € (a,b), the one-sided limits f(x~) and f(x™) exist and satisfy:

sup f(t) = f(z7) < f(x) < f(@T) = inf f(t)

a<t<z r<t<b

(ii) The only discontinuities of f are jump discontinuities.
(iii) The set of discontinuities of f is countable.
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Proof.

Existence of Limits: Let x € (a,b). Take the set S, = {f(t) : a <t < x}. Since f is increasing, this set is
bounded above by f(z). By the Least Upper Bound Axiom, oo = sup S, exists. We claim lim f(t) = a.

t—x—

Let € > 0. By the definition of supremum, there exists ¢y < z such that @ — e < f(tg) < «. Since
f is increasing, for all t € (tg,x), we have f(tg) < f(t) < a. Thus a — € < f(t) < «, which implies
|f(t) — a] < e. A strictly analogous argument using the infimum establishes the existence of the
right-hand limit f(2%) and the ordering f(z~) < f(z) < f(a™).

Classification: If f is discontinuous at x, then the equality f(z~) = f(z) = f(2") must fail. Since the limits
exist, it is not an essential discontinuity. Since f(z7) < f(z™), the only failure mode is f(z~) < f(z™).
Even if f(z) equals one of the limits, the gap between the left and right limits remains. Thus, it is a
jump discontinuity.

Countability: Let D be the set of discontinuities. For each x € D, the open interval J, = (f(z7), f(z™))
is non-empty. Because f is increasing, these intervals are disjoint. Suppose ;1 < z2 are two points in
D. Then z; < t < x5 for some ¢, implying:

Flaf) < f(t) < flay)

Thus, the interval J,, lies strictly below J,,. Since Q is dense in R, we can choose a distinct rational
number ¢, € J, for each x € D. This defines an injective map from D to Q. Hence, D is countable.

7.6 The Structure of the Set of Discontinuities

The Thomae function, which is continuous on the irrationals and discontinuous on the rationals, raises a
fundamental structural question: can an arbitrary subset of R serve as the set of discontinuities for some
function? For instance, does there exist a function discontinuous precisely on the irrationals?

To answer this, we utilise the concept of oscillation defined in the previous section. Recall that Dy = {z :
oscy(f) > 0}.

We first define the class of sets that will characterise discontinuities.

Definition 7.6.1. F, and Gs Sets.

1. A subset of R is called an F, set if it is a countable union of closed sets.
2. A subset of R is called a G set if it is a countable intersection of open sets.

(The notation comes from the French fermé (closed) and sum (o), and gebiet (area/open) and durchschnitt
(intersection)).

Remark. Since the complement of an open set is closed, the complement of a G5 set is an F), set.

Example 7.6.1. Examples of F,, and Gy sets.

1. Open Intervals: Any open interval (a,b) is an F, set.

(a,b) = [j [a—kbb—i]

n=1

2. Closed Intervals: Any closed interval [a, b] is a Gy set.

[a, b] ﬁ (a;,mi)
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3. Rationals: Q is an F, set (it is a countable union of singleton sets, which are closed). It is not a G5
set.

4. Irrationals: R\ Q is a G set (as the complement of an F,, set). It is not an F, set.

Theorem 7.6.1. Structure of Discontinuities. Let f : R — R be any function. The set of discontinuities
Dy is an Iy set.

Proof. Recall that f is discontinuous at x if and only if osc,(f) > 0. We can stratify the set of discontinuities
based on the magnitude of the oscillation. Let

Dy = {xGR:oscz(f) > llc}

Then clearly Dy = (J;—, Di. To prove that Dy is F,, it suffices to show that each set Dy, is closed.

Let (z,) be a sequence in Dy, converging to a limit . We must show that x € Dy, i.e., osc,(f) > 1/k.
Suppose for contradiction that osc,(f) < 1/k. Then there exists 6 > 0 such that the diameter of the image
of the neighbourhood Bs(x) is strictly less than 1/k. Since x,, — x, for sufficiently large n, x, € Bj/a(x).
Furthermore, since Bj/(v,) € Bs(x), the oscillation at x, is bounded by the diameter of the image of
Bs(z). Thus, oscy, (f) < diam(f(Bs(z))) < 1/k. This contradicts the assumption that z, € Dj. Therefore,
oscz(f) > 1/k, so Dy, is closed. ]

We now possess the machinery to prove that the sets of discontinuities cannot be arbitrary. Specifically, we
can rule out the set of irrational numbers.

Corollary 7.6.1. Discontinuities on Irrationals. There is no function f : R — R that is continuous on Q
and discontinuous on R\ Q.

Proof. Suppose such a function exists. Then Dy = R\ Q. By the theorem above, Dy must be an F,, set.
Thus, the irrationals would be a countable union of closed sets: R\ Q = [J;-; F,. This implies that the real
line can be written as:

R=QUR\Q = [ J{a} | U (fj F)

qeQ n=1

The set Q is a countable union of singletons (which are closed sets with empty interior). What about the
sets F,? Since F,, C R\ Q, F), cannot contain any non-empty open interval (as every open interval contains
rationals). Thus, each F), is a closed set with empty interior; that is, F), is nowhere dense. Hence R would
be a countable union of nowhere dense sets. Consequently, we have expressed R as a countable union of
nowhere dense sets. This contradicts Theorem 7.2.3, which states that R is not a countable union of nowhere
dense sets (it is of the second category). Therefore, no such function can exist. |

This result highlights a fundamental asymmetry in the topology of the real line. While we can define a
function discontinuous on the “small” set Q (Thomae’s function), we cannot do the inverse, despite both sets
being dense. The structural property of being an F,, set is the decisive obstruction.

7.7 FExercises

1. Perfect Sets and Compactness.

(a) If P is a perfect set and K is a compact set, is the intersection P N K always compact?
(b) Is the intersection P N K always perfect? Prove or give a counter-example.
(¢) Does there exist a perfect set consisting entirely of rational numbers?

2. The Cantor Set Construction. Let C be the standard Cantor set constructed by removing middle
thirds.
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10.

11.

(a) Let « € Cy. Prove that there exists 1 € C'NCy with x1 # z satisfying |z — 21| < 1/3.

(b) Generalise this to prove that for each n € N and any = € C, there exists z,, € C different from x
such that | —z,| < 37"

(¢) Show that the set of endpoints of the construction intervals is dense in C.

. Cantor-Like Sets. Repeat the Cantor construction starting with [0, 1], but at each step remove the

open middle fourth from each component (instead of the third).

(a) Is the resulting set compact? Is it perfect?
(b) Compute the total length of this set by summing the lengths of the removed intervals.
(¢) What is the interior of this set?

. Total Disconnectedness II: Cantor and Irrationals. A set F is totally disconnected if for any two

distinct points z,y € F, there exist separated sets A and B such that x € A, y € B, and £ = AU B.

(a) Show that every countable subset of R is totally disconnected.
(b) Prove that the Cantor set C is totally disconnected.

Remark. Let x < y be in C. Pick a removed interval from the construction that lies between x
and y.

(c) Is the set of irrational numbers totally disconnected?

. Separation by Open Sets. Let A and B be non-empty subsets of R. Prove that if there exist disjoint

open sets U and V such that A C U and B C V, then A and B are separated (i.e., ANB =0 and
ANB=0).
Connectedness and Closure.

(a) Prove that the closure of a connected set is connected.

(b) Prove that the union of two connected sets with non-empty intersection is connected.
Dense and Nowhere-Dense Sets.

(a) Show that a set E is nowhere dense in R if and only if its complement E° contains a dense open

set.
(b) Classify the following sets as dense, nowhere dense, or neither:
(i) A=QnJI0,5]

(i) B={1/n:n e N}.
(iii) The set of irrational numbers.
(iv) The Cantor set.

. Constructing Perfect Sets. Let {r1,72,...} be an enumeration of the rationals. Let €, = 1/2™.

Define the open set O = J,— (1, — €n,7n + €,). Let F = O°.

(a) Prove that F is a non-empty closed set consisting only of irrational numbers.

(b) Does F contain any non-empty open intervals? Is F' totally disconnected?

(¢) Is F necessarily perfect? If not, can we modify the construction (e.g., choice of €,) to ensure F is
a non-empty perfect set of irrationals?

. Sequential Characterisation of Closure. Let F C R.

(a) Prove that € E if and only if there exists a sequence (z,,) in E with z,, — .

(b) Deduce that E is closed if and only if every convergent sequence in E has its limit in E.
Thomae’s Function II: Level Sets. Let ¢(z) be the Thomae function.

(a) For e > 0 and any bounded interval I, show that E. = {x € I : t(z) > €} is finite.

(b) Use this to show that for any ¢ € R there exists a sequence of rationals (z,,) — ¢ with ¢(z,) — 0.
Infinite Limits. We define lim f(z) = co to mean: VM > 0,35 > 0 such that 0 < |z —¢| < § =

Tr—c
flz) > M.

(a) Prove that lim 1/2% = oc.
z—0
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

(b) Formulate a definition for lim f(z) = L. Using this, show lim 1/z = 0.

r—r 00 Tr—r 00
(¢) Formulate a definition for lim f(x) = co and give an example.
Tr—r0o0

Variations on Continuity. Let f : R — R.

(a) Define “onetinuous‘’ at ¢ as: Ve > 0, we can choose 6 = 1 such that |z —c| < d = |f(z)— f(c)| <
€. Find a function that is onetinuous everywhere.

(b) Define "equaltinuous" at ¢ as: Ve > 0, we can choose § = e. Find a function that is equaltinuous
but not constant.

(¢) Define "lesstinuous" at ¢ as: Ve > 0,35 < e. Is every continuous function lesstinuous? Is every
lesstinuous function continuous?

Composition of Limits. Assume lim f(z) = ¢ and lim g(z) = r.
T—p r—q

(a) Prove that the statement holds if ¢ is continuous at q.
(b) Does it hold if only f is continuous?
Algebra of Discontinuities. Construct examples or explain why they are impossible:

(a) Two functions f, g discontinuous at 0 such that f + g is continuous at 0.
(b) A function f continuous at 0 and g discontinuous at 0 such that f -+ g is continuous at 0.
(c) A function f continuous at 0 and g discontinuous at 0 such that fg is continuous at 0.

Zero Sets. Let h : R — R be continuous. Prove that the zero set Z = {x : h(z) = 0} is a closed set.

Cauchy’s Functional Equation. Let f : R — R be a function satisfying the additivity property:

flx+y)=f(z)+ f(y) forall z,y € R.

) Prove that f(0) =0 and f(—z) = —f(x).

) Prove that f(gz) = ¢f(z) for all ¢ € Q and = € R.

) Prove that if f is continuous at the single point ¢ = 0, then f is continuous on all of R.
) Conclude that if f is continuous at 0, then f(z) = ca for some constant c.

(
(

Uniform Continuity IV: More Checks. Decide if the following are uniformly continuous on the
given domains.

(a) f(z) =22 on R. On a bounded interval [a, b].

(b) f(z)=1/x on (0,1). On [1,00).

() (z) = /z on R
Lipschitz Condition. A function f is M-Lipschitz if | f(z) — f(y)| < M|z —y|.

(a) Prove that any Lipschitz function is uniformly continuous.
(b) Is the converse true? Consider f(z) = /x on [0, 1].

(a
(b
a

Endpoint Extensions. Let g : (a,b) — R be continuous.

(a) Prove that g can be extended to a continuous function on [a,b] if and only if lim+ g(z) and
r—a

liril g(x) both exist and are finite.

T—b"

(b) Apply this to f(z) = sin(1/z) and h(x) = 1/x on (0,1). Which functions admit continuous
extensions to [0, 1]?

Topological Characterisation II: Basis Test.

(a) Prove that g is continuous on R if and only if g~1((a,b)) is open for every open interval (a,b).
(b) Determine if true (prove or give a counter-example):

(i) f(K) is compact whenever K is compact.

(ii) f(F) is closed whenever F is closed.

Oscillation Sets in Examples. For a function f, let D, = {z : osc,(f) > a}.

(a) Let ¢t be the Thomae function. Show that for o« > 0, D,, is contained in the set of rationals with
denominator at most |1/«] (in lowest terms). Conclude that D, is finite on any bounded interval.
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22

23.

24.

25.

26.

27.

28.

29.

(b) Let f(x) =sin(1/x) for  # 0 and f(0) = 0. Compute D, for a > 0.

. F, and G5 Operations.

(a) Show that every singleton {z} is a Gy set.
(b) Use this to show that a countable union of G5 sets need not be a Gy set.
(¢) Show that a countable intersection of F, sets need not be an F, set.

Constructing Discontinuities.

(a) Let I be a closed set. Construct a function f whose set of discontinuities is exactly F'.
(b) Let O be an open set. Construct a function g whose set of discontinuities is exactly O.

Intermediate Value Property. Let f : [0, 1] — R be continuous with f(0) = f(1). Prove there exist
x,y with | — y| = 1/2 such that f(z) = f(y).

Single-Point Continuity. Can a function be continuous for exactly one value of z and discontinuous
for all other values?

(a) Construct such a function using a modification of the Dirichlet function (e.g., consider f(z) =z
for x € Q and f(z) =0 for z ¢ Q).

(b) Prove that your example is continuous at exactly one point.

(c¢) Generalise this: Construct a function that is continuous on exactly the set {0,1,2} and discon-
tinuous everywhere else.

Discontinuous Bijections. The theorem on the continuity of monotone functions implies that a
strictly increasing bijection f : [a,b] — [c,d] must be continuous.

(a) Construct a function f : (0,1) — (0, 1) which takes every value y € (0, 1) exactly once (a bijection),
yet is discontinuous for at least one value of x.
(b) Construct a bijection f : (0,1) — (0,1) that is discontinuous everywhere.

The Stability of the Supremum. Let f be bounded on [a, b]. Define the running supremum function
M (z) by:
M(z) =sup{f(t):a <t <z}
(a) Prove that M (x) is a monotonically increasing function.

(b) Prove that if f is continuous at ¢ € (a,b) and f(c) < M(c), then there is an interval containing c
in which M(z) is constant.

Remark. Intuitively, if the current value is strictly below the "high water mark" established
earlier, a small movement does not change the record.

Midpoint Convexity and Continuity. Let f be defined on an interval (a,b). Suppose f is bounded
on (a,b) and satisfies the midpoint convexity inequality for every pair z1,z2 € (a,b):

f <$1;$2> < f(fcl);rf(xz)

Prove that f is continuous on (a,b).

Remark. This result, due to Jensen, establishes that for convex functions, boundedness implies con-
tinuity. Without boundedness, this is false (Hamming functions).

The Cantor-Lebesgue Function (The Devil’s Staircase). This exercise constructs a continuous,
non-decreasing function that maps the Cantor set onto [0,1] even though the Cantor set occupies
no interval length inside [0,1]. Recalling the construction of the Cantor set C, define a function
f:]0,1] — [0,1] as follows:

e On the first removed interval (1/3,2/3), set f(x) =1/2.

e On the next removed intervals (1/9,2/9) and (7/9,8/9), set f(z) = 1/4 and f(x) = 3/4 respec-
tively.

e Continue this process. If (a,b) is one of the 2! intervals removed at step n, set f(z) = k/2" for
the appropriate odd integer k.
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(a) This definition covers [0,1] \ C. Extend f to the whole interval by defining f(x) = sup{f(¢) : t €
[0,1]\C,t < z} for z € C.

(b) Prove that f is a continuous, non-decreasing function on [0, 1] with f(0) =0 and f(1) = 1.

(¢) Show that f is constant on every interval in the complement of C, yet f is surjective.

30. Sets of Continuity as G5 Sets. We proved that the set of discontinuities Dy is always an F,, set (a
countable union of closed sets).

(a) Let Cy be the set of points where f : R — R is continuous. Prove that Cy is a G set (a countable
intersection of open sets).
(b) Give an example where C is dense and G5 but not open.

Remark. Use the Thomae function.

31. Periodicity II: Value Distribution. Let f : R — R be continuous and periodic with period 7" > 0.

(a) Prove that f(R) is a compact interval [m, M] and that f attains m and M on every interval of
length T'.
(b) Show that every value y € (m, M) is attained infinitely many times.

32. x The Harmonic Comb. Consider the function f: R\ {0} — R defined by f(z) = z[1].

(a) Sketching and Geometry. Sketch the graph of f on the interval [—1,1]. Clearly identify the
behavior of the function in the intervals (%ﬂ, %] What geometric shapes do the segments of the
graph form?

(b) Limits and Asymptotics.

(i) Calculate lin%) f(z) using the inequality t — 1 < [t] < .
z—

(ii) Calculate lim f(z).
TrT—0o0

(iii) Determine the one-sided limits lim f(z) and lim f(x) for integer n > 1.

(c) Continuity Analysis.
(i) Can f be extended to a function continuous at z = 07 If so, what value must f(0) take?
(ii) Classify the discontinuities of f at the points x = % Are they removable, jump, or essential?

(iii) Calculate the oscillation osc.(f) at ¢ = L. Does osc.(f) — 0 as n — oo?
(d) Uniformity. Let f be the extension of f to include f (0) = lin%J f(z). Is f uniformly continuous
T—

on the closed interval [0, 1]7 Why/Why not?



Chapter 8

Further Analytical Properties of
Functional Limits

While the fundamental definition of a limit and its algebraic properties have been established, a complete
treatment requires a deeper examination of the topological structure of the domain and the behaviour of
specific classes of functions, particularly rational powers. Furthermore, the relationship between limits and
order (specifically strict inequalities), merits a precise metric justification.

8.1 Cluster Points and Topological Neighbourhoods

We defined limit points (or accumulation points), which can be characterised via sequences of distinct terms.
In many texts, these are synonymously referred to as cluster points. The existence of a limit lim f(x) is

predicated on ¢ being a cluster point of the domain; otherwise, the punctured neighbourhood would be
empty, rendering the condition vacuously true.

Example 8.1.1. Cluster Points. Consider the set A = (0,1). The points 0 and 1 are cluster points of A,
despite not being elements of A.

e For 0, the sequence a,, = n%rl consists of elements in (0,1) and converges to 0.
1

e For 1, the sequence b, = 1 — =5 consists of elements in (0, 1) and converges to 1.

Indeed, every point = € [0,1] is a cluster point of (0, 1). Similarly, every real number = € R is a cluster point
of the rationals Q, reflecting the density of Q in R.

To refine the € — § definition, we introduce specific notation for symmetric neighbourhoods.

Notation 8.1.1. Neighbourhood Systems. We denote by A, the collection of all open neighbourhoods of a
point a. A symmetric neighbourhood of a is an interval of the form (a — d,a + &) for some 6 > 0. We denote
the collection of such sets by SN,. A deleted symmetric neighbourhood, denoted SN, excludes the centre
point a:

VeSN < V=(a—0d,a+0)\{a}

The definition of the limit lim f(z) = L can thus be rephrased purely in terms of these sets:
r—c

YU € SN1,3V € SN such that Vo € dom(f),(zx € V = f(z) € U)

This highlights that the limit preserves proximity: establishing a symmetric target U necessitates finding a
symmetric source V.

70
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We have previously established the continuity of polynomials. We now extend this to rational powers z" for
r € Q, specifically for positive bases.

Proposition 8.1.1. Limits of Rational Powers. Let r € Q and let f: (0,00) — R be defined by f(z) = a".
Then for any ¢ > 0:

limz" =c"
Tr—c

Proof. Let r = m/k where m, k € N. We apply the Sequential Criterion for limits. Let (z,) be a sequence in

/

(0,00) \ {c} such that z,, — c. We examine the sequence ¥ From the properties of sequences, specifically

the limit properties of the k-th root and integer powers:
. 1/k _
i T = ¢

1/k

Raising this convergent sequence to the power m (using the Product Law for sequences applied m times):

: 1/kym _ (1/kym _ m/k
Jim (2,/%)" = (/F)" = c

Thus, lim z™/* = ¢™/%. For r € Q with r < 0, we write 2" = 1/xz~". Since —r > 0, the denominator
Tr—c

converges to ¢~". Provided ¢ # 0, the Quotient Law implies the limit is 1/¢™" = ¢". ]

While the Squeeze Theorem addresses non-strict inequalities (f(z) < g(z)), strict inequalities are generally
not preserved in the limit (e.g., 1/n > 0 yet the limit is 0). However, strict inequality between the limits
enforces strict inequality between the functions locally.

Proposition 8.1.2. Local Separation. Let f,g : X — R be functions and let ¢ be a cluster point of X.
Suppose that:
lim f(z) = A and limg(xz)=DB

Tr—cC r—c

If A < B, then there exists a neighbourhood of ¢ (specifically a o > 0) such that for all x € X with
0 < |z —¢| <do:

f(x) < g(x)

Proof. We construct disjoint neighbourhoods around A and B. Let € be a positive number such that
3¢ < B — A. For instance, e = (B — A)/4. This ensures that the e-neighbourhoods of A and B are
disjoint and separated by a gap of at least e.
1. Since f(xz) — A, there exists 5 > 0 such that for 0 < |z — ¢| < d4:
lf(z) —Al<e = f(x)<A+e
2. Since g(z) — B, there exists d, > 0 such that for 0 < |z — ¢| < §,:
lg(z) — Bl <e = g(xz) > B —c¢
Let §p = min(dy,d,4). For any € X satisfying 0 < |z — ¢| < dy:
flz) < Ade

We observe that B—e—(A+¢) = B—A—2e. By our choice of €, 2¢ < 2(B—A)/3 < B— A, so B—A—2¢ > 0.
More simply:
flz) < A+e<B—-e<yg(x)

Thus f(x) < g(z). [ |

8.2 Exponentials and Logarithms

Let’s address the definition of the exponential function a* for @ > 0 and x € R. While integer powers
are defined via repeated multiplication and rational powers via roots (am/ " = {/a™), the meaning of an
expression such as 27 is not immediately algebraic. We construct these functions by extending the rational
powers to the real numbers via continuity, utilising the completeness of R.



CHAPTER 8. FURTHER ANALYTICAL PROPERTIES OF FUNCTIONAL LIMITS 72
Construction of the Exponential Function

Let a > 0. The case a = 1 is trivial, yielding the constant function 1 = 1. We focus on a > 1. The case
0 < a < 1 will follow by reciprocation. Recall from elementary algebra that for rational numbers r, s € Q,
the following identities hold:

aT
+s _ —s _ s _
aT S aras7 a?" S as , (aT‘) S aTS
Our strategy is to define a” for x € R as the limit of a” as r € QQ approaches x. To ensure this is well-defined,

we must verify the monotonicity and order continuity of the map r — a” on Q.

Lemma 8.2.1. Rational Monotonicity. Let a > 1. For any rational numbers r1,72 € Q, if r1 < rg, then
a™ < a".

Proof. Let z,y > 0 and n € N. We know that © < y <= 2" < y". Since a > 1, we have a!/" > 1 (as
raising 1 to the n-th power yields 1). Consequently, a™/™ > 1 for all m,n € N. Thus, a? > 1 for any positive
rational ¢. If r; < 1y, let ¢ =ry —r; € Q. Then:

a
=a? "M =a!>1 = a" >a"

a’

We now establish that the rational exponential is continuous at 0. This local continuity is sufficient to
establish global continuity later via the algebraic properties.

Lemma 8.2.2. Rational Continuity at 0. Let a > 1. Then lim a" =1.

Q>r—0

Proof. We must show that for any € > 0, there exists 6 > 0 such that for all » € Q with 0 < |r| < §, we have

la” — 1| < €. From earlier results, we know that lim @'/ = 1 Thus, there exists an integer ng such that for
n—oo

all n > ng:
l—e<a V/m<a/"<1+e¢

Set 6 = 1/ng. If r € Q satisfies |r| < d, then —1/ng < r < 1/ny. By the monotonicity of rational powers
(lemma 8.2.1):
l—e<a V™ <" <a/™ <1+e

This implies |a" — 1] < e. ]

This lemma implies that if a sequence of rationals (r,,) converges to a rational ¢, then a™ — a™. We now
define a” for irrational z using the Supremum Principle, effectively filling in the gaps.

Definition 8.2.1. The Exponential Function. Let a > 1 and x € R. We define:
a® =sup{a” :r € Q,r <z}
For 0 < b < 1, we define b® = (1/b)*.
Proposition 8.2.1. Equivalence of Definitions. For a > 1 and x € R, let
Sy =sup{a”:re€Q,r <z} and I,=inf{a":7r€Q,r>x}

Then S, = I,. Furthermore, if z € Q, this value coincides with the algebraic definition of a®.

Proof. The set {a” : r < x} is bounded above by af? for any rational R > x, so S, exists. Similarly, I, exists.
Clearly S, < I,. For any rationals r; < & < r9, we have a™ < 5, < I, <a". Thus:

L _a?
S, — amn
We can choose sequences of rationals 71, , « and ro, N\, . Then ry, — 71, — 0. By the continuity at
0, a"»~".n — 1. By the Squeeze Theorem, I,/S, = 1, s0 S, = I,. If z € Q, we simply take constant
sequences to see the value matches. |

T2—T1

1<
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Properties of the Real Exponential

With the definition established via the supremum of rational powers, we verify that the fundamental prop-
erties of exponents extend to the real domain. The continuity of these functions is not merely a property
but the bridge that allows algebraic laws to pass from Q to R.

Theorem 8.2.1. Properties of Exponentials. Let a > 0 with a # 1. The function f(z) = a® satisfies:

Proof. We assume a > 1. The case 0 < a < 1 follows from the identity a* = (1/a)~".

(i) Continuity: We first establish continuity at z = 0. We know Qlim Oar = 1. For any real x close to 0,
or—

we can squeeze it between rationals p < z < ¢ that are arbitrarily close to 0. By monotonicity (proven
below independently), a? < a® < a?. As p,q — 0, a?,a? — 1, so a® — 1. Thus lir% a® = 1. Now
T—

consider any = € R. We use the algebraic identity a®*” = a®a" (which holds for rationals and extends
to reals by the supremum definition - see below).

lim ¢*t" = lim a®a® = ¢® lima" =a* -1 =d”
h—0 h—0 h—0

Thus f is continuous everywhere.

(ii) Addition Law: For z,y € R, choose sequences of rationals r, — z and s, — y. By continuity
(established above), a™ — a® and a®» — a¥. For rationals, a™ 75" = @™ a**. Taking limits:

a®™¥ = lim """ = lim (¢"a®") = a®a?
n—oo n—oo

(iii) Power Law: Similarly, using sequences of rationals converging to x and y and the continuity of the
exponential, the relation (a")® = a™ extends to reals.

(iv) Monotonicity: Let x < y. By the density of rationals, we can choose r1,7r2 € Q such that z < rq <
r9 < y. By the definition of the exponential:

a®* <ad" <a™? <a¥
The strict inequality a™ < a™ holds for rationals (Lemma 8.2.1). Thus a” < a¥.

(v) Bijectivity: Injectivity follows immediately from strict monotonicity. For Surjectivity: Since a > 1,

we have lim a" = oo and lim a™ = 0. Since f(x) = a” is continuous, by the Intermediate Value
n— 00 n——oo

Theorem, it attains every value between these limits. Thus, the range is (0, c0).

Lemma 8.2.3. Different Bases. If a,b > 0, then a®b” = (ab)® for all x € R.

Proof. This identity holds for rational exponents. Since a”,b* and (ab)® are continuous functions of z, the
identity extends to all real & by continuity. |

Since the exponential function f: R — (0,00) is bijective (for a # 1), it possesses a unique inverse.
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Definition 8.2.2. Logarithm. Let a > 0,a # 1. The logarithm to base a, denoted log, : (0,00) — R, is
the inverse of the exponential function. It is defined by the relation:

y=a" < x=1log,y

The natural logarithm, denoted In or log, corresponds to the base e (Euler’s number). The notation lg is
often used for base 10.

The properties of the logarithm follow directly from the properties of the exponential function.

Theorem 8.2.2. Properties of Logarithms. Let a > 0,a # 1.

(i) Product to Sum: log,(xy) = log, « + log, y for all =,y > 0.
(ii) Quotient: log,(z/y) = log, x — log, y.
i)
)

(iii
(i

1v

Power: log,(z%) = alog, z for any o € R.
Change of Base: For any b > 0,b # 1:

log, y
log, b

log, y =
(v) Monotonicity: If a > 1, log, is strictly increasing. If 0 < a < 1, it is strictly decreasing.
(vi) Continuity: lim y, =y >0 = lim log, y, = log, y. (This follows because log, is the inverse of
n—oo n—oo

a continuous strictly monotone function).
Proof. We prove (iv) and (v).

(iv) Let x =log,y. Then b* = y. Taking log, of both sides:
log, (b%) =log, y

Using the power property (derived from (a*“)¥ = a“?): zlog, b = log,y. Thus x = llziag.

a

(v) Assume a > 1. Let 0 < y1 < yo. Let z1 = log,y1 and xo = log, y2. If ©1 > xo, then since a® is
increasing, y1 = a”* > a”? = ys, a contradiction. Thus z; < xs.

We can now define the power function f(z) = x® for any real exponent s, where the base z varies.
Note. For irrational s, the domain is restricted to = > 0 to ensure real-valued outputs.

Theorem 8.2.3. Continuity of Power Functions. Fix s € R. The function f : (0,00) — R defined by
f(x) = 2® is continuous. Furthermore, if z,, — ¢ > 0 and s,, — s, then:

1' Sn — S
Jim i = ¢
Proof. We express the power function using the natural exponential and logarithm:
s = (elnz)s _ eslnz

Let y,, = s, Inx,. Since In is continuous, Inz,, — Inc. Since the product of convergent sequences converges,
Yn = SpInz, — slne. Since the exponential function is continuous, e¥» — e*1"¢ = ¢, [ |

8.3 Fundamental Transcendental Limits

While the algebraic limit laws suffice for polynomial and rational functions, analysis frequently demands the
evaluation of limits involving exponential, logarithmic, and trigonometric functions. These "fundamental
limits" often take the indeterminate form 1°° or 0/0 and cannot be evaluated by direct substitution. In
this section, we derive these limits, connecting the discrete definition of Euler’s number e to its continuous
functional counterparts.
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The Continuous Exponential Limit

In our study of sequences, we defined the Euler number as the limit of a sequence:

1 n
e= lim (1 + )
n—o0 n

We now extend this convergence to the continuous variable x — oo.

Theorem 8.3.1. The Continuous Definition of e.
1 xr
lim (1 + ) =e
T—00 €T

Proof. We rely on the sequential limit and the properties of the floor function (integer part). Let |z ] denote
the greatest integer less than or equal to x. For = > 1, we have:

lz] <x<|z]+1

Taking reciprocals reverses the inequalities:

111
lz]+1 27 |z
Adding 1 to each term:
1 1 1
I+ —— <1+-<14—
[z] +1 = |z

We raise these terms to powers. Since all bases exceed 1 and the exponent is positive, raising preserves
inequalities. However, we must be careful with the exponents to maintain the inequality direction. We

define n = |z].
1 n 1 T 1 n+1
1+ — <|(1+- <|1+-—
n+1 x n

We analyse the bounding sequences as n — oo (which occurs as  — 00):

1\ 1\" 1
<1—|—> :(1—|—> <1+>—>e~1=e.
n n n

1. Upper Bound:

2. Lower Bound:

1 n 14 L yn+l
1+ = ( n+11) N
By the Squeeze Theorem for functions (Theorem 4.6.1), the limit is e. |
Corollary 8.3.1. Limit at Negative Infinity. For sufficiently large negative x, the base 1 + 1/x remains
positive.
. 1\*
lim (14+—-) =e
T——00 €T
Proof. Let y = —x. Asxz — —o0, y — 0.

(o2) = (=3) -5 -G) - ()

Let z=y—1. Asy — o0, 2 — 0.
1\ 1\~ 1
(1+> :(1+) <1+>
z z z

The first factor approaches e and the second approaches 1. Thus the limit is e. |



CHAPTER 8. FURTHER ANALYTICAL PROPERTIES OF FUNCTIONAL LIMITS 76

Limits at Zero

Using the substitution ¢t = 1/, we can translate limits at infinity to limits at zero. This yields the standard
forms used in differentiation.

Theorem 8.3.2. The Exponential Limit at 0.

lim(1+2)/" =e

x—0

Proof. We invoke the One-Sided Continuity Criterion. We must show the limit is e as 2 — 0T and  — 0.

e Right Limit (z — 07): Let t = 1/z. As 2z — 0", ¢t — oc.

N
lim (1+z)"* = lim <1+t) =e

z—0t t—o0

e Left Limit (z - 07): Let t =1/z. Asz — 07, ¢ — —o0.

1 t
lim (14 2)Y% = lim (1 + > =
z—0— t——o0 t

Since both one-sided limits are e, the limit exists and equals e. ]

The following limits effectively calculate the derivatives of Inx at * = 1 and e” at x = 0, forming the basis
of calculus for transcendental functions.

Theorem 8.3.3. The Logarithmic Limit.

lim In(1+ z)
z—0 xT

=1

Proof. We use the continuity of the logarithm function.

@ - %111(1 +2)=In ((1 + x)l/z)

Let u = (14 2)Y/*. As 2 — 0, we established that u — e. Since In is continuous at e:
: 1/z\ : 1/3c) — _
lim In ((1 + ) ) In (i%(l + ) In(e) = 1

Theorem 8.3.4. The Exponential Difference Quotient.

et -1
lim =
x—0 x

1

Proof. We employ a change of variable. Let y =e* — 1. As x — 0, ¢ — 1, so y — 0. Rearranging for z:
y+l=e" = z=In(1+y)

Substituting this into the limit:

I e*—1 y L 1
o0 x yli% In(1+vy) o yli% In(14y)
v

Using the Quotient Law and the Logarithmic Limit derived above:

11
lim In(1+y) I
y—0

=1



CHAPTER 8. FURTHER ANALYTICAL PROPERTIES OF FUNCTIONAL LIMITS 7

Theorem 8.3.5. General Power Limit. For any o € R,

1 *—1
z—0 €T

Proof. We write the power as an exponential: (1 + z)* = e*™0+2) Tet v = aln(l + ). As x — 0,
In(1+x) — 0, so u — 0. We rewrite the expression as a product of two known limits:

I+z)*—-1 e*—1 e*—1
x x u

Substituting v = aln(1 + x):

_e' o1 al(lta) (e" - 1) <ln(1+x))

u €T u x

As x — 0, u — 0. The first term approaches 1 (Exponential Difference Quotient) and the second term
approaches 1 (Logarithmic Limit).
Limit=a-1-1=«

|
We conclude with a sophisticated limit that requires the composition of the results above.
Example 8.3.1. Compound Exponential. Evaluate the limit:
. 2z
o ()
Let us discretise this using a sequence x,, — 0.
T, 2z,
an = (1 + 2 4 )
We define y,, = —#2~. Note that as n — oo, ¥, — 0. We can rewrite the expression in the form of the

x24+1°
standard limit (1 + y,,)/¥»:

1 15n
a, = [(]_ + yn) 1/nl
We must determine the exponent s,,.

Ty 222 2

22+1 2241 1+1/a2

As n — 00, s, — 2. Using the continuity of the power function (Theorem 8.2.3):

Sn

lim s,
L = lim {(1 +yn)ﬁ} [11_%(1_,_@1/1/} = e?
Y

n—oo

8.4 Exercises
1. Cluster Points of Irrationals. Prove that every real number x € R is a cluster point of the set of
irrational numbers R \ Q. Consequently, construct a sequence of irrational numbers converging to x.

Remark. Recall that between any two real numbers there lies an irrational number. This exercise
confirms that R\ Q is dense in R.

2. Limit Equivalence. Let f : D — R and let ¢ be a limit point of D. Prove that the following are
equivalent:
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(i) The functional limit lim f(x) exists.
Tr—cC

(ii) For every sequence (x,,) C D\ {c} converging to ¢, the sequence (f(z,)) is Cauchy.

Remark. This is known as the Cauchy Criterion for Functional Limits. It allows us to prove existence
without knowing the limit value L.

3. The Vanishing Ruler. Consider the function f : R — R defined by:

ez ifzeQ
f(z){o itz ¢Q

(a) Prove that lir% f(z) =0.
T—
(b) Prove that for any ¢ # 0, the limit lim f(z) does not exist.
r—c

Remark. For (a), use the Squeeze Theorem. For (b), construct two sequences converging to ¢ with
different limits.

4. Generalised Decay.

(a) Prove that for any n € N, lim - =0.
xr—r0o0

(b) Let P(x) be a polynomial of degree k < n. Prove that lim

Tr—r00

5. Limits of Roots.
(a) Prove that xli%l+ vz = 0 using the € — § definition.
(b) Prove that lim a3 =1.
(c) Challenge: Prove that lim (z'/™ — 1) = 0 is false, but lim (z'/™ — 1) = 0 for fixed 2 > 0.

T—00 n—oo
6. Sequential Exponentials. Let (z,,) and (y,) be convergent sequences with limits  and y respectively,
where x > 0. Prove that:
lim z¥» =¥

n—oo

Remark. Utilise the continuity of the exponential composition z¥ = exp(y Inx).

7. The Continuous Definition of e. Prove that lim (1 + %)" = e* for any x € R.

n—oo

Remark. You may assume the standard limit }ir%(l + )1/t = e. Use the substitution ¢ = x/n.
—
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Chapter 9

Differentiation

Finally (I hear you say), we arrive at differentiation. The classical motivation is the need to quantify
instantaneous rates of change. Continuity prevents breaks in a function, while differentiability imposes a
stronger local linearity.

Motivation: The Problem of Instantaneous Velocity

Consider the classical Kepler problem of two celestial bodies, a planet m and a star M. To determine the
trajectory of the planet, Newton formulated the law of motion ma = F' and the law of universal gravitation.
To utilise these laws, one must express acceleration (otherwise known as the rate of change of velocity), in
terms of position. This necessitates a precise definition of instantaneous velocity.

The simplest form of motion is uniform rectilinear motion. If a body moves without external forces, its
displacement is linear in time:

r(t) —r(tg) =v- (t —to)
Here, v is the constant velocity vector. In general motion, velocity varies. However, physical intuition
suggests that over an infinitesimal time interval, the motion is approximately uniform. If we observe the
trajectory over a sufficiently small interval around tg, the curve is indistinguishable from a straight line.

ope = v(tp)

Two-body system Instantaneous velocity

Mathematically, we seek a vector v(ty) such that:
r(t) —r(to) = v(to)(t —to)

as t — tg. Precisely, the error in this approximation must vanish faster than the time step itself. This
reduces the physical problem of velocity to the geometric problem of finding the tangent to a curve, and the
algebraic problem of finding the best linear approximation to a function.

80
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9.1 The Derivative

We begin by formalising the notion of the rate of change for a real-valued function.

Definition 9.1.1. Derivative. Let I C R be an interval not reducing to a singleton, and let ¢ € I. A
function f : I — R is said to be differentiable at c¢ if the limit of the Newton quotient exists:

L@,

Tr—cC Tr — C
If this limit exists, we denote it by f’(c) (or %(c)) and call it the derivative of f at c.

Note. If ¢ is an endpoint of the interval I, the limit is understood to be the appropriate one-sided limit.

Geometric Interpretation

Geometrically, the Newton quotient represents the slope of the secant line passing through the points (¢, f(c))

and (z, f(x)). f(x) = f(c)

Tr—cC

Msec =

As x approaches ¢, the point (z, f(z)) slides along the curve towards (¢, f(c)). If the function is smooth, the
secant lines converge to a limiting position. This limiting line is the tangent line to the graph at ¢, and its

slope is f’(c).

Tangent

Figure 9.1: The derivative as the limit of the slope of secant lines. As z — ¢, the red secant line approaches
the green tangent line.

9.2 Linear Approximation

While the geometric interpretation of the tangent slope is intuitive, the most powerful perspective for analysis
is to view the derivative as the best linear approximation.

If a function f is differentiable at ¢, it behaves locally like a linear function. We can manipulate the definition
of the derivative to make this explicit. Assume f’(c) exists. By the properties of limits, we can define an
error function n(z) such that:

fl) = fle)

r—cC
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where lim n(z) = 0. Rearranging this equation yields:
xr—c

f@@) = fle) = f(o)(x — o) +n(z)(z — o)

or equivalently:
f@) = fe) + () (x — ) +n(@)(x - ¢)

Linear Approximation Error Term

The term L(x) = f(¢) + f'(¢)(x — ¢) represents the line passing through (¢, f(c¢)) with slope f/(¢). The
residual term r(z) = n(x)(z — ¢) represents the deviation of the function from this line. Crucially, not only
does the error r(z) tend to zero as x — ¢, but it does so faster than the displacement x — c.

lim riz) = limn(z) =0

T—=c X — C T—c

Definition 9.2.1. Differential. Let f be differentiable at . The differential of f, denoted df, is defined
by:

df = f'(z)dz

This identifies the linear part of the change in f under a change in x.

Landau’s Little-o Notation

To formalise the notion of an error term vanishing "faster" than the variable, we introduce the standard
asymptotic notation.

Definition 9.2.2. Little-o Notation. Let ¢ : (—e,e) — R. We say that ¢(h) is o(h) (read "little-o of h")

as h — 0 if: "
lim L( ) =0
h—0 h

This notation captures the scale of the function near zero. If ¢(h) = o(h), then ¢(h) is negligible compared
to h for sufficiently small h. Using this notation, with h = = — ¢, we can reformulate differentiability.

Proposition 9.2.1. Carathéodory’s Characterisation. A function f is differentiable at ¢ if and only if there
exists a constant A € R and a function r(h) such that for all & in a neighbourhood of 0:

fle+h)=f(c)+Ah+r(h)
where r(h) = o(h) as h — 0. In this case, A = f'(c).

This characterisation emphasises that f’(c) is the unique coefficient A that makes the linear map h — Ah a
"good" approximation of the increment f(c+ h) — f(c). Specifically, differentiability implies:

fleth) = fle)+ f'(c)h

This perspective is fundamental because it separates the linear part of the change from the higher-order
corrections. In applied mathematics and physics, this justifies the process of linearisation, where a non-
linear system is approximated by a linear one near an equilibrium point.

Example 9.2.1. Linearisation of the Square. Consider f(x) = z? at c.
flc4+h) = (c+ h)* = + 2ch + h?

Here, f(c) = ¢®. The term linear in h is 2ch, implying f’(¢) = 2c. The error term is h2. We check if
h? = o(h):
2

lim — =limh=0
h—0 h h—0

Thus, the condition is satisfied. The approximation 22 ~ ¢? 4+ 2c(z — c) is the best linear fit near c.
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Example 9.2.2. Non-Differentiability of Absolute Value. Consider f(x) = |z| at ¢ = 0.
f(0+h) = [h]

Ah Ih| 1Al

=0, or lim (T — )\) = 0. However, +-
h—0

is sgn(h), which is 1 for h > 0 and —1 for A < 0. No single constant A can satisfy the limit for both sides.
Thus, |z| does not admit a linear approximation at 0 and is not differentiable there.

Can we write |h| = 0+ Ah + o(h)? This would require }llirr%) ‘hlz
5

Differentiability and Continuity

Example 9.2.3. The Weierstrass Function. There exist continuous functions that are nowhere differentiable.
A classical example is

Fly =3 0,
n=0

The function is continuous everywhere and differentiable nowhere.

The existence of a linear approximation imposes a strict constraint on the local behaviour of the function.
We have already seen continuous functions that are nowhere differentiable; see example 9.2.3. However, the
converse relationship is rigid.

Theorem 9.2.1. Differentiability implies Continuity. If f is differentiable at ¢, then f is continuous
at c.

Proof. We use the algebraic limit laws (theorem 4.5.1). We wish to show lim f(z) = f(c), or equivalently

r—cC
lim (f(z) — f(c)) = 0. For z # ¢, we can write:
r—c
fx) = f(e)
f@) o) = T=1D o g
Taking the limit as z — ¢:
: i (L@ = FON
tin (o) = () = iy (LD i - )
Since f is differentiable, the first limit is f’(¢). The second limit is 0.
tim /(@) ~ £(0)) = £(c)-0=0
Thus f is continuous at c. u
Remark. The converse is false, as in the example f(x) = |z| at * = 0. Continuity is necessary but not

sufficient for differentiability.

9.3 Basic Properties of the Derivative

We turn to structural properties of differentiable functions; the linearisation perspective f(c+ h) = f(c) +
f'(e)h + o(h) governs them.

Just as limits respect algebraic operations, so too does differentiation. Let f,g : I — R be functions
differentiable at ¢ € I.

Theorem 9.3.1. Arithmetic of Derivatives.

1. Sum Rule:
(f+9)(c)=f(c)+d'(c)
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2. Product Rule (Leibniz Rule):

(f9)'(c) = f(c)g'(c) + f'(c)g(c)

3. Reciprocal Rule: If g(c) # 0, then

4. Quotient Rule: If g(c) # 0, then

Proof. We demonstrate the Product Rule and the Reciprocal Rule; the Quotient Rule follows by combining
them.

Product Rule: Consider the Newton quotient for the product fg:

flet+h)glc+h) = flc)g(c)
h

We add and subtract the cross-term f(c + h)g(c) in the numerator:

flet+h)glc+h) = flet+h)gle) + fle+ h)g(c) — f(e)g(c)
h

~ Her D) | Tl = 110

As h = 0, f(c+ h) = f(¢) by continuity. The difference quotients converge to ¢'(c) and f'(c)
respectively. Thus, the limit is f(c)g’(c) 4+ g(c)f'(¢).

Reciprocal Rule: Since g is differentiable at ¢ and g(c) # 0, continuity ensures there exists a neighbourhood
of ¢ where g(z) # 0, so the function 1/g is well-defined locally.

1 1

gle+h) glo) _ glc) —glc+h) 1 Cgle+h) —g(e)

h ~ hglc+h)gle)  glc+h)g(c) h

Taking the limit as h — 0 yields —

e 7

The Chain Rule The differentiation of composite functions is handled by the Chain Rule. While often

memorised via the notation

dy  dydu

de — dudz’
a proof using Newton quotients requires care, as the intermediate difference Awu could be zero. The linear
approximation framework bypasses this difficulty elegantly.

Theorem 9.3.2. The Chain Rule. Let f: I — R and g : J — R be functions such that f(I) C J. If f is

differentiable at ¢ € I and g is differentiable at d = f(¢) € J, then the composition h = go f is differentiable
at ¢, and:



CHAPTER 9. DIFFERENTIATION 85

Proof. Since f is differentiable at ¢, for small k we have:

fle+k) = fc) = f'(o)k + ¢(k)k (9-1)

where ¢(k) — 0 as k — 0, and we define ¢(0) = 0. Similarly, since g is differentiable at d = f(c), for small
7 we have:
g9(d+n) —g(d) = g'(d)n + ¥ (n)n (9-2)

where ¢(n) — 0 as 7 — 0, and ¢ (0) = 0.

Let k be a small non-zero increment. Let 5 = f(c+ k) — f(¢). By the continuity of f, n — 0 as k — 0.
Substituting this n into eq. (9.2):

9(flc+ k) —g(f(c)) = g'(d)[f(c+ k) = f(c)] +¥(n)[f(c+ k) — f(c)]
Using eq. (9.1) to substitute for [f(c + k) — f(c)]:
(go fllc+k)=(gof)lc) =g (D (O)k + p(k)k] + v (n)[f (c)k + ¢(k)k]
Dividing by k:

(go flle+k)—(go f)c)

’ =g'(d)f'(c) + g'(d)d(k) + ¥(n) f'(c) + P(n)d(k)

As k — 0, we have ¢(k) — 0. Also, since n — 0, 1(n) — 0. Thus, all terms on the right-hand side vanish
except the first.

(gof)(c)=g'(d)f (c) =g (f(e) ()

9.4 Derivatives of Elementary Functions

We apply these rules to standard functions.

The Constant and Linear Functions Consider the constant function f(x) = ¢ for all z € R. Intuitively,
the graph is a horizontal line with zero slope. Formally, for any = € R:
f(x+h) = f(z) c—c¢

! _ . _ . _ . _
filw) = lim h = fimy = = im0=0

Note the order of operations: the expression simplifies to 0 before the limit is taken. The function is strictly
defined for h # 0, avoiding the indeterminate form 0/0.

Similarly, for the affine function f(x) = ma + b, the Newton quotient yields the expected slope:

m(x + h)+b— (mx+0b) _@_m

h h

Thus, f'(z) = m for all .

The Quadratic Function Let f(z) = 2. We compute the derivative at an arbitrary point = € R.

flx+h)—flx) (x+h)?*—a® 2a®+2zh+h?—2a? _ 2zh + h?

=2x+h

h h h h

As h — 0, the term 2z + h converges to 2. Thus, (22)’ = 2z. This result, combined with the Product Rule,
yields the inductive power rule (z") = nz"~! for n € N.
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The Sine Function Let f(z) = sin(x). Applying the definition:

sin(x + h) — sin(z)
h

Using the addition formula sin(x + h) = sinx cos h + cos x sin h, we expand the numerator:

sinxz cosh + cosxsinh — sinx . cosh —1 sin h
h =sinzx T + cosx T

To evaluate the limit as h — 0, we must determine the behaviour of two fundamental limits:

cosh—1
h

. sin .
o= i S and =
By the Fundamental Trigonometric Limit (proposition 4.6.1), L1 = 1.

T

tan h

Figure 9.2: Geometric justification for the limit of (sinh)/h. We compare the areas of triangle O AP, sector
OAP, and triangle OAT.

For Lo, we manipulate the expression using the Pythagorean identity:

cosh—l_cosh—l cosh+1_ cos?h —1 —sin?h

h h  cosh+1 h(cosh+1) h(cosh+1)

Separating the limits and using Lq:

. sinh . sin h 0
LQ__(%IE%) h >.(ilzli%cosh+l>__(1).<1+1>_0

Returning to the derivative of the sine function:

(sinz)’ =sinz - (0) + cosx - (1) = cos

It follows immediately from the chain rule (cosx = sin(7/2 — x)) that (cosz)’ = —sinz.

The Absolute Value Function Finally, we examine f(z) = |z| at x = 0.

fO+h)—f(0) _ |n]
—— -2 = =ggn(h
o o = seu(h)
The limit as h — 07 is 1, while the limit as » — 0~ is —1. Since the one-sided limits disagree, the derivative
does not exist at x = 0. This confirms our linear approximation intuition: there is no single line that
approximates the "corner" at the origin better than all others.
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Polynomials and Power Functions

Proposition 9.4.1. Monomial Derivative via the Binomial Formula. For n € N, %(m”) =nz" L.
Proof. Consider the Newton quotient for f(z) = 2™ at a:
(x+h)" —a™
h
By the binomial formula,
(x+h)" =a" + (Tf) 2" h + (Z) ) SR
Substituting and dividing by h gives
" — "
E+h)—a" =na" (" )a"2h 44 AL

h 2

Letting h — 0 yields na™~1. ]

Combined with the linearity of the derivative, this implies that for any polynomial P(z) = 3" axz*, the
derivative is P’(z) = 3 kapz*~'. This rule extends to rational exponents z*/9 via the Chain Rule (implicit
differentiation of y? = zP) and to real exponents x® for z > 0.

Oscillatory Discontinuities We have seen that differentiability implies continuity. However, the deriva-
tive function f’ need not be continuous. Requiring f’ to be continuous is stronger than mere differentiability.

Example 9.4.1. The Differentiable but Discontinuous Derivative. Consider the function tempered by a
quadratic factor:

z=0

~ Ja?sin(l/z) x#0
f(a:)—{o

1. At x = 0: We compute the derivative from first principles.

s 1. hZsin(1/h) —0
0= i G

The limit is zero by Theorem 4.6.1. Thus f is differentiable at 0 with f/(0) = 0.
2. For = # 0: We use the Chain and Product rules:

f'(z) = 2zsin(1/z) 4+ 2% cos(1/x) - (;) = 2zsin(1/x) — cos(1/x)

= }lllg%)hsm(l/h) =0

3. Continuity of f’: As x — 0, the term 2z sin(1/z) — 0, but cos(1/z) oscillates between —1 and 1 and
has no limit. Thus, linb f/(z) does not exist.
xT—r

Therefore, f/(z) exists everywhere but is discontinuous at « = 0.

€T

—
,
/
/
VI
Slope at origin is 0,
but oscillations accumulate

Figure 9.3: The function f(x) = 2?sin(1/z) is squeezed between the parabolas y = +22. It is differentiable
at 0, but the derivative oscillates wildly near 0.
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Derivative of Inverse Functions

The derivatives of trigonometric, exponential, and logarithmic functions are standard. We mention specifi-
cally the technique of Implicit Differentiation via the Chain Rule to handle inverse functions, as this relies
on the theory developed above.

Theorem 9.4.1. Inverse Function Theorem. Let I, J be intervals in R and let f: I — J be a bijective
function. Suppose that:

1. f is differentiable at zq € I.
2. f'(zo) # 0.

3. The inverse function f~!:.J — I is continuous at yo = f(zo).

Then f~! is differentiable at 1o and its derivative is given by the reciprocal relationship:

1/ _ 1 = 1
(f7) (o) = f(zo) — F(f~Y(wo))

Proof. Let g = f~!. Since f is bijective, for every y € J there exists a unique x € I such that f(z) =y,
specifically x = g(y). We evaluate the difference quotient for g at yo. Let y € J with y # yo. Let z = g(y)
and zg = g(yo). Since g is injective, x # xp.

9W) —g(y) _  wx—w 1
Y=Y f(@) = flzo) L=f(@0)
Tr—xo
We now take the limit as y — yo. Since g is continuous at yo (hypothesis 3), we have lim ¢(y) = g(vo),
Yy—Yo
which implies x — xg.
— 1 1
i 9 —900) _ _
y—yo Y — Yo sz J(@)—f(2o) f’(zo)
Tr—xq
The limit exists because f/(zg) exists and is non-zero. [ |

Remark. If f is strictly monotonic and continuous on an interval I, it can be shown that f~! is automati-
cally continuous, satisfying hypothesis (3). Thus, strict monotonicity and non-zero derivatives are sufficient
conditions.

Example 9.4.2. Derivative of Arcsine. Consider the function f : (—n/2,7/2) — (—1,1) defined by f(z) =
sinz. The function is bijective and differentiable with derivative f’(z) = cosz. Note that cosx # 0 on this
open interval. Let g(y) = arcsiny be the inverse function. Applying the theorem at a point y € (—1,1):

1 1

! = =
9w = f(g(y))  cos(arcsiny)
Let 6 = arcsiny. Then sinf = y. Since § € (—7/2,7/2), cos@ > 0. Using the identity cos?# + sin® @ = 1:
cosf = m — M

Substituting this back yields the standard formula:

i(arcsin )= SN
dy 4 1—y2

By symmetry, the derivative of arccosy is —1/4/1 — y2.
Example 9.4.3. Derivative of Arctangent. Consider the bijective function f : (—m/2,7/2) — R defined by

f(x) = tanx. Its derivative is f/(x) = sec?z = 1 + tan? z, which is never zero. Let g(y) = arctany. By the

Inverse Function Theorem: ) )

a(y)) 1t tan?(arctan y)
Since tan(arctany) = y, this simplifies directly to:

gy = f,(

1
1+y?

d (arctan y)
— (arctany) =
dy Y
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9.5 Higher Order Derivatives

Since the derivative f’ of a function f is itself a function, we may consider its derivative. This process can
be repeated, leading to the concept of higher order derivatives.

Definition 9.5.1. Higher Order Derivatives. Let f : dom(f) C R — R. We define the derivatives of
order n recursively:

O @) = f(x)

fD(z) = f'(x)
d
(1) () = 7{ (n) }
1o @) = - [17()
for all z where the derivative exists. If f has continuous derivatives up to order k on a set U, we say
f € C*(U). If f possesses derivatives of all orders on U, we say f is smooth, denoted f € C>=(U).

Physical Interpretation In physics, if s(¢) represents the position of a particle at time ¢, the derivatives
correspond to kinematic quantities:

v(t) = §'(t) = 5(¢) (Velocity)
a(t) = s"(t) = 5(t) (Acceleration)
g(t)=s""(t) = () (Jerk)

Newton’s Second Law relates forces to the second derivative: Fpe = ma(t). The third derivative, jerk, is
the rate of change of acceleration.

Example 9.5.1. Kinematics. Let the position of a particle be s(t) = 3t2 + 3.

e Velocity: v(t) = 4 (3t + ¢3) = 6t + 3t%.
e Acceleration: a(t) = 4 (6t + 3t%) = 6 + 6t.
o Jerk: j(t) = 4 (6 +6t) = 6.

Example 9.5.2. Higher Order Derivative of the Exponential. For A € R, let f(z) = ¢**. By the Chain
Rule, f'(x) = Ae**. By induction,
d’ﬂ

e Az :Ane/\z'
T

Reconstructing Functions Knowledge of all derivatives of a function at a single point often allows us to
reconstruct the function globally (a concept formally treated in the study of Taylor Series).

Example 9.5.3. Polynomial Reconstruction. Let f(x) = 2% +2*+23+22+2+1. Evaluating the derivatives
at z =0:

Notice that f()(0) = n! for the coefficient of 2. We can express f(z) as:

f00) 2, f70) 3
T+ o1 7+ 3 T+ 5l

fO(0) s

T

fx) = f(0)+ f(0)
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Differentiability Classes Not all functions possess derivatives of all orders. We examine boundary cases
where differentiability fails at a certain order.

Remark. (Point-wise vs. Local Differentiability). Differentiability at a point ¢ is a point-wise property and
does not guarantee the existence of the derivative in a neighborhood of ¢. Because the second derivative
f"(c) is the derivative of the function f’, its existence requires f'(z) to be defined on an interval containing
c. A function can be differentiable at a single point without being differentiable anywhere else in its vicinity,
which precludes the existence of higher order derivatives at that point.

Example 9.5.4. Limited Differentiability of #3/2. Consider f(z) = 2%/2 for = > 0.

f’(x) _ gxl/Q’ fl/(x) _ 23571/2

At 2 =0:

e f'(0) =0 (well-defined).

e f"(0) involves 0~'/2, which is undefined.

Thus, f is differentiable at 0, but not twice differentiable there. However, for > 0, f is smooth (C*°).

Example 9.5.5. The Function z|z|. Consider f(z) = z|z|. We may write this piecewise:

f(x)={x . I

—x° <0

First Derivative:

—2x <0

f,(m):{Zx x>0

At z = 0, the left limit is lim _T”Q = 0, and the right limit is lim h—; = 0. Thus f/(0) = 0.
h—0— h—0+

Second Derivative:

f”(w):{2 x>0

-2 <0

At x = 0, the left limit of the Newton quotient for f’ is —2, while the right limit is 2. Since —2 # 2,
1"(0) does not exist.

Conclusion: f € C'(R), but f ¢ C?(R).

Remark. (Generalisation). The function f(z) = x*|z| is k-times differentiable at zero, but fails to be (k+1)-
times differentiable. This hierarchy illustrates the subtle distinction between merely being differentiable and
being smooth.

Parametric Differentiation

Often curves are not given as y = f(x) but parametrically as (x(¢),y(¢)). If we view y as a function of z via
the parameter ¢, the Chain Rule yields:
dy _ dydx dy _ y'(t)

dt ~dedt  dz (D)

provided a/(t) # 0. This is simply the ratio of the velocities in the vertical and horizontal directions.
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Example 9.5.6. Tangent to a Cycloid. Consider the cycloid generated by a circle of radius r = 1 rolling
on the x-axis, given by the parametric equations:

z(t) =t —sint, y(t) =1—cost
To find the slope of the tangent line at ¢t = 7/2:

d d
d—j =1 — cost, d—zz =sint

dy  sint 1
dr 1 —cost t:ﬂ'/2_ 1-0

This ratio represents the vertical velocity divided by the horizontal velocity.

Second Derivative of Parametric Curves Caution is required when calculating higher order derivatives
2
for parametric curves. The second derivative 4y is the rate of change of the slope with respect to x, not t.

dxz2
d (d
2y _a (w)_#(#)
dx?  dx \dz) ‘fl—f

Example 9.5.7. Concavity of the Astroid. Let z(t) = cos®t and y(t) = sin®t for t € (0,7/2). First
derivative:

dx d
— = —3cos’ tsint, @ _ 3sin’tcost
dt dt
dy 3sin®tcost sint
—-— = — = — = —tant
dr  —3cos?tsint cost
Second derivative:
P’y 4 (—tant)  —sec®t 1
dx? dz " —3cos2tsint  3sintcostt

dat

For t € (0,7/2), % > 0, indicating the curve is concave up in the first quadrant.

9.6 Logarithmic Differentiation

Logarithmic differentiation is a powerful technique used to simplify the differentiation of functions that
are products, quotients, or powers of multiple functions. The primary strategy is to transform operations
of multiplication and exponentiation into addition and multiplication by constants, respectively, using the
properties of the natural logarithm.

Definition 9.6.1. Procedure. To differentiate a complicated function y = f(x):

1. Take the natural logarithm of both sides: In(y) = In(f(z)).
2. Use logarithmic identities to expand the right-hand side into a sum or difference of simpler log terms.
3. Differentiate both sides implicitly with respect to x. Recall the key identity:

d 1 du
g — .
dm(nu) u dx

4. Solve for j—y by multiplying both sides by y (and substituting the original expression for y back in).

X

Example 9.6.1. Complex Product and Quotient. Find 2 for y = (2 — z)~(z + 32)'/4(2? — 3)%. Taking
the natural logarithm of both sides:

In(y) =1In (2 — 2)"(z + 32)/4(2? - 3)4]
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Using log properties:
1
In(y) =—In(2 —z) + 1 In(z + 32) + 4In(z? — 3)

Differentiating with respect to x:

1 dy 1 1 2
it AN -1 4.
y dx 2—x( )+4(x—|—32)+ x? -3
dy 11 &
yder 2—z  4(z+32) 22-3
Multiplying by y:
dy -1 1/4,,2 4 1 1 8z
— =(2- 32 -3
i A G D T i e

Example 9.6.2. Product with an Exponent. Find the derivative of y = 2+, Taking logarithms:
In(y) = In(z) + ln(ezz+9) =In(z)+22+9

Differentiating;:
1d 1
2 + 2z
ydr
Solving for %:
1 1
x x x

Example 9.6.3. Variable Exponent. Find the derivative of y = (2% + 1)"#. Unlike power functions (")
or exponential functions (b*), this function has a variable in both the base and the exponent. We must use
logarithmic differentiation. Taking natural logarithms of both sides:

In(y) = sinz - In(z? + 1)

Differentiating:
S~ (cosa) Inla? + 1) + (sne) - = (20)
——= = (cosz) - In(x sinz) - x
y dx 2 +1
1dy 9 2xsinx
gﬁzcosxln(x +1)+m
. dy .
Solving for 5%: . b
P =@ fcosatn(e? +1) + 220

Example 9.6.4. Derivative of z*. Let f(z) = 2 for x > 0. Set g(x) = In f(z) = xInz. Then ¢'(z) =
Inz + 1. Since f(z) = e9®), we have f'(z) = 9@ g/(x) = 2% (Inz + 1).

Example 9.6.5. Multiple Factors. Let a, b, ¢ be constants. Differentiate

- (5 () ()

Iny = —In(x —a) — 2In(x — b) — 31In(x — ¢)

Taking logs:

Differentiating:
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Example 9.6.6. Polynomial Products. Differentiate y = (22 4+ 1)(z — 3)?(2® + z)?(z — 1)

Iny =In(z? +1) + 2In(z — 3) + 3In(2® + ) + 4In(z — 1)

1, 2z N 2 +3(3:1:2+1)+ 4

yy_a?2+1 z—3 3+ rz—1
2z 2 3(3z% +1) 4

r_

vy x2+1+x73+ 4 x—1

Example 9.6.7. Pre-simplification via Logarithms. Sometimes the function is already a logarithm. In
this case, we use log rules to simplify before differentiating, rather than taking the log again. Find % for

y=1In (;21:1_";;/_;2) Simplify first:

1
y =In(sinz) + 3 Inz — In(2* + 32 — 2)

Differentiate directly:

dy cosx+ 1 22+ 3 b+ 1 2z +3
- = - —cotz+— — ———
der sinz 2z 2243z-—2 20 2243x—2

Remark. (Contrast). Consider y = In((z + 1)3° + 2). Here, the argument is a sum, not a product. We
cannot simplify In(A 4+ B). We must use the Chain Rule directly:

dy 1

= ————-30 1)%°
de (x4 1)30+2 (z+1)

Proposition 9.6.1. Power Function Derivative via Fundamental Limits. For f(z) = 2 where a € R and
x>0, f/(z) = az™L.

Proof. Let h # 0. Then
(x+h)* =2z (I +h/x)*—1

h v hfa
Set t = h/x. As h — 0, t — 0. By theorem 8.3.5, the fraction tends to «, hence f'(z) = az®~1. |
Theorem 9.6.1. General Power Rule. Let n € R and x > 0. Then

a
dxr

(xn) —_ nxn—l

Proof. Let y = z™. For x > 0, we take the natural logarithm:
Iny=nlnz

Differentiating with respect to x:

1dy 1
—_—— =N —
ydx x
Solving for 3':
dy n n I n—1
— =y — - — =nx
dx x T

Remark. If n < 0 is an integer, the domain includes negative numbers. The proof above requires > 0 for
In  to be defined. However, the result holds for z < 0 as well, which can be verified by writing 2" = (z=1)~"
or by considering In |y|.
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9.7 Applications of the Derivative: Extrema

The derivative provides a local linear model; its sign governs local monotonicity and guides the search for
maxima and minima.

Global and Local Extrema

We begin by formalising the notion of "peaks" and "valleys". Let f: A — R be a function.
Definition 9.7.1. Global Mazximum and Minimum. Let ACRand f: A — R.

1. A point ¢ € A is a global maximum point for f on A if f(c) > f(z) for all z € A. The value f(c) is
the maximum value.

2. A point ¢ € A is a global minimum point for f on A if f(c) < f(z) for all z € A. The value f(c) is the
minimum value.

Collectively, these are referred to as global extrema.

As discussed in the chapter on Compactness (see theorem 6.3.2), global extrema are not guaranteed to exist
unless the domain A is compact and f is continuous. Even when they exist, identifying them by checking
every point in A is impossible. To render the problem tractable, we localise the definition.

Definition 9.7.2. Local Extrema. Let f: A — R and let ¢ € A.

1. We say c is a local maximum point if there exists a § > 0 such that f(c) > f(x) for allz € AN(c—9, c+9).
2. We say c is a local minimum point if there exists a § > 0 such that f(c) < f(z) for all z € AN(c—3, c+9).

Note. Every global extremum is automatically a local extremum (take any d), but the converse is false.
The function f(x) = x(z — 1)(x + 1) has local hills and valleys, but on R it is unbounded.

Fermat’s Stationary Point Theorem

The fundamental link between extrema and differentiation is due to Fermat. It formalises the intuition that
at the peak of a smooth mountain, the ground must be flat. If the tangent line had a non-zero slope, one
could move slightly uphill or downhill, contradicting the assumption of a maximum.

Theorem 9.7.1. Fermat’s Theorem. Let f : (a,b) — R be a function and let ¢ € (a,b). If ¢ is a local
extremum of f and f is differentiable at ¢, then f'(c) = 0.

Proof. Suppose ¢ is a local maximum. By definition, there exists § > 0 such that for all » with || < § (and
c+ h € (a,b)), we have f(c+ h) < f(c), implying f(c+ h) — f(c) < 0. We examine the sign of the Newton
quotient for small h.

1. Right-hand limit (h > 0): Since & > 0 and the numerator is non-positive:

fle+h) = flo)

<0
h =

Taking the limit as » — 0%, we have f’(c) < 0.
2. Left-hand limit (h < 0): Since h < 0, dividing the non-positive numerator by the negative denomi-
nator yields a non-negative quotient:

fle+h) = flo)

>0
h 2

Taking the limit as h — 07, we have f/(c) > 0.
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Since f is differentiable at ¢, the left and right limits must coincide. Thus 0 < f’(¢) < 0, which implies
f'(¢) = 0. The proof for a local minimum is identical, with the inequalities reversed. |

Remark. (Interior Points Only.). Fermat’s Theorem explicitly requires the domain to be an open interval
(or for ¢ to be an interior point). If f is defined on a closed interval [a,b], the maximum may occur at an
endpoint. For f(z) =z on [0, 1], the maximum is at 1, but f’(1) =1 # 0. At an endpoint, we can only form
one-sided limits, so the "trapping" argument 0 < f’(¢) < 0 fails.

Critical Points and the Classification Strategy

Fermat’s Theorem provides a necessary condition, but not a sufficient one.

1. Stationary Points: Points where f’(c) = 0.
2. Singular Points: Points where f/(c) does not exist (e.g., f(z) = |x| has a minimum at 0, but is not
differentiable there).

Furthermore, f'(c) = 0 does not guarantee an extremum. Consider f(z) = 23 at ¢ = 0. Here f’(0) = 0, but
0 is neither a maximum nor a minimum; it is a point of inflection.

Definition 9.7.3. Critical Point. Let f be defined on a domain A. An interior point ¢ € A is called a
critical point if either f/'(c) =0 or f’(c) does not exist.

This leads to a robust algorithm for finding global extrema on closed intervals, grounded in the Extreme
Value Theorem.

Theorem 9.7.2. Location of Extrema. Let f : [a,b] — R be a continuous function. The global maximum
and global minimum of f on [a,b] must occur at one of the following locations:

1. The endpoints a and b.
2. A point ¢ € (a,b) where f'(c¢) = 0 (Stationary point).
3. A point ¢ € (a,b) where f is not differentiable (Singular point).

Proof. By the Extreme Value Theorem, extrema exist. Let z,,,, be the location of the maximum. If z,,4,
is an endpoint, we are in case (1). If T € (a,b), then if f is differentiable at 4., by Fermat’s Theorem
f'(Tmaz) = 0 (case 2). If f is not differentiable there, we are in case (3). ]

9.8 Optimisation Examples

The theorem reduces the search to finitely many candidates.

Example 9.8.1. A Piecewise Function. Consider f : [—1,1] — R defined by:

|| x#0,z#+1
fx)=41/2 2=0
1/3 =41

e Endpoints: f(£1)=1/3.

e Differentiation: On (—1,0) U (0,1), f(z) = |z|. f'(z) = sgn(x), which is never 0. There are no
stationary points.

e Singularities: At z = 0, the derivative does not exist. f(0) = 1/2.

Comparing candidates {1/3,1/2}, one might erroneously conclude the maximum is 1/2. However, f(0.9) =
0.9 > 1/2. The global supremum is 1, but it is never achieved. The failure lies in the premise: f is not
continuous at 0 or 1, so the Extreme Value Theorem does not apply.
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Example 9.8.2. Rational Function on a Compact Set. Find the extrema of f(z) = z* — 222 on [-2,2].
Since f is a polynomial, it is continuous and differentiable everywhere.

1. Stationary Points: f’(z) = 423 — 4z = 4z(x — 1)(z + 1). The critical points are z = 0,1, —1.
2. Evaluate Candidates:
e Critical points: f(0) =0, f(1) = -1, f(-1) = —1.
e Endpoints: f(2) =16 -8 =28, f(—2) =8.
3. Conclusion: Global Max is 8 (at © = +2). Global Min is —1 (at x = £1).
Example 9.8.3. Optimisation of f(z) = z(a — z)?. Let a > 0 and consider f(z) = z(a — z)? on [0, a].
f'(z) = (a — 2)* = 22(a — x) = 32° — 4ax + a*.
The critical points satisfy 322 — 4az + a® = 0, hence z = a and * = a/3. At z = a/3,
" (a/3) =6(a/3) —da = —2a < 0,

so the maximum occurs at @ = a/3 with value f(a/3) = %.

Example 9.8.4. The Roman Window. A classic optimisation problem involves maximising the area of a
"Roman window" (a rectangle surmounted by a semicircle) given a fixed perimeter L.

Let x be the width of the base and y be the height of the rectangular vertical sides. The perimeter consists
of the base, two vertical sides, and the semi-circular arc:
1 us
P:m+2y+§(ﬂm):$(1+§) +2y=1L

We express y in terms of x:

T L =z T
9 = L — Q 7>:$ :7_70 ,)
Y x —1—2 Y 5 5 +

The area A is the sum of the rectangle and the semicircle:

A(w)=xy+;w(g)2:x[§—;(1+”)}+m‘2

Simplifying the function A(z):

Alz) = E x T n T Lz «x T Lz 22 ( 7T>
YT T Ty 8§ 2 2 8 2 72

Domain: The geometric constraints are xt > 0and y > 0. y >0 = L>z(14+7/2) = z < %ﬂ/z
Thus we maximise A(z) on the closed interval [0, TET/Q}

Differentiation:

Setting A’(z) = 0:

(1+I)_£:> 44+ _£:> _2L
. 1)~ 3 \T1 ) T R g

We verify this critical point lies in the domain. Since 4 + 7 > 2 4+, 42+—L7T < %ﬂ/zv so it is a valid
interior point. Comparison:
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e Endpoints: A(0) = 0. At the upper bound (y = 0), the area is positive but smaller than at the
critical point.
e Critical Point: Since A”(x) = —(147/4) < 0, the function is concave down, ensuring a maximum.

Thus, the dimensions maximising area are r = f_TLﬂ.

Interpretation of the Derivative’s Sign

While Fermat’s Theorem identifies candidates, it does not determine the nature of the extremum (max, min,
or inflection). To do this, we require the Mean Value Theorem (MVT) to link the sign of f’ to monotonicity.
However, we can state the expectation that motivates the next chapter:

e If f/(x) > 0 on an interval, f is increasing.
e If f'(x) < 0 on an interval, f is decreasing.

If f' changes from positive to negative at ¢, then c is a local maximum. This is the First Derivative Test.
The formal proof of these assertions relies on the theorems of Rolle and Lagrange, to which we turn to next.

9.9 The Mean Value Theorems

We have established that local extrema of differentiable functions occur at critical points where the derivative
vanishes (Fermat’s Theorem). To link local derivatives to global behaviour on an interval, we require the
Mean Value Theorem and its generalisations.

Rolle’s Theorem

If a smooth curve begins and ends at the same height, it must have a horizontal tangent in between.

Theorem 9.9.1. Rolle’s Theorem. Let f : [a,b] — R be continuous on [a, b] and differentiable on (a,b).
If f(a) = f(b), then there exists a point £ € (a,b) such that f/(£) = 0.

Proof. Since f is continuous on the compact interval [a, b], by the Extreme Value Theorem, f attains a global
maximum M and a global minimum m on [a, ).

1. Case 1: M = m. In this case, f(x) is constant on [a,b]. Consequently, f/'(x) = 0 for all x € (a,b),
and the assertion holds trivially.

2. Case 2: M # m. Since f(a) = f(b), at least one of the extrema must occur at an interior point
¢ € (a,b). Suppose f(§) = M (the argument for the minimum is identical). Since £ is an interior local
extremum and f is differentiable at ¢, Fermat’s Theorem implies f/(£) = 0.
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fla) = f(b)--

f continuous on [a, b], differentiable on (a, b)

Figure 9.4: Rolle’s Theorem ensures at least one point with a horizontal tangent.

By rotating the coordinate system, we generalise Rolle’s Theorem to functions where f(a) # f(b). The
"horizontal" tangent becomes a tangent parallel to the secant line connecting the endpoints.

Theorem 9.9.2. Mean Value Theorem (MVT). Let f : [a,b] — R be continuous on [a, b] and differen-
tiable on (a,b). Then there exists a point £ € (a,b) such that:

f(0) = f(a)

e ===

Proof. We define the secant line passing through (a, f(a)) and (b, f(b)) by the linear function:

Consider the auxiliary function g(x) = f(xz) — L(x), which represents the vertical distance between the graph
of f and the secant line. The function g is continuous on [a,b] and differentiable on (a,b) as it is a linear
combination of such functions. Furthermore:

g(a) = f(a) — L(a) = f(a) — f(a) =0

9(b) = f(b) = L(b) = f(b) — f(b) =0
Since g(a) = g(b), Rolle’s Theorem applies. There exists £ € (a,b) such that ¢’(§) = 0. Differentiating g:
110) = )

b—a

g'(€) =€) - L&) = f'(§) -

Setting this to zero yields the result. |

Consequences of the Mean Value Theorem

The MVT allows us to bound the growth of a function using bounds on its derivative.

Proposition 9.9.1. Characterisation of Constant Functions. Let f be differentiable on an interval I. Then
f'(z) =0 for all z € I if and only if f is constant on I.

Proof. The forward implication is trivial. Conversely, suppose f’(x) =0 for all z € I. Pick any two distinct
points x1,z9 € I with 21 < z3. By the MVT applied to [z1, z2], there exists £ such that:

fl@2) = f(z1) = f(O)(z2 —21) =0 (22 —21) =0
Thus f(z2) = f(x1). Since x1,zo were arbitrary, f is constant. [ |

Proposition 9.9.2. The Monotonicity Criterion. Let f be differentiable on an interval [.
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1. If f(z) > 0 for all x € I, then f is monotonically increasing.
2. If f/(x) > 0 for all € I, then f is strictly increasing.

(Analogous results hold for decreasing functions with negative derivatives).

Proof. Let x1,29 € I with 1 < x2. By the MVT, f(z2) — f(z1) = f/(§)(x2 — x1) for some & € (21, x2).
Since x9 — &1 > 0, the sign of f(z2) — f(x1) is determined entirely by the sign of f/(£). If f/(£) > 0, then
f(z2) > f(21). If f'(§) >0, then f(z2) > f(z1). L

Corollary 9.9.1. Injectivity. If f'(x) # 0 for all = in an interval I, then f is injective on I.

Applications to Inequalities The MVT provides a rigorous method for proving inequalities. By treating
an inequality of the form A(z) > B(z) as a monotonicity problem for f(z) = A(z) — B(x), we can establish
bounds for transcendental functions.

Example 9.9.1. Exponential Bounds. Show that e* > 1+ z for all z € R. Let f(z) = €¢* — (1 + x). Then
fl(xz)=¢€e*—1.

e For z >0, e > 1, s0 f'(x) > 0. Thus f is strictly increasing on [0,00). Since f(0) =0, f(z) > 0 for
x> 0.

e For x < 0, €® < 1, so f'(x) < 0. Thus f is strictly decreasing on (—o0,0]. Since f(0) = 0, f(z) >
£(0) =0 for z < 0.

Example 9.9.2. Young’s Inequality. Let p,q € (1, 00) such that % + % = 1. For any u,v > O:

uP  f
u < — + —
p q

Proof. Fix v > 0. We define the function g(u) = u?/p + v?/q — uv for u > 0. Differentiating with respect to
u:
g (W)= v

The stationary point occurs when u?~! = v, or uy = v/~ Note that since 1/p+1/q = 1, we have
(p—1) = p/q, so 1/(p — 1) = q/p. Thus the critical point is ug = v%/P. Checking the second derivative:
g"(u) = (p—1)uP=2. Since p > 1, ¢"(u) > 0 for all u > 0. This implies that the derivative g’(u) is strictly
increasing. Since ¢'(ug) = 0, we have ¢'(u) < 0 for u < ug and ¢'(u) > 0 for u > ug. By the Monotonicity
Criterion, g decreases on (0,ug] and increases on [ug,00). Thus ug is the unique global minimum. The
minimum value is:

q/p\p q
9(uo) = w7) + iy
p q
— lq + ’Uiq _ ,U(I/P-‘rl
p q
Using ¢/p+1=q(1/p+1/q) = q(1) = g, we have:
g(ug) = v? <1 + 1> —vl=vI(1)—v?1=0
p q
Since the global minimum is 0, g(u) > 0 for all u, proving the inequality. |

The First Derivative Test

With the Monotonicity Criterion established via the Mean Value Theorem, we can now formally justify the
First Derivative Test. This theorem allows us to classify the critical points identified by Fermat’s Theorem.
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Theorem 9.9.3. First Derivative Test. Let f be continuous on an interval containing a critical point c.
Suppose f is differentiable on (¢ — 6, ¢) U (¢, ¢+ 6) for some § > 0.

1. If f'(z) > 0 on (¢ —4,¢) and f'(z) < 0 on (c,c+9), then f has a local maximum at c.
2. If f'(x) <0on (¢c—96,¢) and f'(z) >0 on (¢,c+ 4), then f has a local minimum at c.
3. If f/(z) has the same sign on both sides of ¢, then f has no extremum at c.

Proof. We prove the first case (local maximum).

e On the interval (¢ — §,c), we have f'(z) > 0. By the Monotonicity Criterion, f is strictly increasing
on this interval. Since f is continuous at ¢, for any x € (¢ — 4, ¢), we must have f(x) < f(c).

e On the interval (¢,c+ §), we have f'(z) < 0. By the Monotonicity Criterion, f is strictly decreasing
on this interval. Since f is continuous at ¢, for any = € (¢, ¢+ §), we must have f(z) < f(c).

Combining these results, f(z) < f(c) for all € (¢ — d,c+ §) with « # ¢. Thus, by definition, ¢ is a local
maximum. The proof for the local minimum is analogous. For the third case, suppose f’(xz) > 0 on both
sides. Then f is increasing on (¢ —d,¢) (so f(z) < f(c) for x < ¢) and increasing on (¢,c+0) (so f(x) > f(c)
for > ¢). Since f(c) is not the largest or smallest value in the neighbourhood, it is not an extremum. M

Remark. This test is often more robust than the Second Derivative Test because it applies even when
f"(e) =0 or f"(c) does not exist (provided f is continuous), whereas the Second Derivative Test is incon-
clusive in those cases.

Cauchy’s Mean Value Theorem

A generalisation involving two functions allows us to eliminate the explicit dependence on the interval width
b — a. This result is the cornerstone of L’Hopital’s Rule.

Theorem 9.9.4. Cauchy’s Finite Increment Theorem. Let f, g : [a,b] = R be continuous on [a, b] and
differentiable on (a,b). Then there exists £ € (a,b) such that:

Observe that:
H(a) = f(b)g(a) — f(a)g(a) — g(b) f(a) + g(a)f(a) = f(b)g(a) — g(b)f(a)
H(b) = f(b)g(b) — f(a)g(b) — g(b) f(b) + g(a) f(b) = —f(a)g(b) + g(a)f(b)
Thus H(a) = H(b). By Rolle’s Theorem, there exists £ € (a,b) such that H'(£) = 0. Differentiating H:
H'(§) = [f(b) = fa)lg'(§) — [9(b) — g(a)]f/(§) =0
Rearranging terms yields the result. |

Although f’ need not be continuous (as in x?sin(1/z)), derivatives cannot exhibit jump discontinuities.
They share the Intermediate Value Property with continuous functions.

Theorem 9.9.5. Darboux’s Theorem. Let f : [a,b] — R be a differentiable function. If k is a value
strictly between f/(a) and f’(b), then there exists a point ¢ € (a,b) such that f/(c) = k.
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Proof. Without loss of generality, assume f'(a) < k < f’(b). We consider the auxiliary function g(x) =
f(z) — kx. Differentiating, ¢’(z) = f’(x) — k. Evaluating at the endpoints:

g'(@) = f(a) ~ k <0
g(B) = F'B)—k>0

Since f is differentiable, it is continuous on [a,b], and so is g. By the Extreme Value Theorem, g attains a
global minimum on [a,b]. We argue that this minimum cannot occur at the endpoints:

e Since ¢'(a) <0, hlim+ M < 0. For sufficiently small h > 0, g(a + h) < g(a). Thus a is not the
—0

minimum.
e Since ¢/(b) > 0, hlim M > 0. The ratio is positive, but h is negative, implying the numerator
—0~

is negative: g(b+ h) < g(b). Thus b is not the minimum.

Therefore, the minimum must occur at some interior point ¢ € (a,b). By Fermat’s Theorem, stationary
points of the minimum satisfy ¢’(¢) = 0. Consequently, f'(¢c) — k=0 = f'(c) = k. [ |
Corollary 9.9.2. Continuity of Derivatives. If f is differentiable on an interval I, then f’ cannot have any
simple jump discontinuities. If f’ is discontinuous at ¢, it must be an essential discontinuity (an oscillatory

singularity).

This theorem forces f’ to vary without skipping values.

9.10 Summary and More Examples

We conclude this chapter with a summary of the derivatives of standard functions. These can all be derived
from first principles (as we did for constants, powers, and sine) or via the chain and inverse function rules.

Function f(z) Derivative f'(z) | Function f(z) Derivative f'(z)

¢ (constant) 0 sinx cos T

" na" 1 cos T —sinx

e’ e’ tanx sec? x

a® (a > 0) a*lna cot x —cscx

In |z| 1/x secx secx tan x
1 \

log, |x| e cse T —cscxcot

sin~ ! 117932 sinh x coshx

1 1 .

cos™ — coshx sinh x
V1—z2 0

tan™! 2 leg tanh x sech”z

Example 9.10.1. Chain Rule in Action. Consider f(x) = tan(5—sin(z?)). Let u = 2%, v = sinu, w = 5—v,
and y = tanw.

dy _ dy dw dv du

dr  dw dv du dx

dy 9
——= = (s -(-1)- (2
e (sec” w) - (—1) - (cosu) - (2x)
Substituting back:
f'(z) = —2x cos(x?) sec?(5 — sin(x?))

Example 9.10.2. Implicit Differentiation. Find 3 for the curve x? +sin(xy) +y* = 0. Differentiating with
respect to x:
2 + cos(zy) - (y +xy') +2yy’ =0

Grouping y’ terms:
y'(x cos(zy) + 2y) = —(22 + y cos(zy))
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,_ 2z +ycos(zy)
~ xcos(zy) + 2y

Example 9.10.3. Tangent and Normal to the Folium of Descartes. Consider the curve given by z3 + 3% —
9xy = 0. We wish to find the equation of the tangent and the normal lines at the point (2,4). First, verify
the point lies on the curve: 23 + 43 — 9(2)(4) = 8 + 64 — 72 = 0. Differentiating implicitly with respect to z:

3% +3y*y =9y +ay') =0
Dividing by 3 and grouping ¥’ terms:

3 2
2 =3y +y(y* —3x) =0 = ¢ = y—2*

Y2 -3z

Evaluating at (2,4):
34)—22 12-4 8 4

/
= 2 = — = — = =
m=y2) = e 35 T 166 10 5

Tangent Line: y — 4 = %(x —2) = 4oz —-5y+12=0.
Normal Line: The slope is —1/m = —5/4.

5
y—4=—7(c—2) = Srtdy—26=0

Example 9.10.4. Parametric Tangents. Find the tangent to the curve x = tcost, y = tsint at t = /2.

d
& _ cost —tsint = 2 (r/2)=0—-7/2 = —7/2

dt
dy_ . ’ _ —
E—Slnt—&—tcost = y'(n/2)=1+0=1
Slopem:d—z = fﬂ:—%. Att=7/2, 2 =0and y = 7/2. Equation: y —7/2 = -2(z —0) = y =
2 s

y(4) =0

For polynomials, the (n + 1)-th derivative of an n-th degree polynomial is identically zero.

9.11 Exercises

1. Tangent and Normal Lines. Find the equation of the tangent and normal lines to the given curves
at the specified points.

(a) The curve y = 23 — 4 at each of its points of intersection with the x-axis and the y-axis.

(b) The curve 2y = (x + 2)? at each point on it where y = 2.

(c) The curve y = 4(z — 1)® + 3z at the origin (0,0). Prove further that this tangent intersects the
curve again at a second distinct point.

2. High-Order Derivatives. Calculate the n-th derivative y(™ for the following functions. Look for a
pattern.
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(a) y =27
(b) y ==

Remark. Use partial fractions.
(¢) y =sin(3x) sin(bx)

Remark. Use the product-to-sum trigonometric identity.
d) y=z0=
2

3. Leibniz Rule Application. Let y = =
product, show that for n > 2:

sinz. Using the Leibniz rule for the n-th derivative of a

y™ = 22sin(z + %) — 2nx cos(x + %) —n(n—1)sin(z + %)

Use this to deduce the value of the n-th derivative at z = 0.

4. Parametric Tangents. The curve known as the Astroid is given by x = acos®t, y = asin®t.

(a) Find the equation of the tangent line at a general parameter ¢.
(b) Show that the length of the segment of the tangent line intercepted between the coordinate axes
is constant and equal to a.

5. Implicit Differentiation. Find % and % at the point (1,1) for the curve defined by:

By —3ry—a+y=-1

6. Continuity vs. Differentiability. Construct examples to demonstrate the independence of continu-
ity and differentiability properties:
(a) A function continuous everywhere but differentiable everywhere except at x = +1.
(b) A function differentiable at = 0 but discontinuous at every other point.
(c) State for what values of = the function f(z) = |z] fails to be continuous and differentiable.

(d) State for what values of x the function g(x) = |z — 1] fails to be differentiable.

7. Odd and Even Derivatives. Let f : R — R be a differentiable function.

(a) Prove that if f is an even function (f(—x) = f(x)), then f’ is an odd function.
(b) Prove that if f is an odd function (f(—z) = —f(x)), then f’ is an even function.
(¢) Is the converse true? Does f’ being odd imply f is even?

8. The Derivative of the Inverse. Let f be strictly increasing and differentiable on an interval I, with
J'(w) #0.
(a) Using the definition of the derivative and the continuity of the inverse, prove the formula (1) (y) =

1/ (f~H(y)-
(b) If f(x) =z + sinz, find (f~1)(1). Note that you cannot find a closed form for f=1(y).

9. Infinite Differentiability. Consider the function f : R — R defined by:

B e~ /e’ x#0
O P

(a) Prove that f is continuous at 0.

(b) Prove that f/(0) exists and equals 0.

(¢) Prove by induction that for any n € N, the n-th derivative f(™(0) exists and equals 0.

(d) Conclude that a function can be smooth (C*°) and have all derivatives vanish at a point without
being the zero function.

10. Searching for c. For each function, find the exact value of ¢ satisfying the Mean Value Theorem on
the given interval [a, b]. If no such ¢ exists, explain which condition of the theorem is violated.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

on [—1,1].

Limits of the Mean Value. Let f(x) = z™ for n > 2. By the Mean Value Theorem (MVT) on
[0, k], there exists 0}, € (0,1) such that f(h) — f(0) = hf'(0h). Calculate explicitly the value of 0}, as
a function of h and find }lir% 0.

—

A "Proof" of Continuity. Critique the following argument: "Let f be differentiable on (a,b). By
the MVT, for any z,z+h € (a,b), f(x+h) — f(z) = hf'(x+ 0h) where 0 < § < 1. Letting h — 0, the
LHS tends to 0. The RHS tends to 0 - f/(x) = 0. Thus f’(z + 6h) must tend to f’(x). Therefore, the

derivative f’ is continuous."

Remark. Consider the function f(z) = 2?sin(1/x) discussed in the text.

Stability of the Supremum. Let f be continuous on [a,b]. Define M (z) = sup{f(t) : a <t < z}.
Suppose f is differentiable at o € (a,b) and f(xg) < M(zg). Prove that there is a neighbourhood of
xo where M () is constant.

Bounded Derivative Implies Lipschitz. Prove that if f is differentiable on an interval I and
there exists K such that |f'(z)| < K for all € I, then f is Lipschitz continuous on I. That is,

[f(2) = f(y)| < Klz —yl.

Uniqueness of Differential Equations. Suppose f,g: R — R are differentiable functions satisfying
f'(x) = ¢'(x) for all x and f(0) = ¢g(0). Prove that f(z) = g(z) for all z.

Inequalities via Derivatives. Prove the following inequalities for x > 0:
(a) sinz < x
(b) In(l4+2) <z
(c) e#>1+a+ ”—22

Optimisation Geometry. Find the maximum and minimum values of the following functions:

(a) f(z)= 117 on R.
(b) g(x) = asecx + bescx on (0,7/2) where a,b > 0.

Fermat’s Reflection Principle. Two points A and B lie on the same side of a line L. A ray of
light travels from A to a point P on L and then to B. The light travels in straight lines. Fermat’s
Principle states that light takes the path requiring the minimum time (and thus minimum distance in
a uniform medium). Use calculus to prove that for the path length AP + PB to be minimised, the
angle of incidence must equal the angle of reflection.

The Box Problem. Find the maximum volume of an open rectangular box that can be made from a
square sheet of cardboard of side length a by cutting equal squares from the four corners and folding
up the sides. See fig. 9.5.
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20

21.

22,

23.

24.

25.

26.

27.
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1
1
1
a—2zx X
1
1
1
L
|
|
|
1

Flat template

Figure 9.5: The box problem

. Series Comparison via Limits. Let > a, and ) b, be series with positive terms. Prove the Limit

Comparison Test: If lim §» = ¢ where 0 < ¢ < oo, then } | a,, converges if and only if ) b, converges.
n—oo ’n

Remark. Use the definition of the limit to bound a,, by (¢ — €)b,, and (¢ + €)b,, eventually.

Generalised Trigonometric Derivatives. Determine the n-th derivative for the following functions:
(a) y = e sin(bx).
(b) y = zoyaz-
Remark. Factorise the denominator over C.

Parity of Derivatives. Let y = ﬁ. Show that the value of the n-th derivative y(™ at 2 = 01is 0
if n is even, and —n!(1/2)"*! if n is odd.

Rational Extrema. Investigate the maxima and minima of the function:

(x+a)(x+0)

1) = =@ )

where a, b are distinct positive constants.

Cauchy Mean Value Theorem. The Generalised (Cauchy) Mean Value Theorem states that for
functions f, g continuous on [a, b] and differentiable on (a, b), there exists ¢ € (a, b) such that f'(c)(g(b)—
9(a)) = g'(©)(f(b) — f(a)).
(a) Verify this theorem for f(t) =t* and g(t) = 4t3> — 3t on the interval [—1,1].
(b) Interpret the result geometrically in the xzy-plane for the curve defined parametrically by x =
ft),y=g().

Power Dominance. Let a > 1 and k € N. We proved that a™ grows faster than n* for integer n.
Extend this to the continuous variable:
ok
lim — =0
rx—o0 qT

Remark. Use the floor function |z] to bound a between integers and apply the Squeeze Theorem.

Oscillatory Non-Existence. We examined sin(1/x). Now consider the function f(z) = sgn(sin(1/x)).

(a) Describe the behaviour of f near z = 0.
(b) Counstruct sequences (a,) and (b,) converging to 0 such that f(a,) — 1 and f(b,) — —1.
(¢) Conclude that lin%J f(z) does not exist.

T—

One-Sided Limits and Monotonicity. Let f : (a,b) — R be a non-decreasing function. Let
c € (a,b).

(a) Prove that the one-sided limits lim f(z) and lim+ f(z) always exist.
Tr—Cc— Tr—C
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(b) Show that lim f(z) < f(c) < lim+ f(z).

(¢) Deduce that the set of discontinuities of a monotone function is at most countable.

28. Asymptotic Derivative Behaviour. Let f : (0,00) — R be differentiable. Prove that if lim f/(z) =
Tr—00

1, then:
lim 7f(ac)

T—00 I

=1

Remark. Apply the Mean Value Theorem (MVT) on intervals of the form [z, 2z].

Advanced Analytical Methods

29. Legendre Polynomials. The n-th Legendre polynomial is defined by the Rodrigues formula:

1 d”
2nn! dx™

P,(z) = (% —1)™

(a) Calculate Py(x), Pi(z), and Py(z).

(b) Use the Generalised Product Rule (Leibniz Rule) to prove that P,(1) =1 and P,(-1) = (-1)".

(¢) Show that P, (x) satisfies the root property described in algebraic theory: all roots of P, (x) are
real and lie in [—1,1].

30. Smooth Functions with Compact Support. Earlier in Exercise 9., we examined f( ) = e~/

We now construct a "bump function" supported on a finite interval. Let T'(z) = for |z| < 1.

Define g : R — R by:
(2) e T if x| < 1
€Tr) =
g 0 if 2] > 1

1:v2

(a) Let F,(x) denote the n-th derivative of e=7(®) for |z| < 1. Prove by induction that F,(z) =
Py (x)T(z)*»e~T(*) for some polynomial P, and integer k.
(b) Using the limits of rational-exponential products, show that lim ¢ (x) = 0.

rz—1-
(¢) Conclude that g is a C*° (smooth) function that is non-zero only on (—1,1).

31. Bernstein Polynomial Identities. For n € N and ¢t € R, consider the function h,(¢t) = (tp+¢)". By
computing the first two derivatives of h,(t) in two different ways (chain rule vs. binomial expansion),
prove the following identities used in approximation theory:

(a)

Z ( )tk 1, k n k —np(tp—i—q)”_l.

k=1

(v )

Zk —1) ( >tk Zpkgn=F = n(n — 1)p2(tp + ¢)" 2.

=2

32. Differential Equations and Exponentials. Fix A € R. Suppose v : R — R is differentiable and
satisfies u/(t) = Au(t) for all t. Prove that u(t) = ce for some constant c.

Remark. Consider the derivative of the auxiliary function h(t) = u(t)e=*t.

33. The Wronskian. Let u, v be twice differentiable solutions to the harmonic equation y” + by’ +cy = 0.
The Wronskian is defined as W (t) = u(t)v'(¢) — u'(t)v(¢).
(a) Differentiate W (t) and show that W'(¢) + bW (¢) = 0.
(b) Deduce that W (t) = W (0)e~"".
(¢) Using this, prove that if u, v satisfy «” 4+« = 0 (harmonic oscillator with b = 0,¢ = 1) and satisfy
the same initial conditions 4(0) = v(0) and «’(0) = v’(0), then u(t) = v(t).
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34. Characterisation of Sine and Cosine. Using the Wronskian uniqueness result from the previous
problem, prove the Pythagorean identity for any solution to u” + u = 0:

() ) -

(Assuming appropriate non-zero initial conditions).

35. The Limit of the Derivative. Suppose f : [a,b] — R is continuous on [a,b] and differentiable on
(a,b). Prove that if hm+ f'(x) = A, then the right-hand derivative f’ (a) exists and equals A.
Tr—a

Remark. This converse to "differentiability implies continuity of the derivative" is false, but this
specific limit property holds. Use the Mean Value Theorem (MVT) on [a, z].

36. Taylor-Type Inequalities.
(a) Prove that for x > 0, sinx > x — %3.

(b) Provethatforxzo,1+x+’”—22—|—--- %gew.

37. Monotonicity of the Power-Exponential. Consider f : (0,00) — R defined by f(z) = (1+ 1/x)".
Prove that f is strictly increasing.

t

Remark. It is easier to analyse the derivative of In f(z). You may need the inequality In(1+1) > 45

for ¢ > 0.



Chapter 10

Taylor’s Theorem

By the linear approximation formula, if f is differentiable at ¢, then
f@)=fle)+ f'(c)(x—c)+olx—c) asz—c

Linearisation captures the local rate of change but not higher-order geometry, so we seek a polynomial of
degree at most n whose derivatives agree with those of f through order n at c.

10.1 Taylor Polynomials

Let I be an interval and let f : I — R be a function that is n-times differentiable at a point ¢ € I. We seek
a polynomial P, (x) of degree at most n whose derivatives agree with those of f at ¢:

P®(c) = fF(e) fork=0,1,...,n

Let P,(z) = ao + ai(z — ¢) + az(z — ¢)®> + -+ - + a,(z — ¢)". Differentiating this polynomial %k times and
evaluating at = ¢ eliminates all terms (z — ¢)? where j # k, leaving only the constant term from the k-th

differentiation:
P () = Kl ay,

*)
Equating this to f(*)(¢) determines the coefficients uniquely: aj, = ! k!(c).

Definition 10.1.1. Taylor Polynomial. Let f : I — R be n-times differentiable at ¢ € I. The n-th order
Taylor polynomial of f centred at ¢, denoted T, (z), is defined by:

o),
To) =S LD oy

If ¢ = 0, this is often referred to as the Maclaurin polynomial.

Note. The term "order n" refers to the number of derivatives used. The algebraic degree of T;, is at most
n, but could be lower if £ (c) = 0.

Example 10.1.1. The Exponential Function. Let f(z) = ¢® and ¢ = 0. Since f¥)(z) = ® for all k, we
have f(®)(0) = 1. The Taylor polynomial of order n is:
z2 28 z"
Tn(x):1+x+§+§+-~+m
Example 10.1.2. The Sine Function. Let f(z) = sinz and ¢ = 0. The derivatives cycle: sin, cos, — sin, — cos.
At 0, these values are 0,1,0,—1. Thus, only odd powers survive:

3 5 2n+1
n &

X X
TTL = _ — — . — _—
enta(7) =7 + +( 2n+1)!
108

RT]
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2n+2

Remark. Ty, 11(z) = T2,42(x) because the coefficient of = is zero.

Example 10.1.3. The Cosine Function. Let f(z) = cosz and ¢ = 0. The derivatives cycle: cos, — sin, — cos, sin.
At 0, these values are 1,0, —1,0. Thus, only even powers survive:

2n+1

Remark. Ty, (x) = Ts,+1(x) because the coefficient of x is zero.

10.2 Taylor’s Theorem

The polynomial T,,(x) is constructed solely from local information at ¢. To determine how well T, (x)
approximates f(z) for x # ¢, we analyse the remainder term:

Ry(z) = f(x) — Th(x)
The following theorem, a powerful generalisation of the Mean Value Theorem, provides an explicit form for

this error.

Theorem 10.2.1. Taylor’s Theorem (Lagrange Form). Let f : [a,b] — R be such that f(™) is contin-
uous on [a,b] and f*+1) exists on (a,b). Let ¢,z € [a,b] with ¢ # x. Then there exists a point ¢ strictly
between ¢ and x such that:

c)7z+1

(x —

neh) (e (n+1)
f(x)zzf ()( B )k+f ()

z—c
= K (n+1)!

AR (3) (z — )+,

That is, the remainder is given by R, (z) = N CESy

Proof. Fix ¢ and z, and define M by
f(z) =Ty (z) + M(z — c)"*!

We show that M = (( ii(g) for some &.

To apply Rolle’s Theorem, we construct a specific auxiliary function g(¢) on the interval between ¢ and x.
Let:

®) (¢
Zf a:—t)k—M(aL‘—t)”Jrl
We verify the boundary values of g:

1. At t = x: For k > 1, each term contains (z — ¢)¥ which vanishes at ¢ = z. The only surviving term in
the sum is for k = 0, which is f(z). The remainder term M (z —t)"*! also vanishes.

g(x) = f(z) = fx) —0=0
2. At t = ¢: By the definition of M:

") (o
o(0) = £(a) - (Z e - c>’“> Mz~ = f(2) ~ Talx) ~ Ralz) = 0

k=0

Since f satisfies the differentiability hypotheses, g is continuous on the closed interval between ¢ and = and
differentiable on the interior. By Rolle’s Theorem, there exists £ strictly between ¢ and x such that ¢’(§) = 0.

We differentiate g(t) with respect to t. Note that for the sum, we use the product rule on terms of the form
f<k)(t) (.’17 _ t)k
k! :

d [~ f®() ’ — fETD() — ) _
dt(k_o k! (a:—t)k>:f(t)+zk' (x —t)* Z = a?—t)k !

k=1 ’ k:l
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Reindexing the second sum with j =k — 1:

) (¢ = AT i
S0 =X e

n

k=1 =0

The term j = 0 is f'(¢), which cancels the separate f’(¢) term. The remaining terms cancel with the first
sum (shifted), leaving only the k = n term from the first sum.

d n B f(n+1)(t) "
o (Z) = T(m—t)

k=0
Now we differentiate the remainder part —M (z — t)"+1:

d
= (-M(z—t)""") = -M(n+1)(z—t)"(-1) = M(n+1)(z — t)"
Combining these into ¢'(t) (noting the negative sign in front of the sum in the definition of g):

F ()

gt)=0- - (z—t)"+M(n+1)(x—1t)"

(n+1)
4t = (@ — )" |Mn+1) - %
Setting ¢'(£) = 0, and noting that £ # x implies (x — &)™ # 0:

FrD )

Mn+1) == = GRS

Substituting M back into the original equation for f(x) completes the proof. |

Remark. For n = 0, this theorem recovers the Mean Value Theorem: f(z) = f(¢) + f'(§)(z — ¢). Thus,
Taylor’s Theorem can be viewed as an extension of the MVT to higher orders.

Peano Form of the Remainder

While the Lagrange form provides an explicit formula, we sometimes only require the asymptotic behaviour
of the error as z — c.
Proposition 10.2.1. Taylor’s Theorem (Peano Form). Let f be n-times continuously differentiable in a
neighbourhood of ¢. Then

flx)=T,(z)+o(Jz —¢|") asz—c

Equivalently,
L f@) = Tu()
T—c |q; — c|n

=0.

Proof. We argue by induction on n.

Base case (n =1). Here T} (z) = f(c) + f'(¢)(z — ¢). The claim f(x) = Ty (x) + o(|]z — ¢|) is equivalent to
lim f(m)_f(cl”: (©)(=¢) _ (), which is exactly the definition of f’(c).

T—c -

Inductive step. Assume the result holds for order n — 1, i.e. for any function g that is (n — 1)-times
continuously differentiable near c,

9(x) = Tu-1(9)(x) +o(|z —c["") (= = o).
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Let f be n-times continuously differentiable near ¢, and define the remainder R, (z) := f(z) — T (z).
Then R, (c) = 0. Differentiating,

) (o =1 G) (e |
R @) = () — (Z L c)’“) =)= Y06 = ) - T (7))

=0

By the inductive hypothesis applied to g = f’, R}, (z) = 0(\x -] "’1) as x — ¢, equivalently,

lim Ry (@)

T—cC |,q; — c|” 1

=0.

Now fix  # c sufficiently close to c¢. Apply the Mean Value Theorem to R, on the interval with
endpoints ¢ and x. There exists £ strictly between ¢ and = such that R, (z) — R,(c) = R, (£)(x — ¢),
so (since R, (c) =0) R,(x) = R, (£)(x — ¢). Therefore,

[Bn(@)| _ RO _ R, (IE—CI)"_1< RUASIE
|

N e e e N [
because £ lies between ¢ and z, hence € — ¢| < |x — ¢|. As  — ¢, we also have £ — ¢, and thus
R/
LAGII
€ — ¢t

By the inequality above, this forces
L |Rao)]

T—c |q; — c‘”

:O’

ie. Ry(x)=o(jJxr — ™) asx — c.
]

The Peano form is asymptotic: it describes the size of the remainder as  — ¢. Unlike the Lagrange form,
it does not identify £ or give a pointwise formula for R, (z) for fixed z # c.

10.3 Applications of Taylor’s Theorem

The Lagrange remainder term allows us to approximate functions with rigorous error bounds.

Example 10.3.1. Approximating e. We compute e to a given precision. Let f(x) = e* expanded at ¢ = 0.

1
e:f(l)—1+1+2'+ 5+Rn(1)
The remainder is R, (1) = (n+1), for some & € (0,1). Since e” is increasing, e¢ < e! < 3. Thus:
3
R,(1) < —
) (n+1)!

To get an error less than 1073, we need 3/(n +1)! < 1073, or (n+1)! > 3000. Since 6! = 720 and 7! = 5040,

we choose n = 6. )

720

Example 10.3.2. Irrationality of e. Taylor’s theorem provides a slick proof that e is irrational. Suppose
e = p/q for integers p,q > 0. Choose n > ¢q and n > 3. From the expansion above:

e_zk' nJrl

e~1+1+0.5+0.1666---+---+
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Multiply both sides by n!:
" n! ef

nle = — 4+ —
|
k:ok' n+1

The LHS is n!(p/q). Since n > ¢, g divides n!, so LHS is an integer. The sum term Z—,’ is an integer (since

¢
c 511
n > 3, we have 0 < n€+1 < %. No integer lies strictly between 0 and 3/4. Contradiction.

k < mn). This forces the remainder term to be an integer. However, 1 < e < 3, so 0 < e < 3. Since

If f is infinitely differentiable (f € C*°), we can define the Taylor polynomial T, (z) for every n. If the
sequence of polynomials converges as n — 0o, we obtain a power series.

Definition 10.3.1. Taylor Series. Let f € C°°(I) and ¢ € I. The Taylor series of f at c is:

We say f is analytic at c if this series converges to f(z) on some neighbourhood of c.
Note. Convergence of the series is equivalent to lim R, (z) = 0.
n—oo

[e%e} ™

Theorem 10.3.1. Convergence of the Exponential Series. For any z € R, e =}~ | &+

Proof. Fix x. The remainder is R,(z) = (nfl)lx”“‘l where ¢ is between 0 and x. Note that || < |z|, so
e < elal,
w‘n+1
()] < e (n+1)!
For any fixed real number K, the factorial grows faster than the power K™ (by the Ratio Test on the sequence
n+1
terms). Thus nh—>ngo % = 0. Consequently, R, (z) — 0 for all x. |

The Warning: Smooth vs Analytic

It is a common misconception that if a function is smooth (infinitely differentiable), it must equal its Taylor
series. This is true for complex differentiable functions, but false for real functions.

Example 10.3.3. The Bump Function. Consider the function f: R — R defined by:

—1/z?
O

1. Continuity at 0: As x — 0, —1/2% — —o0, so e~1/2" — 0. Thus f is continuous.

2. Differentiability at 0: We consider the Newton quotient:

e_l/h2 -0
P —

Let t = 1/h. As h — 0, t = co. The limit becomes tlim te=t". By the growth hierarchy (exponentials
—00
beat polynomials), this limit is 0. Thus f’(0) = 0.
3. Higher Derivatives: It can be shown by induction that for z # 0, ") (z) = Pn(l/fzr)efl/“2 where
P, is a polynomial. The limit as x — 0 is always 0.

Therefore, f(™(0) = 0 for all n. The Maclaurin series of f is:
o0

0
> 5" =040+0+--=0
n:07L

This series converges to 0 for all z. However, f(z) > 0 for all z # 0. Thus, f(z) # Too(x) except at the
single point z = 0. This function is C*° but not analytic.
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2
€T

Flat COIlaCt at 0
All derivatives vanish

Figure 10.1: The function e~/ 2 ig incredibly flat at the origin, flatter than any polynomial.

10.4 The Second Derivative Test

We can now justify the Second Derivative Test for local extrema using Taylor’s Theorem.

Theorem 10.4.1. Second Derivative Test. Let f be twice differentiable on (a,b) and let ¢ € (a,b) be a
stationary point (f'(c) = 0).

1. If f”(c) < 0, then f has a local maximum at c.
2. If f”(c) > 0, then f has a local minimum at c.

Proof. We use the Peano form of Taylor’s Theorem at ¢ with n = 2:

fla) = fle) + f'(e)(@ — ) + @(m — o) +o((z —¢)?)

Since f’(¢) = 0, this simplifies to:

"¢ o((z — ¢)?
[ 140, olle =)

f(@) = fle) = (z —¢)

Let e(x) = ollz=0)) By definition, li_r)n e(x) = 0. Suppose f”(¢) > 0. Since e(z) — 0, there exists a

(@—o)?

neighbourhood (¢ — §, ¢ + 0) where |e(z)] < f/;(c). In this neighbourhood, the term in the square brackets

s 1(e) 1"€) 10 _ 1)
c c c c
— +e(x) > 5 T a = 0
Since (z —¢)? > 0 for z # ¢, we have f(z) — f(¢) > 0, or f(x) > f(c). Thus c is a local minimum. The proof
for the maximum is analogous. |

Remark. If Second Derivative Test gives no information, the point ¢ may be a local minimum, a local
maximum, or neither (an inflection point). In such cases, one must examine higher-order derivatives or
apply the First Derivative Test.

10.5 L’Hopital’s Rule

The most famous application of the Generalised Mean Value Theorem is the resolution of indeterminate

forms. Limits such as lim 822 or lim IUTI cannot be evaluated by the quotient law for limits because they

z—0 r—00
yield the meaningless forms 0/0 or co/co. L'Hépital’s Rule allows us to replace the ratio of functions with

the ratio of their derivatives.

While often applied mechanically, the rigorous justification (particularly for the co/oo case) requires careful
use of the limit definitions and Cauchy’s Finite Increment Theorem.

Theorem 10.5.1. L’Hopital’s Rule. Let —co < a < b < oo and let f,g be differentiable functions on
(a,b) such that ¢'(z) # 0 for all € (a,b). Suppose that

L fw)
xlg]z?f 7@ L e RU{£o0}
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If either:
1. lim f(z) =0and lim g(z) =0 (The 0/0 case), or
T—b~ r—b~

2. lim |g(z)| = co (The oco/oo case),
z—

lim @
a—b- g(x)

114

Note. The theorem holds analogously for limits as z — a™, or for two-sided limits at a finite point c¢. The

case b = oo reduces to the finite case via the substitution t = 1/x.

Proof. We treat the two cases separately. We assume L € R for the exposition; the infinite cases follow

similar logic with appropriate modification of inequalities.

Case 1: The 0/0 Form. Assume b is finite and that f(z) — 0, g(z)
extensions of f and g to the point b by setting f(b) = 0 and g(b) = 0.
extended functions are continuous on the interval (a,b]. Let € (a, b).

interval [x,b]. There exists ¢ € (x,b) such that:

flx) = fb) _ f'(0)

g(x) —g(b)  g'(c)
Substituting the zeroes:
f@) _ £
g(z)  g'(c)
As x — b, the constraint x < ¢ < b forces ¢ — b~. Since
[, p,.
9(x)

0 as ¢ — b~. We define the
Since the limits are zero, these
We apply Theorem 9.9.4 to the

—
0

f(e)

7 L, it follows immediately that

Case 2: The oco/oco Form. This case is more subtle because we cannot "extend" the functions to infinity.
We must use the general ¢ — § machinery coupled with Cauchy’s Finite Increment Theorem on an

interior interval.

Let € > 0. Since g:gi)) — L, there exists zg € (a,b) such that for all ¢ € (xq, b):
!
G
g'(¢) 2

Fix a point y € (x,b). For any = € (y,b), we apply Theorem 9.9.4 to the interval [y, x]. There exists

¢ € (y,z) (and thus ¢ > xg) such that:

@)~ Iy _ e
9(@) —g(y)  g'(c)
Let R = ch :8 . By our choice of xg, we have |R — L| < ¢/2. We now manipulate the ratio algebraically
to isolate L&)
e I(y)
y
f@) = fy) _ fl@) 1~ F@
— _ 9l)
g9(x) —g(y) gz e
Therefore: W
9(y
@ _p lmaw
I (y)
9(x) 1- £y
As z — b~, we have |g(x)| — oo. Consequently, % — 0 and % — 0 (assuming f — oo; if f remains

bounded the result is trivial). Thus, there exists 1 > y such that for all « € (z1,b), the term in the
brackets is sufficiently close to 1 that the entire expression stays within € of L.
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To be precise, as  — b, the correction factor approaches 1. Since R is €/2-close to L, the product will

eventually be e-close to L. Thus lim % =1L

z—b~ -

Vite—1—x/2
22

Example 10.5.1. Basic Application. Evaluate lir% . Direct substitution yields 0/0. Applying
T—

L’Hopital’s Rule:
a2
lim
x—0 2z

This is still 0/0. We apply the rule a second time:

142732 174 1

Example 10.5.2. Circular Reasoning. Consider hn}J Mgw This is a 0/0 form. Applying L’Hopital’s Rule

r—r

= 1. While the answer is correct, the logic is circular. The derivative of sinx is established

cos T
gives hr% T

sin sinx

using the fact that hrr%) = 1. Thus, one should not use L’Hépital’s Rule to prove this specific limit,

though it serves as a consistency check.

Example 10.5.3. Standard Applications.

1. Trigonometric Limit: Consider lim 1=5%  This is a 0/0 form. f/(x) = sinz and ¢'(z) = 2x. The

z—0

SlIl x Ccos T

new limit is hr% . This is still 0/0. Applymg the rule again: hm et = % Thus the original limit

is 1/2.
2. Exponential Dominance: Consider lim ‘z—: for n € N. This is an oco/oo form. Differentiating n
Tr—r00

times:
Al . nznt ool
lim — = lim =...= lim — =0
z—oo ¥ z—oo e T—00 e

This confirms the growth hierarchy established in earlier chapters.

Example 10.5.4. Indeterminate Powers. Evaluate lim+ x%. This is of the form 0°. We use logarithms to
z—0
convert it to a quotient. Let y = 2%, so Iny = zInx.

Inz
lim zlnz = lim
20+ 20+ 1/3:
This is now —2*. Applying L'Hopital’s Rule:
. 1z )
:L’li>0+ —1/&32 - xliglJr(_x) =0

Since Iny — 0, by continuity of the exponential, y — e’ = 1. Thus lim 2% = 1.
z—0t

Other Indeterminate Forms L’Hopital’s Rule strictly applies to 0/0 and co/oco. Other forms such as

000, 0o — 00, 0, 1°°, and oo must be algebraically manipulated into a quotient before the rule can be

used.

Example 10.5.5. Form oo/oo with One-Sided Limits. Evaluate lim/ Thians- As @ — m/2, both secx and
T—7T/2

tanx approach £oo. We evaluate the left and right limits. Consider © — 7/2~. The form is oo/o0.

. secx tanx . tanx . .
lim — = lim = lim sinz=1
T—w/2- sece T z—7w/2- SeCT /27

Similarly, for x — 7/27, the limit is 1. Thus, the limit exists and equals 1. Alternatively, simplifying the

(eos xi/sfrf’i;”/ =5 = cos;c-li-sinx’ which immediately tends to 1 as x — /2.

original expression yields
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Example 10.5.6. Form co — co. Evaluate lir% ( 1 %) This yields co — co. We combine the fractions:
e

T sinx

. x—sinx
lim ————
z=0 zsinc
This is now 0/0. Applying L’Hopital’s Rule:
. 1 —cosz
lim ——
z—0 SIN X + X COS T
Still 0/0. Applying the rule again:

sinx 0

lim . =
=0 cosx + (cosx —xsinz) 1+1-0

Example 10.5.7. Form 0 - co. Evaluate lim zsin(1/z). Let t = 1/z. As 2 — oo, t — 0.
Tr—r0o0

No L’Hopital’s required if one recognises the standard limit.

Remark. (Warning on Applicability). L’Hopital’s Rule requires the limit of the derivatives to exist. Consider

lim 402 This js 0o/co. Differentiation yields 142, As x — oo, 1+ cosz oscillates and does not
T—00

converge. Thus L’Hopital’s Rule provides no information. However, standard algebraic manipulation shows
x+sinz =1 4 sin © |
T T :

10.6 Convexity

We conclude the differential calculus of real-valued functions by examining convexity, a global curvature
constraint.

Geometrically, a set in R™ is convex if the line segment connecting any two points lies entirely within the
set. For a function f : I — R, we apply this to the epigraph, so the chord connecting any two points on the
curve lies above the curve.

To formalise the segment between two points, we introduce convex combinations.

Proposition 10.6.1. Convex Combination of Scalars. Let x1,x2 € R with 21y < x2. A point z lies in the
interval [z1, zo] if and only if there exist real numbers ¢, ¢y > 0 such that:

tl + tg =1 and =z = tll‘l -+ tQZZ?Q

Xro—T
T2—T1

r—T1

and to = v Since 21 < x < x9, both t; and 5 are

Proof. (=) Suppose z € [x1,z2]. Define t; =
non-negative. Their sum is:

To—T+Tx —x
bty = 2TITT I
To — T1

The linear combination yields:
z1(x2 — )+ x2(x —x1)  x1T2 — 1% + T2 — T2z x(X90 — 1)

tl.’El + tgil'g = = = =X
T2 —T1 T2 —T1 T2 —T1

(<) Suppose © = t121 + taxe with t1,t5 > 0 and sum 1. Substituting t; = 1 — ¢:
= (1—ta)xy + toxg = 21 + to(x9 — 1)
Since 0 <ty <1 and o —x1 >0, we have 0 < x — x1 < 9 — x1, implying z; < z < zs.
|

Remark. (Physical Interpretation). Interpreting ¢; as normalised masses yields the centre of mass formula
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The Secant Line Condition

Given a function f : I — R and two points z1,zs € I, the secant line L(z) connecting (z1, f(z1)) and
(z2, f(x2)) is given by the Lagrange interpolation formula:

o — X r — I

L(z) = f(x1) + f(z2)

T2 — T T2 — 1

Note that the coefficients are precisely the ¢; and to from proposition 10.6.1 for x. Thus, the value of the
secant line at a point @ = t121 + toxs is simply ¢; f(21) + t2f(z2). The condition that the graph of f lies
below this secant line can be stated succinctly.

Definition 10.6.1. Convex Function. A function f : I — R is convex if for all 1,25 € I and all ¢t € [0, 1]:
J(A =)@y +twg) < (1= 1) f(z1) + tf(22)
Using the notation tq, s, this is:
J(timy +toxe) <ty f(x1) +taf(v2)
whenever tq,t; > 0 and t; +t5 = 1.
Definition 10.6.2. Concave Function. A function f is concave if the inequality is reversed:
F(A =t)zy +tx2) = (1 —1) f(21) + £f(22)
Equivalently, f is concave if and only if —f is convex.
Note. In elementary calculus texts, convex functions are often termed "concave up" and concave functions

"concave down". We shall avoid this terminology.

While the definition involving convex combinations is geometrically intuitive, it is often easier to work with
the slopes of chords directly. The convexity condition implies that as we move from left to right, the slope
of the secant lines must increase.

Slope m1 < Slope mo

Figure 10.2: The monotonicity of slopes. For a convex function, the slope of the chord connecting x; and x
is less than or equal to the slope of the chord connecting z and xs.

Proposition 10.6.2. Slope Monotonicity Lemma. Let f : I — R. The function f is convex if and only if
for all x1,x, 22 € I with 1 < < x3:

f(x) = f(21) < f(x2) — f(z)
xr— I - XTo — X
Proof. By definition 10.6.1, with t = ;;Z}l, we have:
f@) € 22 flan) + o f()
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We subtract f(z1) from both sides:

Xro — I xr — T

)= fon) < (255 1) flo) + 2= (o
Simplifying the coefficient of f(x;):
Ty —x— (r2 —x1)  —(r— 1)
T2 — X1 o To — X1
Thus: .
J(@) = flwn) £ —-[f(w2) = flan)

Dividing by « — 21 (which is positive):

f(@) — fz1) < fx2) — flz1)

T — T o T2 — 21

This shows the slope of the first segment is bounded by the slope of the total segment. By a symmetric
manipulation (subtracting f(x2) instead), one shows that the total slope is bounded by the slope of the
second segment. Thus:

f(@) = f(z1) < f(z2) — f(@)
xr— I - To — I
The converse follows by reversing the algebraic steps. |

Convexity and Differentiation

The slope monotonicity lemma suggests a strong link between convexity and the increasing nature of the
derivative. If f is differentiable, we can take the limits as * — z1 or x — xs.

Theorem 10.6.1. First Derivative Criterion. Let f : I — R be a differentiable function. The following
are equivalent:

1. f is convex on I.
2. f’ is monotonically increasing on I.
3. The graph of f lies above its tangents: for all z,c € I,

f(@) = f(e) + f(c)(x = c)

Proof. (1 = 2) Let #1 < z9. For any x € (x1,x2), proposition 10.6.2 gives:

f@@) = fz1) _ fla2) = f(2)

xr— I - To — I

Letting  — 7 in the LHS gives f’(1). Letting # — x5 in the RHS gives f’(v2). However, to
compare them rigorously, pick u,v such that 1 < u < v < 5. Applying the lemma repeatedly gives:

J) = f(1) _ f0) = f) _ fa) = f(0)

uU— T - v —Uu - To — U

Taking limits © — x1 and v — x5 implies f'(z1) < f/'(x2). Thus f’ is increasing.

(2 = 3) By the Mean Value Theorem, there exists £ between ¢ and x such that f(x) — f(¢) = f(&)(z — ¢).
If > ¢, then £ > c. Since f is increasing, f'(§) > f’(¢). Multiplying by positive (x — ¢) preserves the
inequality:

f(x) = f(e) = f'(e)(x —¢)
If < ¢, then € < c. Since f’ is increasing, f'(£) < f’(c¢). Multiplying by negative (z — ¢) reverses the
inequality, yielding again:

F@=c) = fle)x—c) = flx) - flc) = f(e)(x - )
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(3= 1) Let 21,25 € I and let = tay + (1 — t)25. By hypothesis (3) at ¢ = a
f(@1) = f(@) + f'(z)(21 — 2)
f@2) = f(2) + f'(2)(z2 — @)
Multiply the first by ¢ and the second by (1 —¢) and sum:
tf(z1) + (1 —t)f(w2) = f(2) + f'(@)[t(z1 — ) + (1 = t)(z2 — @)

The term in the bracket is tzq + (1 —¢)xg — o =2 — 2 = 0. Thus tf(z1) + (1 —¢)f(x2) > f(x), which
is the definition of convexity.

Theorem 10.6.2. Second Derivative Test for Convexity. Let f be twice differentiable on I. Then f
is convex if and only if f”(z) > 0 for all z € I.

Proof. This follows from theorem 10.6.1: f is convex <= f’ is increasing. By the Monotonicity Criterion,
if f”(x) > 0, then f’ is increasing. Conversely, if f’ is increasing, then for h > 0, M > 0, and for
h <0, M > 0 (negative over negative). Taking the limit as h — 0 gives f”(x) > 0. [ ]

Example 10.6.1. Examples of Convex Functions.

f(x) =22 on R. f"(x) =2 > 0. Strictly convex.
f(z) =e” on R. f"’(z) =e” > 0. Strictly convex.
f(z)=—Inz on (0,00). f'(z) = —1/x, f"(z) = 1/2? > 0. Convex.

W=

The definition of convexity in definition 10.6.1 can be extended by induction to any finite number of points.
This result, known as Jensen’s Inequality, is the workhorse of analytical inequalities.

Theorem 10.6.3. Jensen’s Inequality. Let f : I — R be a convex function. For any points x1,...,x, € I
and any non-negative weights ti,...,t, such that > ¢; = 1:

! (Z tiﬂﬁi) < ) tif(wi)

i=1

Proof. We proceed by induction on n. The case n =1 is trivial (t; = 1). The case n = 2 is the definition of
convexity. Assume the inequality holds for n = k. Consider k + 1 points with weights t;. If tx1; = 1, then
other t; = 0 and the result holds. If t;11 < 1, let T = Zle ti =1—tg41 > 0. We can write the convex

combination as:
k+1

Zt T = tpp1Tp41 + TZ

Let y = Zf 1 Tscl Note that the weights ¢;/T sum to 1, so y € I by the inductive hypothesis (specifically,
the domain is convex). By the two-point case of deﬁmtlon 10.6.1:

frrrzrs1 + Ty) < trp1 f(oprr) + Tf(y)

By the inductive hypothesis applied to y:

Combining these:

kt1 k k+1
f (Z%%) < tpg1 f(Thy1) +TZ Zt Fxs)

i=1 i=1
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Example 10.6.2. AM-GM Inequality. Let x1,...,x, > 0. Consider the convex function f(z) = —Inz. Let
weights t; = 1/n. By Jensen’s Inequality:

—In (izml) < Z%(—lnxi) = —%ln (Hazz) =—In ((chz)l/")

Since — In is decreasing, removing the function reverses the inequality:

This recovers the Arithmetic Mean - Geometric Mean inequality.

Using Jensen’s Inequality, we derive Holder’s and Minkowski’s inequalities. Holder’s inequality generalises
Cauchy-Schwarz to the /? norms.

Theorem 10.6.4. Holder’s Inequality. Fix a real number p > 1 and define ¢ > 1 by the conjugacy
relation % + % = 1 (equivalently (p —1)¢ = p). For any natural number n and any non-negative real numbers

a1,...,ay and by, ..., by:
n n l/p n l/q
S (Yt) (3]
k=1 k=1 k=1

Proof. If >~ b} = 0, then all by = 0 and the inequality is trivial (0 < 0). Assume B = Y ;_; b > 0. We
employ the convex function f(z) = 2P on the domain [0,00). (For p > 1, f”(x) = p(p — 1)aP=2 > 0 for
2 > 0, and convexity extends to 0 by continuity). Define the normalised weights ¢, and auxiliary points xy
as follows:

b {akbk(ql)B if by, #£ 0
tk = — T =

B’ 0 ifbp, =0
Note that Yt = % > b{ =1, so the weights are valid for Jensen’s Inequality. We compute the convex

combination Y tgx: If by # 0, trry = %q“‘akb,;(qfl)B = apb,. If b, = 0, then t; = 0, so tpxr = 0 = aiby.
Thus Y p_, tkxr = Yy arbr. Applying theorem 10.6.3 gives f(X tpxr) < > ti f(ar):

n p n
<Z akbk> S Zthi
k=1 k=1

We examine the term on the right-hand side. Since % + % = 1, we have ¢ =
implies p(¢ — 1) = gq.

soqg—1= which

_p_ 1
p—1’ p—1’

P
o} = (ab, VB)" = a0V B = ol B
Multiplying by the weight tx:
q

b _
trat = Ek -abb, 'BP = af BP~!

n n

P _ pp—1 P
g tyx, =B g ay,
k=1 k=1

Summing over k:

Let A =3 a}. The inequality becomes:

n P
(Z akbk> < ABP~1

k=1

Taking the p-th root of both sides yields:

Zakbk < AYVrgEe-1/p
k=1

Since ijl =1—-== %, we obtain A'/? B4 which is the desired result. |

1
P
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Corollary 10.6.1. Cauchy-Schwarz Inequality. Setting p = ¢ = 2 yields the standard Cauchy-Schwarz

inequality: U e
n n n
Siani< (3002) (S02)
k=1 k=1

k=1

The triangle inequality |z + y| < |z| + |y| states that the length of a sum does not exceed the sum of
the lengths. Minkowski’s inequality establishes this property for the general p-norm, defined for a vector

x = (21,...,2,) € R" as:
n 1/p
Ix[lp = (Z Ik|p>

k=1

Theorem 10.6.5. Minkowski’s Inequality. For any real number p > 1 and any x1,...,Zn,Y1,...,Yn € R:

n 1/p n 1/p n 1/p
(Z £ +yk|p> < (Z l‘k|p> + (Z yk|p>
k=1 k=1 k=1

Succinetly, [[x + v, < [[x[lp + [y lp-

Proof. The case p = 1 is simply the scalar triangle inequality summed over k. Assumep > 1. Let S = > |zp+
yk[P. If S = 0, the result is trivial. We write |z + yx|? = |z + vl |76 + yrP~ < (lzg] + lyk)) ok + ye[P 7L
Summing over k:

n
wkllze + uelP ™+ lukllon + ueP
1 k=1

NE

S <

ES
Il

We apply Holder’s inequality to the first sum with conjugate exponents p and g. Note that (p — 1)g = p.

1/p 1/q
>l +pl ™ < (X lael”) (30 a4l @07) = - 512
Similarly for the second sum:
> fyillae + ylP < Dyl - 57

Adding these bounds:
S < (Ixllp + lyll») s

Dividing by S'/9 (assuming S > 0) and using 1 — 1/q = 1/p:

SYP < xllp + Iyl

10.7 Applications: Curve Sketching II

Differential calculus provides a systematic toolkit for visualising the behaviour of functions. Often, the
explicit formula for f(z) is secondary to the information contained in its derivatives.

Example 10.7.1. Reconstructing from the Derivative. Suppose a function f is continuous on R and its
derivative is given by:
fl@) = (z = 1)*(z - 2)(x — 4)
We determine the shape of f without knowing f(x) explicitly.
1. Critical Points: x =1,2.4.
2. Sign Analysis:
e On (—o0,1): (+)(=)(—) >0 = [ increasing.
e On (1,2): (+)(=)(—=) >0 = f increasing.
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e On (2,4): (+)(+)(—) <0 = f decreasing.
e On (4,00): (+)(+)(+) >0 = f increasing.
3. Classification:

e At x = 1: f’ does not change sign (positive to positive). This is an inflection point, not an
extremum. The tangent is horizontal, but the function continues to rise.

e At x = 2: f’ changes from positive to negative. Local Maximum.
e At x =4: f' changes from negative to positive. Local Minimum.

4. Concavity: We compute f”(z) using the product rule on u = (x — 1)? and v = 2% — 6z + 8.
f(x) =2(x — 1)(z* — 62 +8) + (x — 1)*(2x — 6)
Factor out 2(x — 1):
() =2(x — D[(z* — 62+ 8) + (z — 1)(z — 3)] = 2(x — 1)(22* — 10z + 11)

Roots are £ = 1 and the roots of 222 — 10z + 11 = 0, which are %‘/ﬁ = 5127\@ Thus we have three
inflection points: 1, ~ 1.63, and =~ 3.37.

Example 10.7.2. An Asymptotically Flat Function. Counsider f(z) = (}sz

1. Asymptotics: As z — Foo, f(x) ~ x?/2? — 1. Horizontal asymptote y = 1.
. Intersections: f(z) =0 = z =-1. f(0) =1.
3. Derivatives:

[\

, B 2(1+2)(1 +2%) — (1 + )2 (27) B 2(14+z)(1 —x) B 2(1 — 2?)
fle) = (1 + 22)2 T @+a?)?r T 1+

Critical points at x = +1.
e r=—1: f/(—1) = 0. Sign changes from — to +. Local Minimum (value 0).
e z=1: f/(1) = 0. Sign changes from + to —. Local Maximum (value 2).

4. Convexity:
() —4r(1+22)? —2(1 —2%) - 2(1 + 2?)(2z)  4x(a® - 3)
xTr) = =
(1+22)* (1+a2)3
Inflection points at # = 0,4++/3. The curve starts at y = 1 at —oo, dips to 0 at & = —1, rises to 2 at
x = 1, and decays back to 1.

Max

%%%%%%%%%%%%%%%%% -

o T
Min

Figure 10.3: Graph of f(z) = (1 + z)?/(1 + 2?).

The graph is shown in Figure 10.3.
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Systematic Analysis of Functions

By examining the first and second derivatives, domain constraints, and asymptotic limits, we can reconstruct
the global shape of a function and identify its key features such as extrema, inflection points, and intervals
of monotonicity, without relying on graphical plotting tools.

Example 10.7.3. Monotonicity without Extrema. Consider the function f : R — R defined by f(z) =
x + sinz. Differentiation yields:
fl(z) =1+cosz

Stationary points occur where cosz = —1, which implies z,, = (2n + 1) for n € Z. Since cosz > —1 for
all real z, it follows that f/(x) > 0 everywhere. The derivative vanishes only at the discrete set of points
{zp}. As f’ does not change sign (remaining non-negative on either side of x,,), these critical points are not
extrema but rather points of inflection. Consequently, f is strictly increasing on R and possesses no local
extrema.

Example 10.7.4. Non-Differentiable Critical Points. Let f : [~1,2] — R be defined by f(z) = 2*/3 — 421/3.
We determine the intervals of monotonicity and the absolute extrema on this compact domain. Differentiation

gives:
4 4 4 (z—1
/ _ *,1/3  * —-2/3 _ *
Jlw) = gat— 5w _3<a:2/3>

The critical points are classified as follows:

1. Stationary Point: f'(z) =0 = z =1.
2. Singular Point: f’(x) is undefined at z = 0 (due to the denominator), although f is continuous there.

We examine the sign of f’ on the sub-intervals:

e On (—1,0): The numerator (z — 1) is negative, and #2/3 > 0. Thus f'(z) < 0 (Decreasing).

e On (0,1): The numerator is negative, denominator positive. Thus f'(z) < 0 (Decreasing).

e On (1,2): The numerator is positive, denominator positive. Thus f'(z) > 0 (Increasing).
At the singular point x = 0, the derivative does not change sign; the function decreases through the cusp.
At x = 1, the sign changes from negative to positive, indicating a local minimum. Absolute Extrema:

e Endpoints: f(—1)=14+4=5; f(2)=2"73(2—4) =272~ —2.52.
e Critical Points: f(0)=0; f(1)=1-4=-3.

The absolute maximum is 5 (at = —1) and the absolute minimum is —3 (at z = 1).

Example 10.7.5. Domain Restrictions. Analyse the function f(z) = 22y/5 — 2. Domain: The radical
requires 5 — z > 0, so dom(f) = (—o0,5]. Differentiation: Using the Product Rule:

2 4z(5—x) — 2%  2(20 — 5z2)

S W e W s S Wi

Critical points occur at = 0 and = 4. The derivative is undefined at the boundary z = 5 (vertical
tangent). Sign Analysis:

e On (—00,0): z < 0and (20 —52) >0 = f/(z) <0 (Decreasing).
e On (0,4): >0 and (20— 52) >0 = f’(z) > 0 (Increasing).
e On (4,5): x > 0and (20 —5x) <0 = f’(x) < 0 (Decreasing).

Extrema:
e z =0: Local Minimum (f(0) = 0).

e = = 4: Local Maximum (f(4) = 16y/1 = 16).
e z = 5: Endpoint Minimum (f(5) = 0).
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Example 10.7.6. Trigonometric Extrema. Examine f(x) = 2sinz+cos(2z) for local extrema. The function
is 2m-periodic. We compute the derivative:

f(xr) =2cosz — 2sin(2z) = 2cosx — 4sinx cosz = 2cosx(1 — 2sinx)

In the principal domain [0, 27), critical points occur where cosz = 0 or sinx = 1/2:

o {m T omsn
626" 2

We employ the Second Derivative Test: f(x) = —2sinz — 4 cos(2x).

x=m/6: f"(r/6) =—1—-4(1/2) = -3 <0 = Local Max (y = 3/2).
x=m/2: f"(r)2) =—-2—-4(—-1)=2>0 = Local Min (y =1).
x=57/6: f"(51/6) = —1—4(1/2) = =3 <0 = Local Max (y = 3/2).
x=3n/2: f"(3n/2) =2 —4(-1) =6 >0 = Local Min (y = —3).

Ll o =

Thus, the global maxima are 3/2 and the global minima are —3.

Example 10.7.7. Polynomial Extrema via Second Derivative. Find the local extrema of f(r) = 2% — 322 —
24z + 5.
f'(x) = 32% — 62 — 24 = 3(z — 4)(x + 2)

Stationary points are x =4 and z = —2.
f(x) =6x—6

Evaluating the concavity:

o f"(-2)=-18<0 = x = —21is a Local Maximum.
e f"(4) =18 >0 = x =4 is a Local Minimum.

Example 10.7.8. Reconstructing from the Derivative. Suppose a function f is continuous on R with
derivative f'(z) = (z — 1)(z + 2)(z — 3). We determine the nature of the critical points without an explicit
formula for f. The critical points are {—2,1,3}. We construct a sign chart:

Interval | Test Point f'(z) Sign Behaviour
(—o0,—2) -3 (=)(=)(=) = — Decreasing
(—2,1) 0 (=)(+)(=) =+ Increasing
(1,3) 2 (+)(+)(=) = — Decreasing
(3,00) 4 (H)(+)(+) =+ Increasing
Classification:
o r = —2: Transition — — + = Local Minimum.

e 1 = 1: Transition + —- — = Local Maximum.
e ¢ = 3: Transition — — + — Local Minimum.

Example 10.7.9. Optimisation on Open Intervals. Find the extrema of f(z) = %x? on (0,1). Boundary

1
Behaviour: lim f(z) =1and lim f(x)= co. Derivative:
z—0t z—1-

i 2z
f (m) - (1 o I2)2

For z € (0,1), f'(x) > 0. The function is strictly increasing. Since the domain is open and monotonic, there
are no local extrema. The value 1 is the infimum but is not attained.

One of the most practical applications of the derivative is the solution of optimisation problems where a
physical or geometric quantity must be maximised or minimised subject to constraints.
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Example 10.7.10. The Optimal Can. We wish to design a cylindrical can with a fixed volume V{ such that
the surface area (representing the material cost) is minimised. Let r be the base radius and h the height.
The constraint is Vy = 7r2h, which implies h = % The surface area A includes the curved side and two

circular caps:
A = 2rrh + 2mr?

Substituting for h, we obtain A as a function of r on (0, c0):
2
A(r) = 2mr (VOQ) + 272 = 2% + 2772
r r

Differentiating with respect to r:

2
A(r) = —é + 4drr
r

Setting A’(r) = 0 yields the critical dimension:

2VO 3 VO 3V0
47T7‘:T—2 r=§:>r= o

To verify minimality, we check the second derivative:

"
AN(T) = rT + 47

Since Vp,r > 0, A”(r) > 0 everywhere. Thus A(r) is strictly convex, and the unique critical point is the

global minimum. Physical Interpretation: From the critical condition 2713 = Vj, substitute back into

the expression for h:

V() 2’/T7”3
=0 _ —9
mr2 2 "

Thus, the most efficient cylindrical can has a height equal to its diameter.

~_

Generic Cylinder Optimal Can
(Square Profile)

Figure 10.4: Geometric optimisation of a cylinder. The surface area is minimised when the profile is square
(h = 2r).
10.8 Exercises

1. Taylor Polynomial Calculation. Compute the Taylor polynomial T}, (z) centred at ¢ for the follow-
ing functions:

(a) f(z)=vV1+xzatec=0forn=3.
(b) f(z) =Inz at c=1 for n = 4.
(c) f(z)=e"" at c=0 for n=6.
(d) f(xz) =tanz at ¢ =0 for n = 5.

2. Limits via Taylor Expansions. Evaluate the following limits by replacing the functions with their
appropriate Taylor polynomials (Peano form). Do not use L’Hopital’s Rule.
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10.

11.

a) lim -
( ) z—0 3
— i 2
b) lim In(1 z)+s:1;n z+z°/2
z—0 x

Vi2z—1—z+a?/2
3

(c¢) lim =

z—0

. Numerical Estimation. Use the Lagrange form of the remainder to estimate /e with an error

strictly less than 104, How many terms of the Maclaurin expansion of e are required?

. Convexity Checks. Determine the intervals on which the following functions are convex or concave.

(a) f(z)=a*—42°+10
(b) f(z) =ze™®

(¢) f(x) = arctanz

L’Hopital’s Practice. Evaluate the following limits, verifying the hypotheses of L’Hopital’s Rule
carefully.

. l xr
(a) 301520 (1+1)
Remark. Consider the logarithm.
(b) lim (cscx — 1)

z—0 )
li 1
(c) Jim, z(lnx)

Uniqueness of the Taylor Polynomial. Let n € N and z¢ € R.

(a) Let P(x) = Y"1 _, ck(z — z9)F. Prove that P*) () = kley, for 0 < k < n.
(b) Suppose Q(z) is a polynomial of degree at most 7 such that Q) (z¢) = f*) (z¢) for all 0 < k < n.
Prove that Q(z) must be the Taylor polynomial T,,(x).

Remark. Consider the difference D(z) = T,,(z) — Q(«) and show all its derivatives at z( vanish.

Contact of Order n. Let f and g be n-times differentiable at c. We say that f and g have contact
of order n at ¢ if f®)(¢) = g®¥)(c) for all k = 0,1,...,n. Prove that f and g have contact of order n

at ¢ if and only if:
i £ = 9(@)

=0.
z—c  (x—c)?

Algebra of Convex Functions. Let I be an interval. Prove the following properties of convex
functions:

(a) If f and g are convex on I and A > 0, then f + g and \f are convex.

(b) If f is convex on I, then g(x) = exp(f(x)) is convex on I.

(¢) If {fa}aca is a family of convex functions on I such that F(z) = sup,c4 fo(x) is finite for all z,
then F'(x) is convex.

. The Vanishing Derivatives.

(a) Prove that for = # 0, the n-th derivative has the form f™(z) = R, (z)e~Y/*", where R, (z) is a
rational function.

(b) Show that the Taylor series of f centred at 0 converges to the zero function everywhere, and thus
only agrees with f at the origin.

A L’Hépital Counter-example. Let f(z) = x + sinx cosx and g(z) = 5% (x + sin x cos x).
(a) Show that wlggo f(z) = wlggo g(z) = oc.
(b)
(c) Compute the actual limit lim f(z)/g(x) algebraically.
Tr—r00
(d) Explain why L’Hopital’s Rule failed.

Show that the limit of the ratio of derivatives lim f’(z)/¢’(x) does not exist.
T—r 00

Determinants and Wronskians. Let fi, fa,..., f, be (n — 1)-times differentiable functions. The
Wronskian W (x) is the determinant of the matrix where the entry (i,j) is f](l_l)(:c).
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(a) Calculate the Wronskian of {1,x,22,... 2" 1}.
(b) Calculate the Wronskian of {e*1® e*2® ... e*®} where \; are distinct constants.

Remark. This connects the independence of functions to the non-vanishing of a geometric volume
in function space.

12. Algebraic Computation of Taylor Coefficients. Suppose a,b € R with b > 0. Consider f(z) =

ii‘;iz Find the Taylor polynomial of degree 4 for f at ¢ = 0. For which values of a,b does this

polynomial coincide with the degree 4 Taylor polynomial of cosx at 07

Remark. Avoid the Quotient Rule. Write (1+bz?)f(x) = 1+ ax? and differentiate this product using
the Leibniz rule n times at x = 0.

13. Convergence of Newton’s Method. Let f be twice differentiable on [a,b], f(a) < 0, f(b) > 0,
f/>38>0,and f” > 0. Let £ be the unique root in (a,b). Newton’s method generates a sequence

Tpyl = Tp — f(xn)/f/(xn)
(a) By using Taylor’s theorem, show that x,11 — & = %(z" — £)? for some 6,, between x,, and .

(b) Deduce that if start with xg > &, the sequence decreases monotonically to ¢ with quadratic
convergence (the error is squared at each step).

14. Approximation of the Sine Inverse.

(a) Find the Taylor series for (1 — 22)~!/2 using the Binomial Theorem.

(b) By integrating term-by-term (assuming this is valid within the radius of convergence), derive the
series for arcsin x:

(2n)! p2ntl

arcsinz = x + Z m
n:l

(c) Use this to approximate 7 by evaluating at x = 1/2.

15. Young’s Inequality via Convexity. Using the fact that Inz is concave on (0,00), prove that if
p,q € (1,00) satisfy % + % =1, then for any u,v > 0:

uP v
w < — 4+ —.
p q
Remark. Consider the log of both sides or apply Jensen’s inequality directly to the function —Inz
with appropriate weights.

16. Hermite Polynomials. Consider the Gaussian function y(z) = e~ /2.

(a) Prove that for any n € N, there exists a polynomial H,(z) of degree n such that v (z) =
(=1)"H, (z)y(x). These are the Hermite polynomials.

(b) Prove the recurrence relation Hy,11(z) = «Hy(z) — H] (x).

(¢) Compute Hy, Ho, Hs explicitly.

(d) Determine the intervals of convexity for v(z).

17. Log-Concavity. Consider the function f : (e,00) — R defined by f(z) = In(Inz).

(a) Calculate f'(x) and f”(x) to prove that f is concave.
(b) Use the definition of concavity to prove that for z,y > e:

vVinzlny <In (1:2—‘_y> .

18. The Legendre Transform. Let f : I — R be a strictly convex, differentiable function. We define its

Legendre transform f*(t) by:
1 () = sup (t — f()).

xzel

(a) Show that for a given ¢, the supremum is attained at the unique x satisfying f’(z) = t. Let this
point be x(t). Thus f*(t) = tx(t) — f(x(t)).
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(b) Involution. Prove that (f*)*(x) = f(z).
(c) Example. Compute the Legendre transform of f(z) = %m” for p > 1. Use this to recover Young’s
Inequality in the form zy < f(x) 4+ f*(y).

Remark. Geometric interpretation: f* encodes the curve f not as a set of points, but as the
envelope of its tangent lines.
19. Geometric Curvature. Let a curve be defined parametrically by x(¢),y(t).

(a) The curvature k is defined as the rate of change of the angle of the tangent vector with respect
to arc length. Show that for a graph y = f(x), this is given by:

/" ()]
L+ (f'(2))?)32

(b) Compare the sign of f”(x) with the direction of turning.
(c) Find the point on the parabola y = x? where the curvature is maximised.

k(z) =

20. Fixed Point Analysis. Let f : [0,1] — [0,00) be a C? function satisfying: (i) f’ > 0, (ii) f” > 0,
(iii) £(0) > 0, f(1) = 1, and f(1) > 1.
(a) Prove that f(x) € [0,1] for all z € [0, 1].
(b) Prove that there exists a unique fixed point 2* € (0,1) such that f(z*) = x*.
(¢) Consider the sequence x,11 = f(x,) starting with xg € (0,1). Prove that limz,, = x*.

Remark. This models the extinction probability in a branching process.

21. Generalized Means. Let x = (21, ...,2,) with 2; > 0 and weights «; > 0 such that > «; = 1. The
mean of order ¢ # 0 is defined as M;(x,a) = (> aixﬁ)l/t.
(a) Using L’Hépital’s Rule (or Taylor expansion), prove that tlg)% M(x,a) =[]z} (the geometric
mean).
(b) Prove that tlggo M;(x,a) = max{xy,...,z,}.

(¢) Prove that the function ¢ — M (x, @) is monotonically increasing.

22. The Error in Proportional Parts. Linear interpolation approximates f(a + k) by f(a) + %(f(a +
h) — f(a)) for 0 < k < h. Using Taylor’s Theorem, prove that the error in this approximation is

bounded by h; sup |f”|, assuming f is twice differentiable.

23. Polynomial Expansion of Trigonometric Functions. Let m be a positive integer.

(a) Prove that sin((2m + 1)) can be expressed as a polynomial in sin 6 of degree 2m + 1.
(b) Let y = sin((2m + 1) arcsinz). Show that (1 — 22)y” — xy’ + (2m + 1)y = 0.
(¢) Use Leibniz’s Rule to find the coefficients of the polynomial relating y and x.

T—00 z+1

24. The Asymptotic Limit. Find lim =z [% — (i> }
Remark. This requires expanding the base (1 + 1/x)~* carefully to second order.

25. Hyperbolic Taylor Series.

(a) Find the Maclaurin series for coshz and sinh z.
(b) Prove they converge to their respective functions for all z € R.
(¢) Prove that for x # 0:

2

inh
cosha:>1+% and S & x

>14+ —.
+6
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Chapter 11

Introduction to Integration

We have analysed local behaviour via differentiation and linearisation. We now turn to the inverse problem
of quadrature: assigning area to plane regions. In elementary geometry, the area of a rectangle is the product
of its side lengths, and dissection extends this to polygons. Curvilinear regions require a limiting process.

11.1 The Axiomatic Theory of Area

Ideally, we would like to assign a non-negative real number, called area, to every subset of the plane R2.
Let P(R?) denote the power set of R%. We seek a function a : P(R?) — [0, oo] satisfying intuitive geometric
properties.

No non-trivial area function exists on all subsets of R? that respects rigid motions, a consequence of the
Axiom of Choice. For our purposes, we restrict to a collection M C P(R?) of measurable sets containing
standard geometric regions.

We characterise the area function « : M — [0, 00) by the following axioms:
Azxiom 11.1.1. Non-Negativity. For every S € M, a(S) > 0.
Axiom 11.1.2. Additivity. If S, T € M, then SUT € M and SNT € M. Furthermore,

a(SUT) =a(S)+a(T) —a(SNT)
If S and T are disjoint (or share only a boundary of zero area), this simplifies to a(SUT) = a(S) + a(T).
Axiom 11.1.3. Difference Property. If S,T € M with S C T, then T\ S € M and:
a(T\ S) = a(T) — a(S)
This formalises the intuition of "cutting out" a shape.

Aziom 11.1.4. Invariance (Congruence). If a set S can be transformed into 7' via a rigid motion
(translation, rotation, or reflection, formally an isometry), then «(S) = a(T).

Aziom 11.1.5. Normalisation. If R is a rectangle with side lengths [ and w, then R € M and a(R) =
I xw.

The first four axioms describe cutting and pasting, but they do not determine the area of a circle. To handle
curvilinear figures, we require a limiting process.

The Method of Exhaustion

To assign an area to a more complex set (), we approximate it from the inside and the outside using simple
figures. We define a step region as a finite union of adjacent rectangles.

130
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Aziom 11.1.6. Exhaustion Property. Let () C R?. Suppose that there exists a unique real number ¢
such that for all step regions S and T with S C @ C T, we have:

a(S) <c<a(T)
Then @ is measurable and a(Q) = c.

This axiom formalises the ancient Greek method of exhaustion. To find the area of a circle, one inscribes
regular polygons (which can be decomposed into triangles and thus rectangles) and circumscribes them. As
the number of sides increases, the area of the inner polygon increases and the outer decreases, squeezing the
area of the circle between them.

oQ

The area of @) is squeezed between
the inner region S and outer region 7.

Figure 11.1: Approximation of a region @ by step regions. The blue rectangles form the inner approximation
S; the red outline suggests the outer approximation 7'

The inner and outer approximations are shown in Figure 11.1.

11.2 Axiomatic Characterisation of the Integral

While the general theory of area applies to arbitrary shapes, calculus focuses on a specific type of region: the
area under the graph of a function. This specialisation allows us to develop powerful computational tools.

Let f : [a,b] — R be a continuous function. We wish to define the integral of f from a to b, denoted by
IP(f), representing the signed area between the graph of f and the x-axis. Rather than constructing this via
limits of sums (the Riemann sum approach, which we tackle later), we first characterise it by its essential
properties derived from the area axioms.

Theorem 11.2.1. Axiomatic Characterisation of the Integral Suppose that for every interval [a,b] C R and
every continuous function f : [a,b] — R, we can assign a real number I?(f) satisfying the following two
properties:

1. Boundedness: If there exist constants m, M such that m < f(z) < M for all € [a, b], then:
m(b—a) <I)(f) < M(b—a)
2. Additivity of Domain: For any ¢ € [a, D],
L(f) = I5() + I2(f)
Then the function F(x) = IZ(f) is differentiable on (a,b) and F'(z) = f(x).

a

This characterisation links the geometric axioms to antidifferentiation.
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m(b— a)

b—a
Property 1: The area under the curve is bounded
by the rectangles formed by the min and max values.

Figure 11.2: Geometric interpretation of the Boundedness Axiom.

The implication of Theorem 11.2.1 is the Fundamental Theorem of Calculus. See Figure 11.2.

Proof. Proof of Characterisation. Let x € (a,b) and let h > 0 be small enough such that x +h € (a,b). We
wish to compute the derivative of the accumulation function F'(z) = IZ(f). Consider the Newton quotient:
F(zx+h)— F(x)

h

Using the Additivity property, we can decompose the integral:

L) = () + I (f)
Thus, the difference is the integral over the small strip [z, x + h]:
F(z+h) = F(z) = I7"(f)

Now we apply the Boundedness property. Since f is continuous on the compact interval [z,z + h], by
theorem 6.3.2 it attains a minimum value my and a maximum value M}, on this interval. That is, there exist
Shytn € [z, x + h] such that f(sp) = my and f(t) = M},. The boundedness axiom implies:

Flsn) - h < ITHH(f) < ftn) - R
Dividing by h (which is positive):

F(z+h) — F(x)
h

f(sn) < < f(tn)

We now let h — 0. Since sp,t;, € [x, 2+ h], by the Squeeze Theorem, s, — z and t;, — z. Crucially, because
f is continuous, }lbin%) f(sn) = f(z) and %ir% f(tn) = f(x). Therefore, by the Squeeze Theorem again:
— —

F(z+h)— F(x)

li =
7m0 h /(@)
The argument for h < 0 is identical (taking care with signs). Thus F'(z) = f(z). ]

Geometric Intuition

Why should the rate of change of area be the height of the curve? Consider the area A(z) accumulated up to
x. If we increase x by a tiny amount h, the area increases by a thin vertical strip. This strip is approximately
a rectangle of width h and height f(x).

Alx +h) = Alx) + f(x) - h
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Az +h) — A(zx)

~ f(x)
As h — 0, the approximation becomes exact.

Y

AF ~ f(z)-h
Error = o(h)

AF = F(z +h) — F(z) = I (f)

Figure 11.3: The Fundamental Theorem visualised. The change in area AF over a width h is approximately
the rectangle area f(x) - h. The error (the region between the curve and the top of the rectangle) vanishes
faster than h as h — 0.

The geometric interpretation is shown in Figure 11.3.

Corollary 11.2.1. Uniqueness of the Integral. Suppose an association I exists satisfying the axioms of
Theorem 11.2.1. Then I is uniquely determined. Specifically, if F' is any antiderivative of f (i.e., F' = f),
then:

Io(f) = F(b) - F(a)

Proof. Let G(z) = IZ(f). By the theorem, G'(z) = f(z). If F is another primitive such that F'(z) = f(x),
then (G — F)'(x) = 0 for all . By theorem 9.9.2, G(z) — F(z) = C for some constant C. To find C, set

o Gla) = I(f) = 0

) =
(Note: I§ = 0 follows from m(a —a) < I¢ < M(a — a)). Thus 0 — F(a) = C, so C = —F(a). Therefore,
G(z) = F(x) — F(a). Setting 2 = b yields Ib( f)=F(b) — F(a). |

This corollary provides the standard computational method for integrals: find an antiderivative and evaluate
the difference at the endpoints. However, we stress that we have not yet proven that such an assignment
I°(f) actually exists for all continuous functions. We have only shown that if it exists, it must behave this
way. The construction of this function (proving its existence), requires the machinery of Riemann Sums, to
which we turn in the next chapter.

11.3 The Definition of the Riemann Integral

We now construct the integral formally. The approach we adopt is due to Darboux, a refinement of Riemann’s
original construction using sums. Our objective is to assign a precise meaning to the area under the graph
of a bounded function f : [a,b] — R. Motivated by Exhaustion Property, we approximate the region from
the inside and outside using collections of adjacent rectangles.

Definition 11.3.1. Partition. A partition P of the closed interval [a,b] is a finite set of points P =
{zo,z1,...,2,} C [a,b] such that:

a=xg< 1 <Ty< - <xp=>
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We denote the length of the k-th subinterval [xg_1,zk] by Az = xp — xx—1. The mesh size of P is
|IP]| = max Axy.
1<k<n
Definition 11.3.2. Tagged Partition. A tagged partition of [a, b] is a pair (P,§), where P = {xq,...,2,}
is a partition and & = (&1,...,&,) satisfies &, € [xg_1, 2] for each k.

Definition 11.3.3. Riemann Sum. Let f : [a,b] — R be bounded and let (P,&) be a tagged partition.
The Riemann sum of f associated to (P,§) is

S(f,P,€) =Y f(&k)Awy.
k=1
Example 11.3.1. Uniform Partition. For n € N, the uniform partition U,, of [a,b] is given by

k
zr=a+—(b—a), k=0,1,...,n
n

Then [|U,| = =2.

Given a bounded function f and a partition P, we define the bounds of f on each subinterval. Let:
my, = inf{f(z) : z € [xp_1, zx]}
My, =sup{f(z) : x € [xp_1,2k]}

Since f is bounded, these finite real numbers always exist.

Definition 11.3.4. Darbouxz Sums. The Darboux lower sum L( f, P) and the Darboux upper sum U(f, P)
of f with respect to the partition P are defined as:

L(f, kaAxk and U(f,P ZMkAxk
k=1

Geometrically, L( f, P) represents the area of the union of rectangles inscribed strictly under the graph, while
U(f, P) represents the area of rectangles circumscribing the graph.

Lemma 11.3.1. Bounds for Riemann Sums. Let f : [a,b] — R be bounded. For any partition P and any
tag &,
L(f,P) < S(f, P,§) <U(f, P).

Proof. For each k, we have my < f(&) < Mj. Multiplying by Azj and summing yields the inequalities. W

Yy
Graph y = f(x) Lower Sum L(f, P)
R _ ! Upper Sum U(f, P)
| L/ Lo~
I | | !
| | | |
1 | | |
1 |
1 |
z
o —a X1 T2 I3 Ty = b

Figure 11.4: Visualisation of Darboux sums. The solid blue rectangles correspond to the lower sum (using
my ), and the dashed red rectangles extend to the upper sum (using My). The true area lies trapped between
these two values.
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The lower and upper rectangles are shown in Figure 11.4.

A First Computation

Let f(z) = 2% on [0,1]. For N € N, take the uniform partition Uy with z; = k/N and Az, = 1/N. Let
&k = w—1 (left tags) and n, = xy, (right tags). The corresponding Riemann sums are

N-1 N
1 1
Ly =S(f,UN&) =53 2 ¥ Uv=S(fUnn) = 33 DK
k=0 k=1

Hence Uy — Ly = 1/N. Using

b

ol N(N +1)(2N + 1)
2 _

we obtain )
lim Ly = lim Uy = -.
Ngnoo N Ngnoo N—3

The geometry is shown in Figure 11.5.

Figure 11.5: Left (filled) and right (dashed) rectangles for y = 22 on [0, 1].

Intuitively, adding more points to the partition should improve the approximation: the lower sums should
increase (filling more gaps) and the upper sums should decrease (trimming the excess). We formalise this
via the notion of refinement.

Definition 11.3.5. Refinement. A partition @ is called a refinement of a partition P if P C ). That is,
@ contains all points of P and possibly additional points.

Lemma 11.3.2. Refinement Lemma. Let P be a partition of [a,b] and let @ be a refinement of P. Then:
L(f,P) < L(f,Q) and U(f,Q) <U(f,P)

Proof. Tt suffices to prove this for the case where @) contains exactly one more point than P, say Q = PU{z}.
By induction, the result holds for any finite number of additional points. Suppose P = {zo,...,z,}. Let
the new point z fall in the k-th subinterval, i.e., xx—1 < z < x. The term miAxy in L(f, P) corresponds to
the interval [xy_1,2¢]. In L(f,Q), this interval is split into two: [ry_1,2] and [z, z]. Let mj, = inf{f(x) :
x € [xk—1,2]|} and m} = inf{f(x) : © € [z,x]}. Since these are subsets of the original interval, the infimum
can only increase (or stay the same):

my, > my and mj > my
We rewrite the contribution to the sum:

mkAa:k = mk(xk - mk_l)
=mp((zr — 2) + (2 — Tp-1))

=mp(z — xp—1) + mp(zr — 2)
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Comparing this with the contribution in Q:
my(z — zg—1) + my(z — 2)

Since mj, > my, and m}, > my, and lengths are positive, the contribution in @) is greater than or equal to the
contribution in P. All other intervals remain unchanged. Thus L(f, P) < L(f, Q). The proof for the upper
sum is strictly analogous, noting that the supremum on a subinterval is less than or equal to the supremum
on the whole interval. |

This lemma yields a fundamental inequality: no matter how coarse or fine the partitions are, any lower sum
is bounded by any upper sum.

Proposition 11.3.1. Fundamental Inequality. Let P and @ be any two partitions of [a, b]. Then:

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

Proof. Consider the common refinement R = P U Q. Since R is a refinement of P, L(f, P) < L(f, R).
Since R is a refinement of Q, U(f, R) < U(f,Q). Trivially, for any partition, the minimum is less than the
maximum, so L(f, R) < U(f, R). Combining these:

L(f,P) < L(f,R) <U(f,R) <U(f,Q)
|
Since the set of lower sums is bounded above (by any upper sum), and the set of upper sums is bounded
below, their supremum and infimum exist.

Definition 11.3.6. Upper and Lower Integrals. The lower Riemann integral of f on [a,b], denoted
by .
L(f) or fa f, is the supremum of all lower sums:

L(f) = sup L(f, P)

The upper Riemann integral of f on [a,b], denoted U(f) or T: f, is the infimum of all upper sums:
U(f) = it U(/, P)

From the fundamental inequality, we always have L(f) < U(f).

We are finally in a position to define the Riemann integral.

Definition 11.3.7. Riemann Integrable. A bounded function f : [a,b] — R is said to be Riemann
integrable if its upper and lower integrals coincide:

In this case, the common value is called the Riemann integral of f from a to b, denoted by:

b
[
a
Remark. A note on notation. You will frequently encounter ff f(x) dz. This introduces a dummy variable
and a symbol dx that suggests a sum of f(x)Az. Formally, integration acts on the function f itself, so we

prefer fab f for theory and use f; f(z) dz when it aids computation. The symbol dz gains precise meaning
in the theory of differential forms.
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11.4 Criteria for Integrability

We have defined the Riemann integral via the equality of the lower and upper integrals. However, calculating
the supremum over all possible partitions is impractical for checking integrability. We require a workable
criterion, similar to how the Cauchy criterion allows us to verify the convergence of a sequence without
knowing its limit.

Theorem 11.4.1. Riemann’s Criterion. A bounded function f : [a,b] — R is Riemann integrable if and
only if for every e > 0, there exists a partition P. of [a,b] such that:

U(f?PF) 7L(fvps) <€
Proof. We prove this both directions.

(= ): Suppose f is Riemann integrable. Let I = f; f. By definition, L(f) = U(f) = I. Let ¢ > 0. Since
the upper integral is the infimum of the upper sums, there exists a partition P; such that:

U(f.P) <I+3

Similarly, since the lower integral is the supremum of the lower sums, there exists a partition P, such
that: .
L(f,P) >1I— 5

Let P. = P; U P, be the common refinement. By the Refinement Lemma (Refinement Lemma), lower
sums increase and upper sums decrease with refinement:

U(faPe)SU(f,P1><I+§

L(f.P) > L(f.P) > 1 - 5

Subtracting these inequalities gives U(f, P.) — L(f,P.) < (I+§)— (I — %)

€.

(<=): Suppose the condition holds. For any partition P, we have L(f,P) < L(f) < U(f) < U(f,P).
Thus, for the specific partition P,:

0<U(f) = L(f) U(f, P) = L(f, P) <€

Since U(f) — L(f) is a non-negative constant less than every positive €, it must be zero. Thus f is
integrable.

The utility of this criterion is apparent; it allows us to prove that continuous functions are integrable. We
use uniform continuity, which follows from continuity on a compact set by theorem 6.3.3.

Theorem 11.4.2. Integrability of Continuous Functions. If f : [a,b] — R is continuous, then f is
Riemann integrable.

Proof. By theorem 6.3.2, f is bounded. By theorem 6.3.3, f is uniformly continuous. Fix ¢ > 0. By uniform
continuity, there exists a ¢ > 0 such that for any =,y € [a, b]:

€
b—a

|z -yl <6 = [f(x) = fly)] <

Choose a partition P = {xog,...,z,} such that the width of every subinterval satisfies Az, < §. On each
subinterval [xg_1, k], f attains its maximum M}, and minimum my (by the Extreme Value Theorem). Let
tk, Sk € [Tr—1, k] such that f(tx) = My and f(sg) = my. Since |tg — sg| < Az < J§, we have:

€

Mk—msz(tk)—f(sk)<b

—a
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We now compute the difference between the upper and lower sums:

n

U(f,P) = L(f.P) = Y (My = mi) Az < Y -——Aay
k=1

k=1

Factoring out the constant:

€ n
= A =
b—akZ::l =y

By theorem 11.4.1, f is integrable. ]

CL(b—a):e

L(f,P) DU(f,P)—L(f,P)

My —mi < 35 f(a:)

X
o 1 T2 T3 T4 Ts5 Te6
a < b
Az < §

Figure 11.6: Visualising the proof for continuous functions. If the strips are narrow enough (Az < 4), the
function cannot fluctuate wildly within a strip.

The partition control is illustrated in Figure 11.6.

Remark. This result can be extended to functions with a finite number of discontinuities, or indeed any
function whose set of discontinuities has "measure zero" (Lebesgue’s Criterion). However, continuity is
sufficient for most elementary applications.

11.5 Properties of the Riemann Integral

Having established existence, we turn to the algebraic structure of the integral. The set of Riemann integrable
functions on [a, b], denoted R]a, b], forms a vector space, and the integral is a linear map on this space.

Theorem 11.5.1. Linearity of the Integral. Let f,g € R[a,b] and let k € R. Then:

b b
1. k‘fER[ab]and/ kffk:

2. f—l—gERaband/ (f+9) = /f+/

Proof. We prove the second property (additivity); the first (homogeneity) is left as an exercise. Let P =
{zo,...,z,} be any partition. Consider a subinterval [z;_1, z;]. Recall the inequality for suprema and infima:

inf f(z) + inf g(2) < inf(f(z) + 9(z))

sup(f(z) + g(x)) < sup f(x) + sup g(x)
xel xel xel

This occurs because the extrema for f and g need not occur at the same point. Multiplying by Axz; and
summing yields the fundamental inequality for sums:

L(f,P)+ L(g,P) < L(f + 9, P) <U(f +9,P) <U(f,P) + U(g, P) (11.1)
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Step 1: Integrability. Let e > 0. Since f, g are integrable, there exist partitions Py, P, such that U(f, Py)—
L(f,Pf) < €/2 and U(g, P;) — L(g9, Py) < €/2. Let P = Py U P, be the common refinement. By the
refinement lemma and eq. (11.1):

U(f+9,P)=L(f +9,P) <[U(f, P) + Ul(g, P)] = [L(f, P) + L(g, P)]
:[U(f?P —L(f,P)}—f—[U(g,P L( P]
<§+§:e

Thus f + ¢ is integrable.

Step 2: Value of the Integral. From eq. (11.1), we have L(f, P) + L(g, P) < L(f + g, P). Taking the
supremum over all partitions P:

b b b
/f+/ g:supL(f,P)+supL(g7P)SsupL(f+g7P):/(f+g)

Similarly, from U(f + g, P) < U(f, P) + U(g, P), taking the infimum yields:

/ab(f+g)§/abf+/abg

Since f:( f + g) is sandwiched between the same value, equality holds.

|
Proposition 11.5.1. Positivity. If f € Rla,b] and f(x) > 0 for all = € [a, b], then
b
[ t=0
Proof. For any partition P, my, > 0, so L(f, P) > 0. Hence L(f) > 0, and f:f = L(f) > 0. ]
Corollary 11.5.1. Monotonicity. If f,g € Rla,b] and f(x) < g(z) for all = € [a, b], then
<]
Proof. The function g — f is integrable by linearity and satisfies g — f > 0. Apply positivity. |

Corollary 11.5.2. Bounds. Let f € R[a,b] and set m = inf,c(ap) f(2) and M = sup,¢(, 4 f(2). Then

m(b—a)g/ F<M@®-a).

Proof. The constant functions m and M are continuous and therefore integrable. The inequalities m < f <
M and monotonicity give the result.

Definition 11.5.1. Average Value. If f € R]a,b], the average value of f on [a,b] is

[

Theorem 11.5.2. Integral Mean Value Theorem. If f : [a,b] — R is continuous, there exists £ € [a, b]

such that
/ 2
—a

Proof. By the Extreme Value Theorem, f attains a minimum m and a maximum M on [a, b]. By the previous
corollary,

Mean( f

f(§) = Mean(f

m < Mean(f) < M.
Since f is continuous, the Intermediate Value Theorem yields £ with f(£) = Mean(f). [ ]
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11.6 Sets of Measure Zero

We have seen that continuous functions are Riemann integrable. The intuition behind this is that for a
continuous function, the local oscillation M} — mj on any subinterval can be made arbitrarily small by
choosing a sufficiently fine partition. Consequently, the difference U(f, P) — L(f, P) = >_(My — my) Az,
becomes negligible.

However, continuity is a sufficient condition, not a necessary one. Consider a function that is zero everywhere
except at a finite number of points where it takes the value 1. Intuitively, the "area" under this graph is zero.
The few points where the function jumps contribute terms where M} — my is large, but we can make the
corresponding widths Az tiny. This suggests that a function is integrable if its discontinuities are "sparse"
or "small" in some sense.

To formalise this notion of "smallness", we introduce the concept of a set of measure zero. This concept
is central to the Lebesgue theory of integration but provides the complete characterisation of Riemann
integrability as well.

Definition 11.6.1. Set of Measure Zero. A subset S C R is said to have measure zero if for every € > 0,
there exists a countable collection of open intervals {(an,by,)}52; such that:

[j (an,b and Z n — Gp,)

Example 11.6.1. Finite Sets. Any finite set S = {z1,...,zy} has measure zero. Fix € > 0. For each z,
consider the interval I}, = (zx — 5%, 2k + 5% ). Clearly S C |JIr. The total length is:

N
Z length(Iy) z ¢

k=1
Since € was arbitrary, S has measure zero.

Example 11.6.2. Countable Sets. Any countable set S = {x1,29,...} has measure zero. Fix e > 0. We
cannot use the €/N trick since N is infinite. Instead, we use a geometric series to ensure the sum converges.
Cover x,, with the interval I,, = (z,, — 5a57, Tn + 2n+1) The length of I,, is 57. The total length is:

SERSI RS

Thus, the set of rational numbers Q has measure zero, despite being dense in R.

Proposition 11.6.1. Properties of Measure Zero Sets.
1. Any subset of a set of measure zero has measure zero.

2. A countable union of sets of measure zero has measure zero.

Proof. (1) is trivial. For (2), let {S;}72, be sets of measure zero. Fix e > 0. Since Sj has measure zero,
it can be covered by a collection of intervals O with total length less than €¢/2%. The union of all these
collections |J Oy covers | J Si. The total length is bounded by >, 57 = €. [ ]

Remark. Not all measure zero sets are countable. The Cantor set is an uncountable subset of [0,1] con-
structed by removing the middle thirds. The total length removed is 1/3 +2/9 + 4/27 + --- = 1. Thus the
remaining set has "measure" 1 — 1 = 0, yet it has the same cardinality as R.

11.7 The Riemann-Lebesgue Theorem

We now state the criterion for Riemann integrability in terms of oscillation.
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Definition 11.7.1. Oscillation. Let f : [a,b] — R be bounded. The oscillation of f on an interval I C [a, b]
is osc(f, I) = sup,¢; f(x) —infzer f(x). The oscillation of f at a point z is defined as:

oscy(z) = 5lir{)l+ osc(f, (x — 8,2+ ) N[a,b])

Note that f is continuous at z if and only if oscy(z) = 0.

Theorem 11.7.1. Riemann-Lebesgue Theorem. Let f : [a,b] — R be a bounded function. Then f is
Riemann integrable if and only if the set of discontinuities of f has measure zero.

The difference U(f, P) — L(f, P) is a sum of oscillations (M} —my)Az;. Continuity makes these oscillations
small, and discontinuities can be confined to intervals of arbitrarily small total length when the discontinuity
set has measure zero.

Proof. Let D be the set of discontinuities of f. We define the sets:

D, = {x € [a,b] : oscy(x) > ;i}

Then D = Uzozl Dy,. By proposition 11.6.1, D has measure zero if and only if each Dy has measure zero.

Step 1: Integrable — Measure Zero. Suppose f is integrable. Fix & € N and ¢ > 0. We wish to
show Dy, can be covered by intervals of small total length. Since f is integrable, there exists a partition

P such that: .

Let the sum be split into "bad" subintervals (those containing points of Dy, in their interior) and "good"
ones. Let Zyqq be the set of indices j such that the open interval (x;_1,z;) contains a point of Dy. If
(xj_1,2;) N Dy # 0, then the oscillation over that interval is at least 1/k. Thus M; —m; > 1/k.

%>i —m;)Ax; > Z —m;)Ax; > Z Amj

j=1 J€Tvad JEIbad

Cancelling 1/k, we get > i€ Tpaa Az; < €. The intervals indexed by Zy.q cover all of Dy, except possibly
the finite set of endpoints of the partition P. Since a finite set has measure zero, Dy, is covered by a
union of intervals with total length less than €. Thus Dy has measure zero, implying D has measure
Zero.

Step 2: Measure Zero —> Integrable. Suppose D has measure zero. Let M = sup|f(z)|. If M =0,
then f is identically zero and thus integrable. Assume M > 0. Fix € > 0. Choose k large enough such
that 1 < 2(b . Since Dy C D has measure zero, there exists a countable open cover O of Dy with
total length lebs than ;57. For every = ¢ Dy, we have oscy(x) < 1/k. By definition of oscillation at a
point, there exists an open interval I, containing x such that osc(f, I;) < 1/k. Consider the collection
C=0U{l,:x € la,b]\ Dy}. This is an open cover of the compact set [a,b]. By lemma 6.2.1, there
exists a A > 0 such that any interval of length less than A is contained entirely within some set in C.
Let P be a partition with mesh size less than A. We split the sum U(f, P) — L(f, P) into two groups:

1. Type 1: Intervals [z,_1,z;] contained in some O € O (covering D).
2. Type 2: Intervals [z;_1, ;] contained in some I, (where oscillation is small).

For Type 1 intervals, M; —m; < 2M. The total length of these intervals is bounded by the total length

of O, which is g5;.

Z (M; —mj)Ax; < QMZAI] < 2M - VY
jE€Type 1

€

M 2

For Type 2 intervals, the oscillation on the interval is less than 1/k. The total length is at most (b—a).
€

Z (Mjfmj)Aa:j<%2Azj§%(b—a)<m(bfa):§

j€Type 2
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Combining the sums:
€ €
U(f,P)*L(f}P) < §+§:€

Thus f is Riemann integrable.

|
Y
y= f(z)
-
+ + + + + + + + + + + + + X
a dr “do b

Figure 11.7: Visualisation of the Riemann-Lebesgue Theorem proof. The total width of the red regions is
made small to control the large jumps. In the green regions, the oscillation is inherently small.

The partition types are shown in Figure 11.7.
Example 11.7.1. The Dirichlet Function. Consider the function f : [0,1] — R defined by:

)1 z€Q
O

This function is discontinuous at every point in [0, 1]. The set of discontinuities is [0, 1], which has length 1
(not measure zero). Therefore, f is not Riemann integrable. Indeed, for any partition P, every subinterval
contains both rationals and irrationals. Thus M} = 1 and my = 0 for all k.

U(f,P)=> 1-Azy=1, L(f,P)=> 0-Az,=0

Since U(f) # L(f), it is not integrable.
Example 11.7.2. Thomae’s Function. Cousider f : [0,1] — R:

f(z) = {l/q x =p/q € Q (in lowest terms)

0 z¢Q

This function is continuous at every irrational number and discontinuous at every rational number. The
set of discontinuities is Q N [0, 1], which is countable and thus has measure zero. By the Riemann-Lebesgue
Theorem, Thomae’s function is Riemann integrable (and the integral is 0).

11.8 Consequences of the Riemann-Lebesgue Theorem

The investment of effort into establishing the Riemann-Lebesgue Theorem pays dividends. Many proper-
ties of the integral, which otherwise require e-0 management with partitions, now follow as set-theoretic
consequences.

Corollary 11.8.1. Integrability of Almost Continuous Functions. Let f : [a,b] — R be a bounded function.

1. If f has finitely many discontinuities, it is Riemann integrable.
2. If f has countably many discontinuities, it is Riemann integrable.

Proof. Finite and countable sets have measure zero. The result follows directly from Theorem 11.7.1. ]
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Corollary 11.8.2. Modification at Finitely Many Points. Let f,g : [a,b] — R be bounded and suppose
f(z) = g(z) for all = € [a, b] except for a finite set. If f is Riemann integrable, then so is g, and

[r-[

Proof. Set h = g — f. Then h is zero except at finitely many points, so h and |h| are Riemann integrable
by the previous corollary. Let M = sup |h|. Given € > 0, cover the finitely many points by intervals of total
length less than e/M. For a partition refining these endpoints, any Riemann sum of |h| is bounded by M

times that total length, hence f: |h| < € by monotonicity. Thus f; h = 0, and linearity gives the claim. M

Algebra of Integrable Functions

We have already established the linearity of the integral. The Riemann-Lebesgue theorem provides a swift
proof that the product of integrable functions is integrable, a result that is surprisingly tedious to prove
using Darboux sums directly due to sign management.

Corollary 11.8.3. Product Rule. Let f,g € Rla,b]. Then the product fg € R|a,b].

Proof. Since f and g are Riemann integrable, they are bounded. Thus fg is bounded. Let D¢, Dy, and
Dy, denote the sets of discontinuities of f, g, and fg respectively. If f and g are continuous at ¢, then their
product is continuous at c. By contrapositive, if fg is discontinuous at ¢, then at least one of f or g must
be discontinuous there. Thus:

ng - Df @] Dg

Since f,g € Rla,b], Dy and D, are sets of measure zero. Their union is a set of measure zero, and the subset
Dy, is therefore a set of measure zero. By Theorem 11.7.1, fg is integrable. |

Note. The inclusion Dy, C Dy U Dy is strict in general. Consider f(z) = sgn(z) and g(z) = sgn(x) on
[-1,1]. Both are discontinuous at 0, but the product f(z)g(z) = 1 (for x # 0) extends to a continuous
function.

Corollary 11.8.4. Composition. Let f : [a,b] — [c,d] be Riemann integrable and let ¢ : [¢,d] — R be
continuous. Then the composition ¢ o f € R]a, b].

Proof. Let h = ¢ o f. Since ¢ is continuous, it maps continuous points to continuous points. Specifically,
if f is continuous at xg, then lim f(xz) = f(z¢). By continuity of ¢, lim ¢(y) = &(f(xzp)). Thus the
T y—f(zo)

composition is continuous at xg. Consequently, Dgor € Dy. Since Dy has measure zero, so does Dgor. W
Remark. The reverse composition f o ¢ need not be integrable. This is a subtle point often missed.

Corollary 11.8.5. Absolute Integrability. If f € Rla,b], then |f| € R]a,b] and:

/abf s/ablfI

Proof. Integrability of |f| follows from the previous corollary using the continuous function ¢(¢) = [¢|. The
inequality follows from —|f| < f <|f| and the order-preserving property of the integral. |

Domain Additivity

We return to the axiomatic foundation laid out at the start of this chapter. We required the integral to
satisfy I? = I¢ + I®. We can now prove that the Riemann integral satisfies this property.
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Definition 11.8.1. Indicator Function. For a subset S C [a,b], the indicator function xg : [a,b] — R is

defined by:
1 z€8
Xs(@) = {O x ¢S

For an interval [c,d] C [a, ], the function x[. 4 is discontinuous only at the boundary points {c,d} (if they
are interior to [a, b]). Since finite sets have measure zero, x[. 4 is Riemann integrable.

Theorem 11.8.1. Additivity over Intervals. Let f € Rla,b] and let ¢ € (a,b). Then the restrictions
flia,e) and flicy) are integrable, and:
b c b
IREIRATE

Proof. Integrability: The set of discontinuities of the restriction f|j, ) is Dy N [a, c], which is a subset of a
measure zero set. Thus the restrictions are integrable.

Equality: We decompose f using indicator functions. Note that for all z:

(@) = f(®)X[a,q (%) + [(2)X[ep) () = F()xqe} (@)

The term f(c)x{c}(x) is non-zero only at a single point, so its integral is 0. We may ignore it without
affecting the integral values. By corollary 11.8.3, fX[4,q and fX[c s are integrable on [a,b]. By linearity:

/abf = /ab(fX[a,c]) + /ab(fX[c,b])

Consider the first term. The function g(z) = f(2)X[4,q(*) agrees with f on [a,c] and is 0 on (c,b]. It is
straightforward to verify from the definition of lower /upper sums that adding a zero tail does not change the
integral accumulated on the initial segment (modulo the boundary point which contributes nothing). Thus:

/ () = / '

Similarly, [”(fXes) = Jo f- The result follows. ]

/abf=/acf+/cbf

<

Split point

Figure 11.8: Visualisation of the Additivity property.

Remark. (Reversal of Limits). For any f € R[a,b], define

[o-fo [me
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With this convention, the additivity identity

/caf/baf+/cbf

holds for any a, b, c € R.

11.9 Closing the Circle: The Fundamental Theorem

We have come full circle.

1. We proposed that an "area function" (integral) should satisfy Boundedness and Additivity.

2. We showed in Theorem 11.2.1 that any such functional must satisfy the Fundamental Theorem of
Caleulus: L [ f = f(x).

3. We constructed the Riemann integral f; f via Darboux sums and proved via the Riemann-Lebesgue
theorem that it exists for all continuous functions.

4. We verified above that this constructed integral satisfies Boundedness (from m(b—a) < L(f) < U(f) <
M(b— a)) and Additivity.

Therefore, the Riemann integral provides the unique solution to the area problem for continuous functions,
and it is computed via antidifferentiation.

Theorem 11.9.1. Fundamental Theorem of Calculus (First Form). Let f € R]a,b]. Define F(x) =
[ f(t)dt. Then F is continuous on [a,b]. Furthermore, if f is continuous at ¢ € [a, b], then F is differentiable
at c and F'(c) = f(c).

Theorem 11.9.2. Fundamental Theorem of Calculus (Second Form). Let f € R[a,b]. Suppose
there exists a differentiable function G on [a, b] such that G’ = f. Then:

/ f(z)dz = G(b) — G(a)

The proof of the First Form is identical to the proof of the Axiomatic Characterisation of the Integral. The
Second Form follows from the First if f is continuous; if f is merely integrable, it requires a slightly more
delicate argument using the Mean Value Theorem on the difference G(z1) — G(xk—1) in the Riemann sums,
but the result holds.

This machinery allows us to evaluate integrals not by infinite summation, but by reversing the differentiation
rules derived in the previous chapter.

11.10 Exercises

1. Explicit Calculation of Riemann Sums. Let f(x) = 22 on the interval [0, a] where a > 0.

(a) Consider the uniform partition P, dividing [0, a] into n subintervals of equal width. Calculate the
upper sum U (f, P,) and lower sum L(f, P,,) explicitly using the formula Y ;_, k? = w.
(b) Show that lim (U(f, P,) — L(f,P,)) =0.
n—oo

(¢) Deduce the value of [ 22 dx.

2. Fermat’s Method of Integration. Before Newton and Leibniz, Fermat evaluated f; aP dx (for
p # —1) using a partition in geometric progression. Let f(xz) = 2 on [0, 1] for p > 0.
(a) Let 0 < r < 1. Consider the partition P = {...,r" ... ,r% r 1}.
(b) Form the upper sum using the right endpoints. The sum will be a geometric series.
(¢) Evaluate the limit as » — 1~ to find the area.
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3. Step Functions and Partitions. Consider the function A : [0, 1] — R defined by:

1 < 1
h(z) = 0<z<
2 rx=1

(a) Show that for any partition P of [0, 1], the lower sum L(h, P) = 1.
(b) Construct a specific partition P such that U(h, P) <1+ 1075.
(¢) Prove using Riemann’s Criterion that h is integrable and find its value.

4. Sequential Criterion for Integrability. Prove that a bounded function f is Riemann integrable on
[a, b] if and only if there exists a sequence of partitions (P,)5 ; such that

lim [U(fv Pn) - L(fa Pn)} =0.

n—oo
In this case, show that f: f= li_>m U(f, P,).

5. Integrability of Monotone Functions. Let f : [a,b] — R be a monotone increasing function.

(a) For a uniform partition P, of size n, show that:

b—a

U(f, Pn) = L(f, Pn) = (f(b) = f(a)).

(b) Deduce that all bounded monotone functions are Riemann integrable, regardless of continuity.

6. Riemann’s Original Definition. A tagged partition (P, &) samples f at points & € [zr_1,xg]. The
Riemann sum is S(f, P,€) = >_ f(&k)Axg. Show that if f is continuous on [a, b], then for every e > 0,
there exists 0 > 0 such that for any tagged partition P with mesh || P|| < ¢:

b
< €.

s.ro - [

a

f

7. The Dirichlet Function. Let D(xz) =1 if z € QN [0, 1] and 0 otherwise.

(a) Explain why for any partition P of [0,1], U(D,P) =1 and L(D,P) =0.
(b) Conclude that D is not Riemann integrable.
(¢) What is the set of discontinuities of D? Does it have measure zero?

8. Thomae’s Function (The Popcorn Function). Let ¢ : [0,1] — R be defined by ¢(0) = 1, and
t(x) =1/nif x =m/n € Q is in lowest terms (n > 0), and t(x) =0 if x ¢ Q.

(a) Use the Riemann-Lebesgue Theorem to conclude ¢ is integrable and evaluate fol t.

(b) Without the Riemann-Lebesgue theorem, let ¢ > 0. Consider the set S. = {z : t(z) > ¢/2}. Show
S. is finite. Construct a partition around these points to prove integrability directly.

9. The Product of Integrable Functions. Let f, g be integrable on [a, b].

(a) Show that if f is integrable, so is f2.
(b) Use the identity fg = %((f +9)% — (f — g)?) to prove fg is integrable.

10. Uniform Convergence and Integration. Let (f,) be a sequence of integrable functions on [a, ]
converging uniformly to f.

(a) Prove that f is integrable.
. b b
(b) Prove that nh_)ngo =T
(¢) Give a counterexample to show that pointwise convergence is insufficient for this conclusion.

11. Strict Positivity.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

(a) Suppose f is Riemann integrable on [a,b], f(z) > 0 for all z, and f; f=0. Must f(z) =0 for all
x?

(b) Suppose f is continuous on [a,b], f(x) > 0, and fab f = 0. Prove that f(z) =0 for all z € [a, b].
Integral Mean Value Theorems.

(a) (First MVT) If f is continuous on [a,b], prove there exists ¢ € [a,b] such that f: fl@)de =
f(e)(b—a).

(b) (Weighted MVT) If f is continuous and g is integrable with g(z) > 0 on [a, b], prove there exists
¢ € [a,b] such that:

/a " fe)ote) da = £ / @) de.

Composition of Functions (Edge Case). Let f : [a,b] — [¢,d] and g : [¢,d] — R be Riemann
integrable.

(a) Construct a counterexample where g o f is not integrable.

(b) Prove that if g is continuous, then g o f is integrable.

(¢) Determine the validity of: If f is continuous and g is integrable, then g o f is integrable.

Calculus on Fractals. Let f : [0,1] — R be the indicator function of the fat Cantor set (measure
> 0, no intervals).

(a) Is f Riemann integrable? Justify your answer using the Riemann-Lebesgue Theorem.

(b) If we construct a function g(z) = [ f(t)dt, is g differentiable? Where?
Holder Continuity and Error Bounds. A function f : [a,b] — R is a-Hélder continuous (0 < a <
1) if there exists C' > 0 such that |f(z) — f(y)| < C|z — y|* for all x,y.

(a) Show that such a function is Riemann integrable.
(b) Let P, be a uniform partition with n intervals. Prove the error bound:

C(b—a)*tt

na

b
/ f(x)dz — S(f. Pa.6)| <

Monotonicity of Area. Using only the axioms of Area:

(a) If S, T € M and S C T, then a(S) < a(T).
(b) If S1,84,..., S, are disjoint sets in M, then a({J;_, Si) = D1y a(S;).
(¢) Using the Exhaustion Property, prove that a single point and a line segment have area zero.

Scaling Invariance. Let A > 0. For a set S € M, define AS = {(Az, \y) : (x,y) € S}. Prove from
the Normalisation Axiom and Exhaustion that a(\S) = A\2a(S).
Symmetry and the Integral. Using the Boundedness and Additivity axioms:

(a) Prove that if f is an odd continuous function on [—a,a], then I, (f) = 0.
(b) Prove that if f is an even continuous function on [—a, a], then I (f) = 2I§(f).
(c) Suppose f is continuous and I’(f) = 0 for all intervals [a,b]. Prove that f(x) = 0 for all z.

The Zero-Gap Partition. Let g be a bounded function on [a,b]. Suppose there exists a single
partition P such that L(g, P) = U(g, P).

(a) Describe the behaviour of the function g on the subintervals of P.
(b) Prove that such a function is Riemann integrable.
(c¢) Can a non-constant continuous function satisfy this condition for any partition?

Accumulating Discontinuities. Let f : [0,1] — R be defined by:

1 ifx=1/nfor somen €N
fz) = ./
0 otherwise

(a) Show that f is discontinuous at infinitely many points. What is the set of discontinuities?
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21.

22,

23.

24.

25.

26.

27.

(b) Prove that f is integrable and find fol f by isolating the points near zero.

Absolute Integrability and Inequalities. Let f be integrable on [a, b].

(a) Prove that |f| is integrable.
(b) Prove that |f:f\ < f:\f|

Content Zero and the Cantor Set. A set A has content zero if for every € > 0 it can be covered
by a finite union of intervals summing to length less than e.

(a) Show that if the set of discontinuities of f has content zero, then f is integrable.

(b) Show that the Cantor set has content zero.

(¢) Let h be the indicator function of the Cantor set. Prove h is integrable and compute its integral.
The Cauchy-Schwarz Inequality for Integrals. Let f, g € R[a, b].

(a) Show that f? and fg are integrable.

(b) Prove that ([, fg>2 < (17 r2) (1 9%)-

First Principles Integration. Calculate fob 22 dz directly from the definition using a uniform parti-

2
: n : n(n+1
tion and the formula ), _, k* = (%) .

Geometric Partitioning. Calculate fab m%dx (where 0 < a < b) using a partition in geometric

progression zj, = aq® where ¢ = (b/a)'/".

Manual Sum Computation. Let f(z) = 1/x on [1,4].
(a) Calculate L(f, P) and U(f, P) for the partition P = {1,1.5,2,4}.
(b) Verify that refining P by adding 2 = 3 decreases the difference U — L.
The Derivative of the Integral. Let f be Riemann integrable on [a,b] and define F(z) = [ f(t)dt.

(a) Prove or disprove: F is Lipschitz continuous.
(b) Find an example where f is not continuous at ¢, but F is still differentiable at c.
(c¢) Find an example where F is differentiable at ¢, but F'(c) # f(c).



Chapter 12

Sequences and Series of Functions

The preceding chapters established differentiation and integration. To construct transcendental functions
from first principles, we use power series, viewing a function as a limit of polynomials and hence as the limit
of a sequence of functions. Analytic properties need not pass to the limit under pointwise convergence, so
uniform convergence becomes essential.

12.1 Power Series

Definition 12.1.1. Power Series. Let (a,)32, be a sequence of real numbers. A power series is a formal
expression of the form:

(oo}
n __ 2
E anT " = ag+ a1T + ax” + ...

n=0

We adopt the convention that 20 = 1 for all z € R (even x = 0), so that the series converges to ag when
z=0.

While one can define power series centred at an arbitrary point xg (i.e., Y a,(z—x)™), the theory is identical
to the case zo = 0 via a simple translation. We shall therefore restrict our attention to series centred at the
origin.

The fundamental question is one of convergence: for which values of x does this infinite sum yield a finite
real number? Clearly, it always converges at « = 0. The behaviour for z # 0 is governed by a remarkable
rigidity: the set of convergence is necessarily an interval centred at the origin.

Proposition 12.1.1. Abel’s Lemma. If the power series ) a,x™ converges at a point ¢ # 0, then it converges
absolutely for all z satisfying |z| < |c|.

Proof. Since 3 a,c" converges, the sequence (a,c™) is bounded: there exists M > 0 with |a,c”| < M for all
n. Let |z| < |c| and set r = |z|/|c| < 1. Then

lanz™| = |apc™|r™ < Mr™.
The geometric series Y, Mr™ converges, so Y a,x™ converges absolutely by comparison. |

Definition 12.1.2. Radius of Convergence. Given a power series Y a,z", we define the radius of

convergence R € [0, 00] by:
oo
R =sup {|c : Z anc” converges}

n=0

149



CHAPTER 12. SEQUENCES AND SERIES OF FUNCTIONS 150

It follows immediately from proposition 12.1.1 that the series converges absolutely for all € (—R, R).
Furthermore, the series diverges for all |z| > R; if it converged at some point zp with |zo| > R, Abel’s
Lemma would imply convergence for all |y| < |zg|, contradicting that R is the supremum. The behaviour at
the boundary points x = +R is delicate and must be checked on a case-by-case basis.

This construction yields a function f : (=R, R) — R defined by f(z) = 37 janz™. The central questions
of this chapter are:

1. Is f continuous on (—R, R)?
2. Is f differentiable? If so, is f/(z) = > na,z" 1?7
3. Can we integrate f term-by-term?

A power series is a limit of partial sums, that is, a limit of a sequence of functions. To answer these questions,
we must study the general theory of convergence of functions.

Pointwise and Uniform Convergence

Let S C R and let (f,,) be a sequence of functions f, : S — R. We wish to define what it means for f, to
converge to a limit function f. The most obvious definition is to fix x and take the limit of the sequence of
numbers (f,,(z)).

Definition 12.1.3. Pointwise Convergence. We say that the sequence (f,) converges pointwise to f on
S if for every xz € S:

lim f,(z) = f(x)

n—oo

Formally: Vo € S,Ve > 0,3N € N such that n > N = |f,(z) — f(z)| < e

Crucially, in pointwise convergence, the integer N depends on both the tolerance € and the location x. We
denote this dependency as N(z,€).

Example 12.1.1. Failure of Continuity preservation. Consider the sequence of functions f, : [0,1] — R
defined by f, (z) = «™. For any fixed « € [0,1), we have 2™ — 0. At x = 1, we have f,(1) = 1" — 1. Thus,

the pointwise limit is:
0 0<x<1
€Tr) =
o= {7 0%

Each f,, is a polynomial and hence continuous (in fact, smooth). Yet, the limit function f is discontinuous
at x = 1. This demonstrates that pointwise convergence is too weak to preserve basic analytic properties.

Why did the continuity break? In the e-§ proof of continuity, we typically estimate |f(z) — f(y)|. A natural
approach using the sequence (f,) involves the triangle inequality:

[f(@) = f)l < |f(@) = fu(@) |+ [fn(2) = fuly)] +|fuly) — [(y)] (12.1)

small for large n small for small |z—y| small for large n

To make the first and third terms small simultaneously, we need an n that works for both z and y. If y
is close to a "bad" point (like 1 in the example above), the rate of convergence might be arbitrarily slow,
forcing n to infinity as y — 1. We need a mode of convergence where the rate is independent of the spatial
variable x.

Definition 12.1.4. Uniform Convergence. A sequence of functions (f,) converges uniformly to f on S
if for every € > 0, there exists an integer N € N such that for all n > N and for all z € S:

[fu(z) = f(2)] <e

e Pointwise: Ve > 0,Vx € S,3N ...
e Uniform: Ve > 0,AN,Vx € S...
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In uniform convergence, N depends only on €, not on x. Geometrically, this means that for n > N, the
graph of f,, lies entirely within a "tube" of radius € around the graph of f (Figure 12.1).

Y

Figure 12.1: Visualisation of Uniform Convergence.

We can now resolve the continuity question. The condition of uniform convergence provides exactly the
control needed to execute the €¢/3 argument suggested in Equation 12.1.

Theorem 12.1.1. Uniform Limit Theorem. Let (f,) be a sequence of continuous functions defined on
a set S C R. If (f,) converges uniformly to f on S, then f is continuous on S.

Proof. Let ¢ € S and € > 0. By definition 12.1.4, there exists N such that |fn(y) — f(y)| <e¢/3 forally € S.
By the continuity of fy, there exists ¢ > 0 such that |z —c| < = |fn(z) — fn(c)| < ¢/3. For |x —¢| < 0:

£() = £(@)] < 1(@) = f(@)| + (@) = (@) +|fwle) = fO)l < s+ 5+ 5 =
|

Remark. This theorem allows us to prove that a function is not the uniform limit of a sequence. Returning
to fn(x) = 2™ on [0, 1], since the limit function is discontinuous, the convergence cannot be uniform. Indeed,
the "error bump" ™ near x = 1 does not flatten out; it merely gets squashed against the boundary.

12.2 Cauchy Criterion for Uniform Convergence

In practice, we often do not know the limit function f in advance. For sequences of real numbers, the Cauchy
criterion allows us to prove convergence without knowing the limit. An analogous criterion exists for uniform
convergence.

Theorem 12.2.1. Cauchy Criterion for Uniform Convergence. A sequence of functions (f,) defined
on S converges uniformly on S if and only if for every € > 0, there exists IV € N such that for all m,n > N
and all x € S:

|fn(x) - fm(x)‘ <€
Proof. We prove this both ways:

(= ): If f, — f uniformly, then for n,m large enough, both f, and f,, are within €/2 of f. By the
triangle inequality, they are within € of each other.

(<=): For each fixed z, the sequence (f,(z)) is a Cauchy sequence of real numbers. By the completeness
of R, it converges to some value; call it f(x). This defines the pointwise limit f. To show uniformity,
fix € > 0 and choose N such that for all m,n > N and all z € S, |f,(z) — fim(2)] < /2. Fixingn > N
and z, and letting m — oo in the inequality, we obtain:

|fn(z) — f(z)] <€/2<e

Since N was independent of z, the convergence is uniform.
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For series of functions Y g,(x), the Cauchy criterion yields a particularly user-friendly test for uniform
convergence, known as the Weierstrass M-Test. This is the primary tool used to establish the regularity of
power series.

Theorem 12.2.2. Weierstrass M-Test. Let (g,,) be a sequence of functions on S. Suppose there exists a
sequence of non-negative real numbers (M,,) such that:

1. |gn(x)] < M, for all z € S and all n € N.
2. The series of constants Y-, M, converges.

Then the series > - gn(x) converges uniformly on S.

Proof. Let Si(z) = Z::o gn(x) be the partial sums. For m > k:

|Sm(x) = Sp(@)[ = | Y gnl@)| < D lgal@)| < D My
n=k+1 n=k+1 n=k+1

Since Y M,, converges, the tails of the series can be made arbitrarily small (Cauchy criterion for real series).
Thus, for large enough k, the difference |S,,(x) — Sk(x)]| is uniformly small for all . By the Cauchy Criterion
for Uniform Convergence, the series converges uniformly. ]

Example 12.2.1. Uniform Convergence of Power Series. Consider a power series Y a,a™ with radius of
convergence R. Let 0 < p < R. For any = € [—p, p|, we have |a,z"| < |a,|p™. Since p < R, the series
> lan|p™ converges (absolute convergence inside the radius). Taking M,, = |a,|p™, the Weierstrass M-Test
implies that the power series converges uniformly on the closed interval [—p, p]. Consequently, the limit
function f(z) is continuous on [—p, p]. Since p can be any value less than R, f is continuous on the open
interval (—R, R).

12.3 The Exponential Function

We now connect power series with the exponential function defined earlier. Let E(z) = e, where e is Euler’s
number and a” is defined in the earlier definition of the exponential function. By the theorem Convergence
of the Exponential Series, we have

for all z € R.

Proposition 12.3.1. Differential Characterisation of the Exponential. The exponential function satisfies
E(0) =1 and E'(x) = E(z) for all z € R. If g is differentiable on R with g(0) =1 and ¢’ = g, then g = E.

Proof. The derivative formula E’ = E is established in the chapter on differentiation. For uniqueness, let g
satisfy the hypotheses. Define h(z) = g(x)g(—z). Then

W (x) = g'(x)g(—z) — g(x)g'(—x) = g(x)g(—x) — g(x)g(—x) =0,

Thus Q is constant and Q(0) =1, s0 g = E. [ ]

Proposition 12.3.2. Algebraic and Order Properties. The identities in the theorem Properties of Exponen-
tials yield E(z +y) = E(2)E(y) and E(—x) = 1/E(z). In particular E(x) > 0 for all z. Since E' = E > 0,
E is strictly increasing, and since E”' = E > 0, E is strictly convex.
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We write E(z) as e®. The graph is shown in Figure 12.2.

The Exponential Function: f/ = f, f(0) = 1.

Figure 12.2: Graph of the exponential function, illustrating convexity and growth.

The Natural Logarithm

Since FE is strictly increasing and maps R onto (0, 00), it admits an inverse, denoted In, as defined earlier.
By Inverse Function Theorem, In is differentiable on (0, 00).

Proposition 12.3.3. Differentiation of the Logarithm. The function In is differentiable on (0,00) and its
derivative is given by:

L he ==
dzx na T

Proof. Let f(z) = E(x) and g(y) = Iny. By Inverse Function Theorem:

) 1 1 1
7O = Pt By v
|
Corollary 12.3.1. Algebraic Property. For any a,z € (0,00):
In(az) =lna+Inzx
Proof. This is the product rule in the theorem Properties of Logarithms, specialised to base e. |

By the logarithm power law, In(z™) = nlnx for n € N. Since In is the inverse of a strictly increasing function,
it is strictly increasing. The limits follow from monotonicity and In(1) = 0:

lim Inx = oo, lim Inx = —o0.

T—r00 z—0t

We may also analyse the convexity of the logarithm. Computing the second derivative:

Since _?12 < 0 for all z, the logarithm is strictly concave.
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With the logarithm at hand, we use the representation already established for real powers (theorem 8.2.3):
a® = erme (a >0,z €R).

This agrees with integer powers.

The logarithm grows notoriously slowly. We quantify this by comparing it to polynomial growth.
Theorem 12.3.1. Growth of the Logarithm. For any integer k£ > 1:

k
lim 7(111 z)
L—00 T

=0

Proof. Let x = e*. As x — 00, z — 0o. The limit becomes:

We know from the power series expansion of e that for z > 0, e* > % Thus:

P 2 (k+1)!

0< = < —m -
(k+1)!
As z — 00, the upper bound vanishes. By the Squeeze Theorem, the limit is 0. |

The limit %ir% (1 + h)Y/" = ¢ is established in the chapter on fundamental transcendental limits.
—

12.4 Trigonometric Functions

We turn now to the circular functions, sine and cosine. Rather than relying on geometric intuition involving
triangles (which requires a prior rigorous definition of arc length and angle), we define them analytically via
their Maclaurin series.

Definition 12.4.1. Sine and Cosine. We define the functions sin : R — R and cos : R — R by the power
series:

- (_1) 2n+1 .1‘3 xs
Slnx_z(2n+1)! B
n=0
(o)
(_1)n 2n __ .732 334
cosx—z;) (Zn)!x 1 §+I

The convergence of these series for all 2 € R follows easily from the Ratio Test (the limit is 0, similar to the
exponential function). Alternatively, one observes that the coefficients are bounded by those of el*!.

Immediate properties follow from the series structure:
1. sin(—z) = —sinx (odd function).
2. cos(—z) = cosx (even function).

3. sin(0) = 0 and cos(0) = 1.

Differentiating term-by-term (valid within the infinite radius of convergence):

d = (=D)™(2n + 1)z )P a2n
%SHI.T_ Z (2n+1)' Z = COST
n=0 n=0
d St ( 1) 2TL 2n—1 n 2n 1 et k 2k+1 ]
fpoma =3 LT Z L ; e = s

where we re-indexed k£ = n — 1 in the second calculatlon.
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Proposition 12.4.1. Pythagorean Identity. For all € R, sin? z + cos® x = 1.

Proof. Let g(z) = sin® z + cos® z. Differentiating:
g'(z) = 2sinz(sinz)’ + 2cosz(cosz)’ = 2sinx cosx — 2coswsinz = 0

Thus ¢ is constant. g(0) = sin?0 + cos?0 = 0+ 1 = 1. Hence sin? z + cos? z = 1 for all z. |

To establish the addition formulae and periodicity (and thus link these functions to geometry), we rely on a
uniqueness theorem for the defining differential equations.

Theorem 12.4.1. Uniqueness of Trigonometric Functions. Suppose f,g : R — R are differentiable
functions satisfying:

fl@) =g(x), ¢'(x)=—f(z), [f(0)=0, g(0)=1
Then f(z) =sinz and g(x) = cosx.

Proof. Let S(z) = sinz and C(x) = cosz. These functions satisfy the conditions. We must show they are
the only ones. Consider a general pair f1,g; satisfying the differential relations (but not necessarily the
initial conditions yet). Let f, g be the standard sine and cosine. Define two auxiliary functions:

Az) = f(2)g1(2) — fi(z)g(x)
B(z) = f(z)fi(z) + g(x)g1(z)
Differentiating A(z):
Al(x)=f'o1+ for — fig — f1g’
=991 + f(=f1) — 919 — f1(=f)
=9 —fh—9gn+ff=0

Thus A(z) is constant. Similarly, differentiating B(x):
B'(x)=f'fi+ ffi+3d9+99
=g9h+fo+(=Ng+9(=f1)=0

Thus B(x) is constant.

Now, suppose f1, g1 satisfy the initial conditions f1(0) = 0,¢1(0) = 1. We evaluate the constants:
A(0) =sin(0) -1 —0-cos(0) =0

B(0) =sin(0) -0+ cos(0) -1 =1
We obtain the linear system:
(sinx)g1(z) — fi(z)(cosxz) =0
(sinz) fi(z) + (cosz)gi(x) =1
Multiply the first by cosz and the second by sinz and subtract/add to solve for fi. It is faster to observe
that B(x) = 1 implies f; and ¢; lie on the unit circle relative to the rotating frame of f,g. Specifically,
multiply the second eq by f = sinz: f2fi1 + fgg1 = f. Multiply the first eq by ¢ = cosz: fgg1 — fig? =

0 = fgg1 = fig*. Substitute into the modified second eq: f2f; + f19°> = f = f1(f*> +¢°?) = f. Since
f24+ g% =1, we get fi = f =sinz. Similarly g; = g = cosz. |

This proof technique yields the addition formulae effortlessly by choosing specific functions for f; and g.
Theorem 12.4.2. Addition Formulae. For all z,y € R:

1. sin(x + y) = sinx cosy + cosx siny
2. cos(z +y) = coszcosy — sinzsiny
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Proof. Fixc € R. Let f1(x) = sin(z+c) and g1(x) = cos(z+c). By the Chain Rule, f{(z) = cos(z+c) = g1(x)
and ¢1(z) = —sin(z 4+ ¢) = —f1(z). Thus fi, g1 satisfy the differential relations used in the previous proof.
The constants A and B are:

A = A(0) = sin(0) cos(c) — sin(c) cos(0) = —sinc

B = B(0) = sin(0) sin(c) + cos(0) cos(c) = cosc

Returning to the system derived in the proof of uniqueness:
(sinx)gy(z) — f1(z)(cosx) = —sinc

(sinz) f1(z) + (cosx)g1(z) = cosc
Solving this system for fi(x) (multiply second by sinz, first by — cosx and add... or essentially invert the
rotation matrix):

fi(z) = Bsinz — Acosz = coscsinz — (—sinc) cosz = sinx cos ¢ + cosz sin ¢

g1(x) = Asinz + Bcosx = —sincsinx + cos ccosx = cos x cos ¢ — sinz sin ¢

Replacing ¢ with y gives the result. |

To define 7 as the period of these functions, we must locate the zeros of cos x using theorem 6.4.2.

The Number 7 and the Geometry of Trigonometric Functions

We have defined the sine and cosine functions via power series and established their algebraic properties,
most notably sin?z + cos?z = 1 and the addition formulae. However, their geometric significance and
periodicity remain to be proved. To do this, we must locate the zeros of the cosine function. This leads to
the rigorous definition of the constant .

From the identity sin®z + cos?z = 1, we immediately have the bounds |sinz| < 1 and |cosz| < 1 for all

x € R. We observe that sin(0) = 0 and sin’(0) = cos(0) = 1. Since the derivative is continuous and positive
at 0, the sine function is strictly increasing in some neighbourhood of 0. Thus, for small £ > 0, we have
sinz > 0.

Theorem 12.4.3. Existence of a Root. There exists a real number 2y > 0 such that cosxg = 0.

Proof. We proceed by contradiction. Assume that cosz # 0 for all x € R. Since cos0 = 1 and cosine is
continuous, theorem 6.4.2 implies that cosx > 0 for all z € R. (If it assumed a negative value, it would have
to cross zero). Consequently, sin’(x) = cosz > 0 for all z. This implies that sinx is a strictly increasing
function on R. Since sin0 = 0, we have sinz > 0 for all x > 0.

We now employ the double angle formula derived in the previous section:

cos(2x) = cos? z —sin®z = 1 — 2sin’
Since sinz is strictly increasing and bounded above by 1, cosz cannot be bounded below by a positive
constant. If cosz > % for all z, then by theorem 9.9.2 on [0, z],

sinz — sin 0 = sin’(§)x > g

for some & € (0,x), contradicting boundedness. Thus, there exists b > 0 such that cosb < % It follows that
sinb=1—cos?b>1— % = % Now consider the value of cosine at 20b:
3 1

1
2b) = cos?b —sin’b < — — = = ——
cos(2b) = cos sin <4 1 B

This contradicts the assumption that cosx > 0 for all . Therefore, the assumption is false, and there must
exist some xg where cosxg = 0. |
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We have established that the set Z = {& > 0 : cosz = 0} is non-empty. Since cosine is continuous and
cos0 = 1, there is a neighbourhood of 0 where cosine is non-zero. Thus inf Z > 0.

Definition 12.4.2. The Number Pi. We define the real number 7 by:
™ .
5 =inf{z > 0:cosz =0}

Equivalently, 7 is twice the smallest positive root of the cosine function.

By the continuity of cosine, it follows that cos(3) = 0. Furthermore, by the definition of the infimum,
cosz > 0 for all z € [0,%). Since sin’z = cosz > 0 on this interval, the sine function is strictly increasing
on [0, Z]. Using the Pythagorean identity at the endpoint:

' 2
sin? (g) + cos? (g) =1 = sin® (g) =1

Since sin x starts at 0 and increases, we must have sin(%) = 1.

Having anchored the values at 7, the addition formulae allow us to propagate these values to other multiples
of , establishing the periodicity of the functions.

Proposition 12.4.2. Shift Identities. For all x € R:

1. cos(x + §) = —sinz
2. sin(x + §) = cosx
3. cos(x + ) = —cosx
4. sin(z +7) = —sinx
5. cos(z + 27) = cosx
6. sin(z +27) =sinz

Proof. We prove (1) and (2); the others follow by iteration. Using the addition formula and the values
cos(%) = 0,sin(F) = 1:

cos (x + g) = cosxcosg - sinxsing = (cosz)(0) — (sinz)(1) = —sinzx

sin (x + E) = Sinxcosg + cos:csing = (sinz)(0) + (cosz)(1) = cosx

For (3), we apply (1) twice: cos(xz +7) = cos((z + 5) + 5) = —sin(x + §) = —(cosx). Similarly for (4). For
(5), cos(z 4 2m) = cos((z + 7) + 7) = —cos(x + w) = —(— cosx) = cosx. The proof for (6) is identical. W

This result confirms that both sine and cosine are periodic with period 2w. Moreover, 27 is the fundamental
period. If there were a smaller period 0 < p < 2w, it would contradict the sign properties of sine and cosine
in the interval [0, 2] derived below.

We can now rigorously analyse the shape of these functions using the derivatives (monotonicity) and second
derivatives (convexity).

1. Interval [0, T]:
e cosz >0 = sinz is strictly increasing (from 0 to 1).
e sinz >0 = cosz is strictly decreasing (from 1 to 0).

e Convexity: sin”(z) = —sinz < 0, so sin is concave. cos”(z) = —cosx < 0, so cos is concave.

2. Interval [7,7]: Using sinz = cos(xz — §) and cosx = —sin(z — J):

e sinx decreases from 1 to 0 and remains concave.
e cosx decreases from 0 to -1 and is convex since cos”(z) = — cosx > 0.
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Extending this analysis to [0, 27| yields the familiar wave patterns in Figure 12.3.

-1+ ~-

Figure 12.3: Graphs of the trigonometric functions on [0,27]. The sign of the second derivative f”(x) =
—f(x) determines the convexity.

The next inequality will be used later to dominate terms in the Basel Problem proof.
Proposition 12.4.3. Jordan’s Inequality. For x € [0, 7/2]:

2 .
—x <sinx <z
s

Proof. On [0,7/2], we have sin”(z) = —sinz < 0, so sin is concave. A concave function lies below its
tangents and above its chords. The tangent at 0 is y = z, giving sinz < z. The chord from (0, 0) to (7/2,1)
is the line y = %x, giving sinx > %x |

12.5 The Basel Problem

We compute the sum of >~ 1/n?, whose convergence was established earlier but whose value was left open.
This is the Basel problem, named after the hometown of Leonhard Euler. We give a modern proof using
the trigonometric identities above and Tannery’s Theorem, which controls the interchange of limits and
infinite sums.

Remark. (Tannery’s Theorem). Let S, = > p-ar(n). If lim ay(n) = aj for each k, and there exists a
n—oo
sequence My, such that |ag(n)| < My, for all n, k with > M), < oo, then:

oo o0
lim E ag(n) = g ag
n— oo

k=0 k=0

Euler’s original factorisation argument was later justified by the Weierstrass Factorisation Theorem. We do
not retrace that approach here.

Theorem 12.5.1. The Solution to the Basel Problem.

oo

Proof. The proof proceeds in three stages: establishing a trigonometric recurrence, iterating this to form a
finite sum, and taking the limit using Tannery’s Theorem.

Step 1: A Trigonometric Identity. We begin with the fundamental identity sin® z + cos? z = 1 and the
half-angle formula sinx = 2sin(x/2) cos(z/2). Squaring the reciprocal of the half-angle formula yields:
1 1
sinz 4sin®(z/2) cos?(z/2)
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Using the identity cos? @ = sin?(0+7/2), we can rewrite the numerator 1 = sin®(z/2) +cos?(x/2) to separate
the fraction:

1 sin?(z/2) 4 cos?(z/2) 1 { 1 1 }
sinfz 4sin?(2/2)cos?(z/2) 4

B cos?(z/2) * sin?(z/2)

Substituting cos?(x/2) = sin(z/2 4 7/2), we obtain the recurrence:

1 _1 ! + 1 (12.2)
2y sin? % sin? HTW '

sin“x 4

Step 2: Iteration and Finite Sums. We evaluate this identity at * = 7/2. Since sin(7/2) = 1, the
left-hand side is 1.
1

- 11
4 sinzg sin23f

Observe that sin(37/4) = sin(m — 7/4) = sin(w/4). Thus, the terms in the bracket are identical. We apply
the identity (12.2) again to each term. For instance, m splits into terms involving /8 and 37/8. Let
us generalise. After n iterations, we obtain a sum of the form:

2" —1

1 1

1=— _—
4 k=0 sin’ ((22kntllh)

Due to the symmetry sin(f) = sin(r — ), the terms in the second half of the sum (from k = 2"~! to 2" — 1)
are mirrored repetitions of the terms in the first half. Specifically, the angle for index k and the angle for
index 2" — 1 — k sum to 7. Thus, we can deduce the sum to k ranging only up to 2”~! — 1 and multiply by
2:

on—1_q

1

1= = -
A" S sin? ((2;6,?@11”)

(12.3)

Step 3: The Limit Process. We wish to take the limit as n — oo. Let N = 2"*!. The equation (12.3)

becomes:

gn—1_1
1

gn pars Si1’12 ((2]@]—}\-{1)77)

We rearrange the pre-factors to isolate the argument of the sine function. Note that 4" = N2 /4.

1=

on—1_q 2n—l 1 (2k+1)7
1 1 N

1= —— - - - °
N2 I;O sin2 ((%;\r]l)w) 2 kZ:O (2k+1)2 | 4y ((%El)w)

Let aj(n) denote the k-th term of the sum (where a(n) = 0 if & > 2"71). We seek to apply Tannery’s
Theorem (a discrete analogue of the Dominated Convergence Theorem) to interchange the limit n — oo

and the summation. The term in the square brackets is of the form 6/ sin § where 0, = (2;:11”. Asn — oo,
for any fixed k, 0 — 0. We know that t%ir% ﬁ = 1. Thus, the pointwise limit of the summand is:
—
1 1
li =— . 12=_——
i ak(n) = Gy (2k + 1)2

To justify the interchange, we require a dominating sequence M}, such that |ax(n)] < M} and Y M} < oc.

Recall Jordan’s Inequality: sinz > 2x for € [0,7/2]. Here, the arguments lie in (0,7/2), so % < I.

Consequently, the term in the brackets is bounded by 72 /4.

S (2k+1)2 4

1 0 1
(2k +1)% |sind
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The series ) " +1)2 converges (by comparison to Y. 1/k?). Thus, the conditions of Tannery’s Theorem are
satisfied. Takmg the limit » — oo in (12.3):

1_25’:#
o2 £ (2k+1)?

Rearranging gives the sum of the reciprocals of the odd squares:

i 1 _7r2
s =—
= (2k+1) 8

Step 4: Algebraic Conclusion. Let S =3 | # We separate S into even and odd terms:

5= kZ:o 2k+1

Substituting the odd sum we just found:

ml

72 1 =1 1
= — 4+ - — + =5
8 4 z:: m2 4
Solving for S:
3 2 72
4 8 6

Euler later generalised this method to define the Riemann zeta function ((s) = >_n~%, where ((2) = 72/6.
Its study is central to analytic number theory and the distribution of prime numbers.

12.6 Exercises

1. Radius of Convergence Calculations. Determine the radius of convergence R for the following
power series Y anz™. In each case, investigate the convergence at the boundary points = +R.

& "
(a) Z n23n
n=1
n!)?

2n)!

:L,TL

(b)

\M8

n=1

0> (1+2) e

n=1

Remark. Recall the limit of (1 4+ 1/n)".

2. Algebra of Radii. Let > a,z™ and > b,2™ have radii of convergence R, and R} respectively.

(a) Prove that the radius of convergence of > (a, + b,)a™ is at least min(R,, Rp). Give an example
where it is strictly larger.
(b) Prove that the radius of convergence of the Hadamard product > (anb,)z™ is at least R, Ry.

3. Term-wise Operations. Let f(z) =", anx" have a radius of convergence R > 0.

(a) Prove that the derived series > - na,z" ! also has radius of convergence R.
(b) Deduce that f is mﬁnltely differentiable on (—R R).

(c) Show that a, = +—; (0) , confirming that every power series is the Taylor series of its limit function.
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4. The Moving Bump. Consider the sequence of functions f,, : [0,1] — R defined by

fu(x)

(a) Find the pointwise limit f(z) = lim f,(x) for = € [0, 1].
n—oo

nx
1+ n2x2’

(b) Determine the maximum value of f,,(z) on [0, 1] using calculus.
(¢) Does (f,) converge uniformly to f? Justify your answer.

5. Dini’s Theorem. This theorem provides a converse to the statement "uniform limit of continuous
functions is continuous" under specific conditions. Let K be a closed, bounded interval (compact).
Let (f,) be a sequence of continuous functions f,, : K — R that converges pointwise to a continuous
function f. Suppose further that the sequence is monotonic: for every x € K, fr4+1(z) < f,(z) for all
n. Prove that (f,) converges uniformly to f.

Remark. Consider the functions g, = f,, — f. These are continuous, non-negative, and decrease to 0.
Use the compactness of K to derive a contradiction if the convergence is not uniform.

6. Preservation of Boundedness. Let (f,) be a sequence of bounded functions on a set S. Suppose
fn — f uniformly on S.
(a) Prove that the limit function f is bounded on S.
(b) Prove that the sequence is uniformly bounded; that is, there exists a constant M > 0 such that
|fn(2)] < M for all n € Nand all z € S.
(c) Give a counterexample to (a) if the convergence is only pointwise.

7. Sequence Definition of the Exponential. We defined e® via a series. A common alternative
definition is F(x) = lim (1 + z/n)™.
n—oo

(a) Using the derivative of Int at ¢t = 1, show that }llin%) W =1.
—

(b) Let y, = (1+ 2/n)". Show that Iny, = z . 20te/n)

z/n
(¢) Conclude that li_>m Yn = €°.

8. Functional Characterisation. Let f : R — R be a differentiable function such that f(z +y) =
f(@)f(y) for all x,y and f is not identically zero.

(a) Prove that f(0) =1 and f(x) > 0 for all .
(b) By considering the derivative quotient, show that f/(x) = f'(0)f(x).
(c) Deduce that f(x) = e®® where ¢ = f(0).

9. Logarithmic Limits. Evaluate the following limits using the series expansions of the exponential and

logarithm:
In(1 — 2/2
(a) lim 2T D) @ H T
x—0 x€X
(b) lim n (:vl/" - 1) for z > 0.
n— oo

10. Jordan’s Inequality. In the solution to the Basel problem, we used the inequality sinx > %x for
x € 1[0,7/2].
(a) Consider the function g(z) = $2Z. Show that ¢'(z) < 0 on (0,7/2].
Remark. Use the auxiliary function h(x) = x cosz — sinz.

(b) Deduce that g(z) is decreasing and evaluate g(m/2) to prove the inequality.
(¢) Interpret this geometrically in terms of the chord and the arc of the unit circle.

11. The Tangent Function. Define tanz = 2% for g € (—m/2,7/2).

(a) Prove that tanz is a bijection from (—7n/2,7/2) to R.
(b) Show that its inverse, arctan z, has the power series expansion:

oo

_1)n
arctanz = E %IZ”H for |x| < 1.
n

n=0
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12.

13.

14.

15.

16.

17.

18.

19.

20.

Remark. Expand the derivative 1/(1 + 22) as a geometric series and integrate term-by-term.

(c) By taking the limit as @ — 1~ (justified by Abel’s Theorem, which you may assume), derive the
Leibniz series for /4.

Minimality of the Period. We established that sin(z+27) = sinz. Prove that no number p € (0, 27)
satisfies sin(x + p) = sinz for all x.

Remark. If such a p exists, consider x = 0 to show sinp = 0, and thus p must be a multiple of .
Then check the sign of cosine.

Calculus of the Zeta Function. Using the result Y | % = %2:

2

(a) Prove that > 2 z

2n)2 = 21
1)+l 5
(b) Prove that anl % =Z.

Remark. Split the alternating sum into total minus twice the evens.

Wallis’ Product. Follow these steps to derive the infinite product for 7. Let I,, = foﬂ/ % sin" v da.

a) Integrate by parts to prove the recurrence I,, = "T_lln,g.

b) Establish that Lo, = G2 2 and Topg1 = oy

Explain why Io,11 < Iop, < Iop—1.
Compute the ratio 12n+1/12n 1 and show it tends to 1 as n — oo.

2.2 .4 4 | 2n 2n_ _ m
Deduce that nh—>néc T3 3 5 ST Iafl — -

)
(c)
d)
(e)

(
(
(

Evaluation of ((4). We can extend the Basel method to higher powers.

(a) Start with the identity (12.2): csc? @ = }[esc?(x/2) + csc?((z + 7)/2)].
(b) Square both sides. You will obtain cross terms. Use the symmetry of the sum in (12.3) to handle

these.
(c) Apply the limit process again using Tannery’s theorem to show that > >~ 0 m = LZ.
(d) Deduce that Y7 | 2 = g—é.

Uniform Convergence Checks. For each sequence (f,), determine the pointwise limit f on the
given interval and determine if the convergence is uniform.

(@) fa(z) =2™(1—2") on [0,1].
(b) falz) = M%mz on [—1,1].
(©) fa@) = /52 + L on R,

Integration and Limits. Evaluate lim fo Tonzgr dz. Compare this with fo (Iim fn(x)> dx. Does
n— n—oo
the Integral Limit Theorem apply? Why or why not?

Power Series Operations. Given that 7= = > 2" for |z] < 1:

(a) Find the power series for (1_%)2 by differentiation.
(b) Find the power series for In(1 + z) by integration.

(c) Use the result of (a) to sum the series Y7 | o%.

Failure of the Converse M-Test. The Weierstrass M-Test is sufficient but not necessary. Consider
the series 07, fn(z) on [0, 1] where

1

1 .
o= (¥ trerss

0 otherwise

(a) Prove that > f,,(x) converges uniformly to a limit function f(x) on [0,1].
(b) Let M, = supyg qj|fn(z)|. Show that > M, diverges.

Smooth but Non-Analytic. In the differentiation chapter, we met the function f(z) = e~/ a? (with
f(0) =0).
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(a) Show that f has a Taylor series expansion about z = 0, and that this series has an infinite radius
of convergence.

(b) Show that this series converges uniformly on R.

(¢) Show, however, that the sum of the series is identically zero, and thus does not equal f(x) anywhere
except at the origin.

(d) Conceptual: Why does this not contradict the theorems regarding power series convergence?
(Hint: Read the definition of "represented by a power series" carefully).



Chapter 13

Techniques of Integration

By Axiomatic Characterisation of the Integral, evaluating the definite integral ff f reduces to finding a
function F' such that F’ = f. We systematise this search and give methods for constructing primitives.

13.1 Primitives and the Indefinite Integral

Definition 13.1.1. Primitive. Let I C R be an interval and let f : I — R. A function F': I — R is called
a primitive (or antiderivative) of f on I if F' is differentiable and F’(x) = f(z) for all z € I.

Example 13.1.1. Elementary Primitives. The function F(z) = 22 is a primitive of f(z) = 2z on R.

Similarly, F(z) = sinz is a primitive of f(z) = cosz.

The primitive is not unique. If F is a primitive of f, then G(z) = F(x) + C is also a primitive for any
constant C' € R, since the derivative of a constant is zero. By theorem 9.9.2, these are the only ambiguities.

Proposition 13.1.1. Uniqueness up to Constant. If I} and Fs are primitives of f on an interval I, then
there exists a constant C' € R such that Fy(x) = Fy(z) 4+ C for all z € I.

Proof. Define H = Fy — Fy. Then H = F{ — F), = f — f = 0 on I. By theorem 9.9.2, H is constant, so
H(z)=C. ]

This justifies the following notation for the family of all primitives.

Definition 13.1.2. Indefinite Integral. Let f : I — R. The indefinite integral of f, denoted [ f(z)dx,
represents the set of all primitives of f on I. If F' is any specific primitive, we write:

/f(x)dx:F(x)—i—C

where C' is an arbitrary integration constant.

Since integration is the inverse of differentiation, we may immediately populate our catalogue of integrals by
reversing the standard derivative table.

164
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Function f(z)

Primitive [ f(z)dz

l,n-&-l
n Z -1
2" (n€Z,n#—1) n+1+
xa+1
z* (e eR,a#—1,2>0) +C
1 a+1
- (x#0) In|z|+C
T
e e+ C
sin x —cosz +C
Cos T sinx + C
1
sec’x = 5 tanx + C
1 cos2 x
_— z| <1 arcsinx + C
i (<D
— arctanz + C
1+1302
(x? £1>0) In|z+ Va2 +1|+C

va?+1

Table 13.1: Table of Standard Primitives.

The linearity of the derivative implies the linearity of the integral.

Proposition 13.1.2. Linearity. Let f,g: I — R be functions admitting primitives, and let a, 5 € R. Then:

Jat@+sg)ds=a [ f@)ds+ 5 [ o) ds

Proof. Let F and G be primitives of f and g respectively. By linearity of differentiation, (aF + 8G)’
aF' + BG' = af + Bg. Thus aF + BG is the required primitive.

Example 13.1.2. Polynomials. Using linearity and the power rule:

5 7
/(3+5x+7m2)dm:3x+§m2+§x3+6’

Integration by Parts

The Product Rule for differentiation states that (fg)’ = f'g + f¢’. Integrating this relation allows us to
exchange the differentiation from one function to another.

Proposition 13.1.3. Integration by Parts. Let f,g : I — R be differentiable functions with continuous
derivatives. Then:

/ (@) (@) de = f(x)g(z) - / o() f'(z) da (13.1)

Or, in the differential notation where du = f'(z)dz and dv = ¢'(x)dx:

/udv:uv—/vdu

Proof. Integrating the product rule identity f(z)g'(x) = (f(z)g(x)) — f'(x)g(x) immediately yields the result
by linearity. |

This technique is particularly effective when the integrand is a product of functions of different types (e.g.,
polynomials against exponentials or logarithms), or when dealing with inverse functions.
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Example 13.1.3. The Logarithm. We view Inz as a product 1-Inz. Set w = Inz and dv = 1dz. Then
du = %dw and v = z.

1
/lnxdx:xlnx—/x-fdx:xlnx—/ld;v:xlnx—x—l—C

x
Example 13.1.4. Cyclic Integration. Consider the integrals I = [e® coszdz and J = [e*sinzdx.
Applying parts to I with u = e**, dv = cos zdx yields:
I =e"sinx — a/e‘” sinzdr =e*“sinx —aJ
Applying parts to J similarly yields:
J=—e"Ycosx+al
We now have a linear system for I and J. Solving it gives:

e’ (sinx + acosx)

I:
a2 +1

+C

Example 13.1.5. Reduction Formulae. Integration by parts often yields recurrence relations. Let I, =
fm"e”f dx for integers n > 0. Set u = 2" and dv = e®dz. Then du = nz" 'dr and v = €*.

. n,.x n—1_x . .n_.x
In—xe—n/x edr =x"e® —nl,_1

Starting from Iy = e*, we can generate the primitive for any n.

Integration by Substitution

Just as Integration by Parts is the reverse of the Product Rule, Substitution is the reverse of the Chain Rule.

Proposition 13.1.4. Change of Variables. Let ¢ : I — J be a differentiable function with continuous
derivative, and let f : J — R be continuous. Then:

/}ww»¢WMx:Fww»+c

where F = [ f(u)du. In differential notation, substituting u = ¢(z) yields du = ¢'(z)dx, and:

[ fwdu=F)

Proof. Differentiating the right-hand side with respect to x using the Chain Rule gives F'(¢(z))¢’(x)
f(é(x))¢'(z), which matches the integrand.

Example 13.1.6. Standard Substitutions.
2

1 1
/e’”zxdxz §/e“du: 56‘”24-0

sinx
2. /tanxdm = / dx. Let u = cosx, so du = —sinzdz.
cos T

1. /ezzxdx. Let u = 2, so du = 2z dx or xdx = du.

sin 1

/ dx:—/fdu:—ln\u|+C:1n|seca:|+C

CoS T u

3. Trigonometric Powers: To compute [(sinz)?*™!(cosz)™dz, split off one sine term to form the
differential of cosine. Let u = cosz, du = —sinaxdx. We convert the remaining even power of sine

using sin®z =1 —cos?z = 1 — u?.
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Rational Functions and Partial Fractions

A rational function is a ratio of polynomials R(z) = P(z)/Q(x). Since polynomials are easy to integrate,
the difficulty lies in the denominator. The method of Partial Fraction Decomposition allows us to express
any rational function as a sum of simpler terms ("simple fractions") whose primitives are known.

Theorem 13.1.1. Partial Fraction Decomposition Any rational function P(z)/Q(x) where deg(P) < deg(Q)
can be written as a sum of terms of the following forms:

A
1. @ where r is a real root of Q(z).
Bx+C

2. (( EEESL corresponding to complex conjugate roots of Q(x).
e

The integration of these terms proceeds as follows:

e Terms of type ﬁ integrate to In |x — r|.

e Terms of type ﬁ for k' > 1 integrate to W
e Quadratic terms are handled by completing the square and substituting © = x — «, reducing them to

forms involving arctan or recurrence relations (see below).

Example 13.1.7. Example of Decomposition. Consider I = [ %. We posit the decomposition:

1 A Bx +C

C-D@2+1) -1 241

Clearing denominators: 1 = A(z? + 1) + (Bz + C)(xz — 1). Setting = 1 gives 1 = 24 = A = 1/2.
Expanding coefficients for 2% gives 0 = A+ B = B = —1/2. The constant term gives 1 = A — C =

C = —1/2. Thus:
1 [ de 1 x 1 1
e R (N M
2/93*1 2/9:2+13j 2/x2+1x

1 1 1
1= §1n|x—l|—Eln(xz—&—l)—iarctana:—&—C

Example 13.1.8. Recurrence for Quadratic Denominators. Let A,, = [ (Izdﬁ Using integration by parts
with u = (22 +1)~" and dv = du:

2
x x
Ap=—2 o[ T g
i e
Writing 22 = (22 4+ 1) — 1 in the numerator allows us to express the integral in terms of A, and A, :

xr
An = W + 2nAn — 27’LA»,~L+]_

Rearranging yields the reduction formula:

1 T 2n—1

- A,
2n (22 + 1)» T o

An+1 -

Integration by Parts for Definite Integrals

Integration by parts extends naturally to definite integrals. A direct formulation via theorem 11.9.2 is
convenient for reduction formulae.

Proposition 13.1.5. Definite Integration by Parts. Let u,v : [a,b] — R be continuously differentiable
functions. Then:

b
- / v(z)u'(z) do (13.2)
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Proof. The product uv is continuously differentiable with derivative (uv)’ = w'v + wv’. Since «’' and v’ are
continuous, these derivatives are integrable. By theorem 11.9.2:

b
/ (u()o/(2) + o (2)0(x)) dz = u(d)o(5) - u(a)v(a)

Linearity of the integral allows us to rearrange terms to obtain eq. (13.2). |
Example 13.1.9. Polynomial Weights. For integers m,n > 0 set
1
T = / (& = )™ (x +1)" da.
-1

If m =0, then

1 2n+1
Iyn = H"dx = .
0, [1($+ )" da nil

For m > 0, write (z 4+ 1)" = —- -4 (z 4+ 1)"*! and integrate by parts to obtain

~ ntt
m
Im,n = _mlm—l,n-&-L
Iterating gives
! 2m+n+1 1
Imn - (* )m m IO.n+m = (71)m T .
’ (n+D(n+2)--(n+m) n+m+1 (")
Equivalently,
2m+n+1 In!
Ty = (—1)— 0
' (m+n+1)!
In particular,
1 ) 22n+1 1
—1)"de=(—-1)" .
Je e = g

Example 13.1.10. Wallis Integrals and Product. Let I,, = foﬂ/2 sin” z dz. Using parts with « = sin” 'z
and dv = sinz dx (for n > 2):

™

/2
I, =[- sin" ! z cos x]0/2 +(n— 1)/ sin" % x cos® x dx
0

2

The boundary terms vanish. Using cos?xz = 1 — sin” z, we find:
-1
In=(n—1)Ihg—(n—1I, = Iy=—"—"I,,
Starting from Iy = 7/2 and I; = 1, we obtain explicit formulae:
_@2n-D7 (2n)!!

Ly, = D = o
2 2n)ll 2 T 2n 4 N

Since sinx € [0, 1], the sequence I,, is monotonic decreasing. Thus I, 11 < Io, < Io,—1. Dividing by Ia,4q
and noting that lim Is,_1/I2,+1 = 1, we derive the Wallis Product:
n—oo

2.4.....(2 2 o 4n?
2 noeo\1-3-2n-1)) 2n+1  Llapz—

The Wallis product provides the machinery to determine the asymptotic constant in Stirling’s approximation
for n!.
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Theorem 13.1.2. Stirling’s Formula. As n — oo,

n! ~V2mn (E)
e

That is, the ratio of the two sides tends to 1.

Proof. Consider the logarithm of the factorial, Inn! = Y7, Ink. We compare this sum to the integral
I, = fln Inzdr = nlnn —n + 1. Using the Trapezoidal Rule on each interval [k — 1, k] and the concavity
of Inx, the difference between the sum and the integral converges to a constant. Specifically, let d,, =
Inn! — (n + 3)Inn 4+ n. Then d, decreases to a limit C. Exponentiating, we find n! ~ e“\/n(n/e)". To

¢

determine e“, we substitute this approximation into the Wallis product limit derived above. The algebra
yields e¢ = /2. |

13.2 Taylor’s Theorem with Integral Remainder

We previously encountered Taylor’s Theorem with the Lagrange form of the remainder (theorem 10.2.1).
Integration by parts allows us to derive an exact integral expression for the error term, assuming higher
regularity of the function.

Proposition 13.2.1. Integral Remainder. Let f : [a,b] — R be n+ 1 times continuously differentiable. Let
Zo, € [a,b]. Then:

where the remainder is given by:

Ru(z) == [ fO ()@ —t)"dt (13.3)

Proof. We proceed by induction using integration by parts. For n = 0, the statement is theorem 11.9.1:
flx) = f(xo) = f;o f(t)dt. Assume the formula holds for n — 1:

1 x
= _ M) (#) (2 — )" dt
Rusle) = gy [ 170 =)
Integrate by parts with v = f(™(t) and dv = (x — t)"~'dt. Note that v = —%

[ 10—t [fw <t>(x‘n”"} 4l [ 1w o

0

The boundary term at z vanishes; the term at xy provides the next Taylor coefficient. The integral term
becomes n!R, (). |

Example 13.2.1. Logarithmic Series. Let f(x) = In(1 — z) for # < 1. The n-th derivative is f™(t) =
—(n—1)Y1 —¢)~™. For 2o = 0, the integral remainder is:

T o(x =)
Rn(m):—/o (i_t)z—&-ldt

For |z| < 1, one can bound this integral to show R,,(z) — 0, establishing the convergence of the Taylor series
In(1 — z) = — Y 2¥/k. The integral form is particularly useful for analysing convergence at the endpoints
(e.g., x = —1) where Lagrange’s form is less tractable.
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Change of Variables in the Riemann Integral

While substitution is a standard tool for finding primitives, its validity for definite Riemann integrals requires
careful handling of the domain and the regularity of the transformation.

Proposition 13.2.2. Change of Variables (Continuous). Let f : [a,b] — R be continuous and let ¢ :
[, B] = [a, b] be continuously differentiable. Then:

B o(B)
/ F(6(0)6 (1) dt = / f(x) da (13.4)
« ¢(0‘)

Proof. Since f is continuous, it possesses a primitive F' on [a,b] by theorem 11.9.1. Let G(t) = F(¢(t)). By
the Chain Rule, G'(t) = F'(¢(t))¢'(t) = f(¢(t))¢ (). Applying theorem 11.9.2 to both sides establishes the
equality. |

However, we often require this theorem for functions that are merely Riemann integrable, not necessarily
continuous.

Proposition 13.2.3. Change of Variables (Monotone). Let f : [a,b] — R be Riemann integrable. Let
¢ : |a, 8] — [a,b] be a continuously differentiable bijection with ¢'(t) > 0 on (a, ) (i.e., ¢ is strictly
increasing). Then (f o ¢) - ¢’ is Riemann integrable on [a, 5] and eq. (13.4) holds.

Proof. Assume ¢ is strictly increasing (so ¢’ > 0). Let P = {to,...,t,} be a partition of [a, 3]. Then
Q = {o(to),...,d(tn)} forms a partition of [a,b]. By theorem 9.9.2 applied to ¢, Azy = ¢(tr) — d(tk—1) =
@' (e ) Aty for some ¢i € (tgp—1,tr). We can interpret a Riemann sum for the transformed integral using the
tags cg:

S((fo )¢, P{er}) =Y F(dcr))d (cu) At =Y f(&k) Ay

where £ = ¢(ck). This sum resembles a Riemann sum for f f. Careful management of the difference
between arbitrary tags and these specific MVT tags allows one to prove the equality of limits. ]

13.3 Improper Integrals
The Riemann integral is defined for bounded functions on compact intervals. We extend it to infinite domains
or singularities via limits.

Definition 13.3.1. Improper Integral. Let f : [a,w) — R. Suppose f is Riemann integrable on [a, 2] for
every a < x < w. We define the improper integral as:

/w fWdi= tim | @)

T—w™ a

provided the limit exists (finite). In this case, we say the integral converges. If the limit is +oo or does
not exist, the integral diverges. This definition applies whether w = oo (infinite interval) or w < co (finite
endpoint where f may be unbounded).

Example 13.3.1. p-Integrals.

1. Infinite Domain: floc z%,dx.

R [ln z]
/x_pdm: 1,1 R
[ ) e

The limit as R — oo exists if and only if p > 1.
2. Singularity at Origin: fol %pdx. Here the limit as € — 0% exists if and only if p < 1.
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The linearity of the limit implies that improper integrals are linear. However, dealing with convergence
directly via primitives is not always possible. We rely on comparison tests, analogous to those for series.

Theorem 13.3.1. Cauchy Criterion for Integrals. Let f : [a,w) — R. The integral f:f converges if
and only if for every ¢ > 0, there exists ¢ € (a,w) such that for all y > z > ¢

/zyf(t)dt‘ <e

Corollary 13.3.1. Comparison Test. Suppose 0 < f(z) < g(z) for all = € [a,w).

1. If f: g converges, then f: f converges.
2. If [ f diverges, then [ g diverges.

Corollary 13.3.2. Limit Comparison Test. Suppose f,g > 0 and lim chg; =L € (0,00). Then f;) f and
r—w

f: g converge or diverge together.

Definition 13.3.2. Absolute Convergence. An improper integral f: f is absolutely convergent if f;d |/
converges. Absolute convergence implies convergence (by the Cauchy Criterion and the inequality | f fl <

J1fD-

Example 13.3.2. Gaussian Integral. Consider fooo e~ dz. There is no elementary primitive. We compare
with e™®. For > 1, 22 > z, so e’ < e~ %. Since floo e ®dx = 1 converges, floo e dx converges. The
part on [0, 1] is a standard Riemann integral. Thus the Gaussian integral converges.

13.4 Euler’s Gamma Function

The theory of improper integrals allows us to define one of the most important non-elementary functions in
analysis: the Gamma function. It extends the factorial function from natural numbers to real (and complex)
numbers.

Definition 13.4.1. Gamma Function. For xz > 0, we define the Gamma function I'(z) by the improper
integral:

I‘(w):/ t* et dt
0

We must first ensure this definition is valid. The integrand f(t) = t*~!e~! has a potential singularity at
t =01if x < 1, and an infinite domain.

Proposition 13.4.1. Properties of the Gamma Function.

1. The integral defining I'(x) converges for all > 0.
2. Functional Equation: I'(z + 1) = 2T'(z) for all z > 0.
3. Factorial Property: For n € N, I'(n) = (n — 1)L
> T
4. Scaling: For \ > 0, / ¥ lem A ds = %
0

Proof. (1) Convergence: We split the integral at ¢ = 1. On [1,00), t*te~* < Ce~%/? for sufficiently
large ¢ (since polynomial growth is dominated by exponential decay). Since floo e~t/2dt converges, the tail

converges by comparison. On (0,1], 0 < t*~te=! < t*=1. The integral fol t*~1dt converges if and only if
x—1>—1,ie, x> 0. Thus I'(x) is well-defined for x > 0.

(2) Recurrence: Fix x > 0 and consider I'(z + 1). We integrate by parts on a finite interval [e, R] with

u=1t* and dv = e~ tdt:
R R R
/ the~tdt = [—t"e ] —l—x/ t"le~tdt

€ €
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As e — 0, €@ — 0 (since z > 0). As R — oo, R%e™® — 0. Thus:

Nz+1)=0+ m/ t" te7tdt = 2T (2)
0

(3) Factorials: We proceed by induction. Base case: T'(1) = [ e 'dt = 1 = 0!. Inductive step: If
I'(n) = (n—1), then T'(n+ 1) = n'(n) = n(n — 1)! = nl.

(4) Scaling: Use the substitution ¢ = As. Then dt = Ads and limits remain 0 to co.

I'(z) :/ (As)® e 2 (N ds) :/\x/ s lemM ds
0 0

Dividing by A” yields the result. ]

13.5 Exercises

1. Mechanical Integration. Evaluate the following indefinite integrals:

dx
(a) / 1+e”
(b) / x arctan z dx

(c) / _dr
VT + x
Remark. Use the substitution z = uS.
1
@ [ e
Remark. Factor the denominator as (22 + 2z + 1)(2? — V22 + 1).

2. Piecewise Primitives. Let f(z) = || and define F(z) = [* f(t)dt.

(a) Find a piecewise algebraic formula for F'(x) valid for all « € R.

(b) Determine the points where F' is differentiable and compute F'(x). Does F'(x) = f(x) every-
where?

(c) Repeat the analysis for the function g(z) = 1 if # < 0 and g(z) = 2 if x > 0. Where does the
second derivative of the primitive fail to exist?

3. Limits of Sums. Recognise the following limits as definite integrals and evaluate them:

1 — km
lim — . [ RT
(c) ngﬂ n kEZISm ( " >

4. Reduction Formulae. Let I,, = foﬂ/2 sin” x dx.

(a) Use integration by parts to show I, = ”T_lln,g for n > 2.
(b) Evaluate I and I7.
(c) Wallis’ Product: Use the inequalities sin®" ™! 2 < sin®" z < sin®* ' z on [0,7/2] to prove that

2.4..-(2n) 1° 1
1-3--2n—1)] 2n+1"

n—oo

T lim[
2

5. Properties of the Primitive. Decide whether each statement is true or false, providing a short proof
or counterexample.
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(a) If g = b’ for some function h on [a, b, then g must be continuous on [a, b].
(b) If g is continuous on [a,b], then g = b’ for some function h on [a, b].
(c) If H(z) = [ h(t)dt is differentiable at ¢ € [a,b], then h must be continuous at c.
(d) If fis contmuous on [a,b] and [ f(t)dt =0 for all z € [a,b], then f(x) = 0 everywhere on [a,b].
6. Integration by Parts: Theory.

(a) Assume h and k have continuous derivatives on [a,b]. Derive the integration-by-parts formula:

b b
/ h(E)K (t) dt = h(b)k(b) — h(a)k(a) — / B (£)k(t) dt.

(b) Suppose h is merely differentiable (so h’ exists but may not be continuous) but A’ is Riemann
integrable. Does the formula still hold? Justify your answer using the Product Rule and the
Fundamental Theorem of Calculus.

7. Change of Variable Proof. Let g : [a,b] — R be differentiable with ¢’ continuous. Let f : [¢,d] = R

be continuous, with g([a,b]) C [c, d].
(a) Let F(z) = [ f(t)dt. Show that the composite function H(z) = F(g(z)) is an antiderivative of
f(g(x))g’(w)-

(b) Apply the Fundamental Theorem of Calculus to H to prove the change-of-variable formula:

/ flg x)da = /g j(j) F(t) dt.

8. Total Variation. Given a function f on [a,b], the total variation is defined as V f = supp > |f(x) —
f(xg_1)| over all partitions P.

(a) If f is continuously differentiable, use the Fundamental Theorem to show f(zy) — f(xg—1) =

Tk /
Jen, ['(B)dt.
(b) Deduce that V f < f |f(t)|dt.

(¢) Use the Mean Value Theorem on the partition intervals to establish the reverse inequality, con-

cluding that for C' functions, the total variation is the integral of the absolute derivative.

9. Jump Discontinuities and Differentiability. Assume f is integrable on [a,b] but has a simple
jump discontinuity at ¢ € (a,b) (i.e., the left and right limits exist but differ).

(a) Show that the accumulation function F(z f f(t)dt is continuous at ¢ but not differentiable
at c.
(b) Calculate the left and right derivatives of F at c.

10. Euler’s Constant. Let L(z) = [" 1 dt for = > 0.

(a) Prove the identity L(xy) = L(x) + L(y) using substitution u = x¢ in the integral definition.
b) Let v, = S 7, L — L(n). Interpret L(n) as the area under the hyperbola y = 1/z and the sum
k=1%
as the area of rectangles circumscribing the curve.
(¢) Prove that the sequence (v,) is decreasing and bounded below by 0.
(d) Conclude that the sequence converges to a limit v (Euler’s Constant).

11. Convergence of Improper Integrals. Determine the values of p € R for which the following
integrals converge:

1
(a) / 2P Inzde
0

Remark. Integration by parts is useful.

[ee] p—1
(b) / T dx
0o l+=z

Remark. Split the integral at x = 1 and check behaviour at 0 and co.

12. Gamma Function Identities. Using the definition I'(z) = [~ t*~te~"dt:
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(a) Prove that I'(1/2) = /7.
Remark. Use the substitution ¢ = u? and the known Gaussian integral ffooo e du = N
(b) Show that fol(ln(l/x))”*ldm =T(n) for n > 0.

13. Irrationality of 7. Let f(z) = Iw(lﬂif,x)n
(a) Show that f(z) and all its derivatives take integer values at x = 0 and = = 1.
(b) Suppose 72 = a/b for integers a, b. Consider the polynomial P(z) = b" >y _ (—1)kr2n=2k f2K) (g),
(¢c) Show that -L[P/(z)sin(rz) — P(z)m cos(rx)] = 72"+2 f () sin(rz).
)

(d) Integrate from 0 to 1 to derive a contradiction for large n, proving 72 (and hence ) is irrational.

14. Continuous Nowhere Differentiable Function. Define f(z) = > (%)n ¢(4™x), where ¢(z) is
the distance from = to the nearest integer.

(a) Prove that the series converges uniformly on R, hence f is continuous.

(b) Fix zo. For each m, define h,, = £24=™ (choosing the sign such that no integer lies strictly
between 4™z and 4™ (z¢ + hp)).

(¢) Show that the difference quotient %H(%) diverges as m — 0o.

(d) Conclude f is nowhere differentiable.



Chapter 14

(Geometric Applications of the Integral

The definition of the Riemann integral was motivated by the problem of quadrature: assigning a value to
the area of a region under a curve. Having established the integral and its fundamental theorems, we return
to geometry to compute areas of planar regions and volumes of solids.

14.1 Area of Plane Regions

We restrict our attention to subsets of R? with continuous boundary curves. The area of such regions can
be computed by slicing them into thin strips, either vertically (integration with respect to x) or horizontally
(integration with respect to y).

Regions of Simple Type

Definition 14.1.1. Simple Region (Type I). A region D C R? is said to be of simple type with respect to
the x-axis (or a Type I region) if there exists a closed interval [a, b] and continuous functions f, g : [a,b] = R
such that g(x) < f(z) for all z € [a, b], and:

D={(z,y) eR*:a<a<b, g(z)<y<flz)}

The area of D is defined as:

Area(D) = / (f(@) — g(a)) du

Figure 14.1: A region of simple type with respect to the z-axis (Type I).

175
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Definition 14.1.2. Simple Region (Type II). A region D C R? is said to be of simple type with respect to
the y-azis (or a Type II region) if there exists a closed interval [¢, d] and continuous functions ¢, : [¢,d] = R
such that ¢¥(y) < ¢(y) for all y € [e, d], and:

D={(z,y) eR*:c<y<d, oy <z<¢(y)}
The area of D is defined as: 4
Avea(D) = [ (6ly) - ¥(w) dy

> T

Figure 14.2: A region of simple type with respect to the y-axis (Type II).

Remark. Many regions are simple with respect to both axes in the sense of definitions 14.1.1 and 14.1.2,
for example the unit square [0, 1] x [0,1]. In such cases the choice of variable is a matter of convenience, but
algebraic simplicity often dictates a preferred direction.

Calculating Areas Between Curves

When a region is bounded by two curves y; = f(x) and yo = g(z), the first step is to identify the interval
[a,b] by determining the points of intersection, i.e., the roots of f(z) — g(x) = 0. By Simple Region (Type
1) (definition 14.1.1), if f > g on [a,b], then the arca is [(f — g) da.

Example 14.1.1. Parabolic Segment. Determine the area of the region bounded by the curve y = 6 —z — 2

and the z-axis.

Here, f(x) =6 — 2 — 22 and g(x) = 0. We find the intersection points:
6-—r—2"=0 = —(2*+2-6)=0 <= —(z+3)(x—-2)=0

The roots are = —3 and « = 2. Between these roots, test a point (e.g., x = 0): f(0) = 6 > 0, so the
parabola lies above the axis.

2 2 372
Area:/ (6xm2)dz_{6xzz}

Evaluating at the endpoints:

8 8 22
F2)=12-2——-=10— - = —
@ 3 3 3
9 =27 27
F(-3)=-18—-— — =-18-45+9=—135=—
(=3) 5 3 + §

22 27\  44+81 125
Area= — — | —— | = = —
3 < 2 ) 6 6
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N\

N|—
&G
~

32 -1 1

Figure 14.3: Parabolic segment bounded by y = 6 — 2 — 22 and the z-axis.

Example 14.1.2. Total vs Signed Area. Find the area of the region bounded by y = sinx and the z-axis
for x € [0, 27].

The definite integral fo% sinzdx = [—cosz]d™ = —1 — (—1) = 0. This is the signed area. The geometric
area is the integral of the absolute value:

2m g 27
A:/ \sin:c\dx:/ sinxd:c+/ (—sinz) dx
0 0 i

A=]-cosz]l —[-cosz]?™ = (1 —(=1))—(=1—-1)=2—(-2) =4

+2

° ) x
: \/ﬂ-
=7
14

Figure 14.4: Signed and geometric area for y = sinx on [0, 27]. The positive region (blue) has area +2, the
negative region (red) has area —2. Signed area = 0; geometric area = 4.

Example 14.1.3. Intersecting Curves. Find the area of the region bounded by the line y = —z and the
parabola y = 2 — z2.

Intersection points:
—x=2-2> = 2 -2-2=0 = (z—-2)(z+1)=0

The curves intersect at © = —1 and = 2. To determine the relative position, consider z = 0: yjpe = 0,
Yparabola = 2. Thus 2 — x2 > —x on [_1, 2].

A:/Ql (2 —2%) — ()] dx:/2(2+x—x2)dx

-1

22 231? 8 1 1 9
A= {2x+2—3]_1_<4+2—3>—(—2+2+3>—2
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Yy
y=-= y=2— x>
<_17
1_
t 2 > T
1
14
—92
a_2)

Figure 14.5: Region bounded by y = —x and y = 2 — 22.

Integration with Respect to y Sometimes a region is not Type I but is Type II, or a Type I description
forces splitting. In such cases, Type II descriptions give a cleaner integral.

Example 14.1.4. Region Between a Line and a Parabola. Calculate the area of the region bounded by
r=y?and z =y + 2.

The curves intersect when y? = y 4+ 2, so y = —1 and y = 2. For y € [—1,2], the line lies to the right of the
parabola, hence by definition 14.1.2:

| ©

2 Y2 Y3 2
A:/ ((y+2)—y2)dy:{2+2y—3} =
—1 —1

Figure 14.6: Region bounded by z = y? and = = y + 2.

Compound Regions Some regions require splitting into disjoint sub-regions, each of simple type.

Example 14.1.5. Piecewise Boundaries. Find the total area of the regions bounded by the line 5y = x + 6
and the curve y = /||

We treat z > 0 and = < 0 separately. For z > 0, the curve is y = v/z and the line is y = (z + 6)/5. Solving
Va = 8 gives v = 4,9. For z < 0, the curve is y = v/—z. Solving v/—z = “£° gives z = —1. Thus, the
intersections occur at x = —1,4,9. On [—1,0] and [0, 4] the line lies above the curve, while on [4, 9] the curve
lies above the line.

A—/Ol <x§6— —:c>d:v+/04(x;6—ﬁ)dx+A9<f—x—;6>dx

Evaluating these integrals yields the total area.
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A y = X + 6
(9, 3) g

3 .
(4,2) TI1 y=+lzl

2 .

~3.1
I 11
I
1 1 1 > x
—1 4 9

Figure 14.7: Regions bounded by y = \/|z| and y = (2 + 6)/5.

Proposition 14.1.1. Integrability Condition. If the boundary function is unbounded or undefined at a
point, the area must be treated as an improper integral. For instance, the area under y = =2 on [—1,1] is
not given by the formal computation f_ll r72dx = [—~2x~1]L,. The singularity at @ = 0 requires splitting the
integral, and the resulting improper integrals diverge.

14.2 Volumes by Slicing

We now determine volumes of solids. The method extends area computation by approximating the solid
with thin slices and passing to a limit.

Consider a solid object S that lies between two parallel planes, which we may take to be perpendicular to
the z-axis at £ = a and © = b. If we slice the solid with a plane perpendicular to the z-axis at a specific
point x € [a, b], we obtain a planar region called the cross-section at x. Let A(x) denote the area of this
cross-section. If we partition the interval [a,b] into small sub-intervals of width Az, the volume of the slice
of the solid corresponding to the sub-interval [x;, 2;11] can be approximated by a cylinder (or prism) of base
area A(z;) and height Az. The total volume V' is the limit of the sum of these cylindrical volumes.

Definition 14.2.1. Volume by Slicing. Let S be a solid that lies between © = a and = b. If the
cross-sectional area of S in the plane perpendicular to the z-axis at x is a continuous function A(z), then
the volume of S is:

V:/abA(:c)dx

Similarly, if the solid is defined between y = ¢ and y = d with cross-sectional area A(y) perpendicular to the
. d
y-axis, then V = [T A(y) dy.

Remark. This formula is sometimes called Cavalieri’s Principle in integral form. It reduces the problem of
volume to the problem of determining the area function A(z) and integrating it.

Solids with Known Cross-Sections

This method is particularly powerful for solids where the cross-sections are familiar geometric shapes (squares,
circles, triangles).

Example 14.2.1. Volume of a Pyramid. Consider a pyramid with a square base of side length L and height
H.

Orient the pyramid so that its apex is at the origin (0,0,0) and its central axis lies along the z-axis. The
pyramid extends from x = 0 to x = H. At a distance = from the apex, the cross-section is a square. By
similar triangles, the side length s(z) of the square at x is proportional to x. Since s(H) = L, we must have
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s(z) = L. The cross-sectional area is:

A = = (B) = B

H r2 2 31H 2 773
L, L? [x L H 1 5
‘/: _ dzi— :77:—LH
/0 H2x * [3]0 H? 3 3

The volume is:

This recovers the elementary formula V = %Base x Height.

Figure 14.8: Pyramid with square cross-sections.

Example 14.2.2. The Curved Wedge. A wedge is cut from a circular cylinder of radius 3 by two planes.
One plane is perpendicular to the axis of the cylinder. The second plane crosses the first at an angle of 45°
along a diameter of the cylinder. Find the volume of the wedge.

Let the cylinder be defined by z? + ¢ < 9. The first plane is z = 0. The second plane passes through the
z-axis (the diameter) at 45°, so its equation is z = y (since tan45° = 1). The base is the semicircle y > 0.
Slice perpendicular to the z-axis. For a fixed z € [—3, 3], the cross-section is a triangle. The base of the
triangle in the zy-plane extends from the x-axis (y = 0) to the circle boundary y = /9 — 2. Let this length
be h(x) = v/9 — 22. The height of the triangle is determined by the plane z = y. At the boundary y = h(z),
the height is z = h(z). Thus the cross-section is a right-angled triangle with base h(x) and height h(x).

A(z) = % - base - height = %(\/9 - $2)(\/9 —a?) = %(9 - xQ)

The volume is:

V/3 1(97952)@

42
By symmetry, this is 2 fos (9 —a%)do = f03(9 —2?)dx.

Figure 14.9: Curved wedge cut from a cylinder.
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Example 14.2.3. Solid with Circular Cross-Sections. Find the volume of a solid lying between = —1 and
x = 1, where the cross-sections perpendicular to the xz-axis are circular disks whose diameters run from the
parabola 3 = 2 to the parabola y = 2 — 22.

First, determining the geometry of the base. The curves intersect when 22 =2 — 2?2 = 222 =2 = 2 =
+1. The region is bounded between these two curves. For any = € [—1, 1], the diameter of the disk is the
vertical distance between the curves:

D(z) = (2 —2%) — (¢*) =2 — 22°
The radius is R(x) = @ =1 — 22, The cross-sectional area is the area of the circle:
A() = 7(R(@))* = n(1 — 22 = n(1 — 22 + a*)
The volume is:

1
V:/ (1 —22% 4+ 2*) da
-1

Using symmetry (even function):

1 1
2 1 167
V=2 1-222 428 de =2 _f3 2.5 =
71'/0( x4+ 2”) dx 7T|:.T 3m+5x0 T5
Example 14.2.4. Solid with Square Cross-Sections. Find the volume of a solid between y = —1 and

y = 1 (perpendicular to y-axis), where cross-sections are squares whose diagonals run from the semicircle
x=—+/1—9y2tox=+/1—1y>2

Let us fix a y € [—1,1]. The cross-section lies in the plane at y. The diagonal of the square spans the
distance between the two semicircles.

Diagonal d(y) = v/1— 3% — (—/1 — 42) = 2\/1 — 42

The area of a square with diagonal d is A = %dQ.

Aly) = VT =32 = S (40— %) =201 )

The volume is:

//\ ST
[

Figure 14.10: Square cross-sections with diagonal on a semicircle.

14.3 Solids of Revolution: The Disk Method

A particularly important class of solids is formed by revolving a planar region about a line. These are called
solids of revolution. Their radial symmetry simplifies the general slicing method, leading to a specialised
technique known as the Disk Method.
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Concept and Formula

Consider a planar region bounded by the curve y = f(x), the z-axis, and the vertical lines x = a and = = b.
If we revolve this region about the z-axis, we generate a solid. Slicing this solid perpendicular to the axis
of revolution (the z-axis) at any point = € [a,b] produces a circular cross-section (a disk). The radius of
this disk is the height of the curve at that point, R(xz) = f(z). The area of the cross-section is therefore

A(z) = [ f ()]

Definition 14.3.1. The Disk Method. Let f be continuous and non-negative on [a,b]. The volume V of
the solid generated by revolving the region under y = f(z) about the z-axis is:

v/ @) de

If the revolution is about the y-axis, and the region is bounded by = = ¢(y), y = ¢, and y = d, the volume is:

d
VZ/ mlg(y)]* dy

This formula is a direct application of the general slicing method V = [ A(z)dz where A(z) is the area of a
circle.

Example 14.3.1. Paraboloid of Revolution. Find the volume of the solid generated by revolving the region
bounded by y = v/z, x = 0, and = 4 about the z-axis.

Here R(z) = y/x. The limits are 0 and 4.

2

V= 47r(\/5)2dx:7r 4xdm:ﬂ' x—4=7r(8—0)=877
0 0 2 o

Yy
AN
.l y=vz
= T
T
\
X

0 4 ’

—2 1
K—
dx

Figure 14.11: Paraboloid formed by revolving y = y/z about the z-axis.

Revolving About Other Lines
If the axis of revolution is not a coordinate axis, the radius of the disk is the perpendicular distance from
the boundary curve to the axis of rotation.

Example 14.3.2. Shifted Axis. Find the volume of the solid generated by revolving the region bounded by
y =+/x,y =1, and x = 4 about the line y = 1.
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First, identify the region. The curve y = /7 intersects the line y = 1 at = 1. The region extends to z = 4.
The axis of revolution is the horizontal line y = 1. For any z € [1,4], the radius of the disk is the vertical
distance between the curve and the axis:

R(z)=+vr -1

4 4 2 4
V:/W(\/:E—l)2dx:7r/ (x—2yz+ 1) dz=m x——éx?’m—i—x =7 1N _Tm
; ) 2 "3 ) 3°6) 6

Yy
T (4,2) Y=V7
2A,
T =1
[ e S el ) e R ) 0- -
: (4,1)
T T >"I;
1 4

Figure 14.12: Region for revolution about y = 1.

Example 14.3.3. Volume of a Sphere. A sphere of radius a can be generated by revolving the semicircle
y =+va? — 22 (for z € [—a,a]) about the z-axis.

The radius of the slice at x is R(z) = va? — z2.

Using symmetry:

Figure 14.13: Sphere as a solid of revolution.

Disks vs. Washers

In the examples above, the axis of revolution formed a boundary of the region, resulting in solid disks. If the
axis of revolution is separated from the region by a gap, the cross-sections become annuli (or "washers").
The area of such a cross-section is the area of the outer circle minus the area of the inner circle:

A(z) = m[Router (x)]Q — T[Rinner (x)]Q

While this is often treated as a separate "Washer Method," it is simply the Disk Method applied to the
region between two curves.
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Example 14.3.4. Vertical Axis of Revolution. Find the volume generated by revolving the region bounded
by © =2/y, y =1, and y = 4 about the y-axis.

The revolution is about the y-axis (x = 0). The radius is a function of y: R(y) = 2/y.

V:/147r(3>2 dy:47r/14y_2dy:47r [~y '] =4 (—i—(—n) = 4r (i) =3r

vl -

Figure 14.14: Region bounded by x = 2/y and y € [1, 4].

Example 14.3.5. Implicit Boundaries. Find the volume generated by revolving the region bounded by
y = tan(mx/4), x = 0, and = 1 about the z-axis.

Here, R(x) = tan(mwa/4). Limits are 0 and 1.

V= /01 7 tan> (%T) dx

Let u = ZZ, so dz = 2du. Limits become 0 to 7 /4.

4 /4 w/4 .
V:7r~f/ tan2udu:4/ (sec2u—1)du:4[tanu—u]0/4:4((1—7r/4)—0):4—77
0 0

™

Figure 14.15: Region under y = tan(mz/4) revolved about the z-axis.
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Example 14.3.6. Region about y = v/2. Find the volume generated by revolving the region in the first
quadrant bounded above by y = /2, below by y = sec z tan z, and on the left by the y-axis about the line

y=v2.

The curve meets y = /2 at © = 7/4, so x € [0,7/4]. The radius is R(x) = v/2 — secxtanz.

/4
V= / 7(V2 — sec z tan x)? da
0

Expanding and integrating term by term gives

1 /4 ™ 11
Vzw{?:r—%/ﬁsecx—i—gtan?’x} :7T<2+2\[—3>

0

Y
A
Vi-t- - y=2
2 —secrtanx
y =secrtanx
_‘
0 w/4

Figure 14.16: Region between y = secz tanz and y = v/2, revolved about y = /2.

Example 14.3.7. Parabola about a Line. Find the volume generated by revolving the region between
y=22+1 and y = 3 about the line y = 3.

The region is bounded above by y = 3 and below by the parabola. The axis of revolution is the upper
boundary y = 3. Radius R(z) is distance from y = 3 to y = 2% + 1:

Rx)=3— (2> +1)=2—2?

Intersection points: 22 +1 =3 = z = +V/2.

V2
V= / (2 — 2?)? dx
V3

By symmetry:
V2 4 1 V2
V:27r/ (4 — 422 + 2% dx = 2n [4:5—3163—1—:55}
0

5 Jo

oo o) ()55

14.4 Volumes of Revolution: The Washer Method

In the previous section, we applied the disk method to solids of revolution where the region being revolved
was adjacent to the axis of revolution. When there is a gap between the region and the axis, the resulting
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solid has a hole or cavity. The cross-sections perpendicular to the axis of revolution are no longer disks but
annuli (ring-shaped regions), often called "washers".

Concept and Formula

Consider a region bounded by an outer curve Ry, (x) and an inner curve R;,(x) relative to the axis of
revolution. When this region is revolved, the cross-sectional area is given by 14.3. The volume is obtained
by integrating this area over the appropriate interval.

Definition 14.4.1. The Washer Method. Let a region be bounded by an outer radius R(x) and an
inner radius r(z) with respect to the axis of revolution (taken here as horizontal). The volume of the solid
generated by revolving this region about the axis is:

b
V= / 7 ([R@)? - [r(@)]?) do

If the revolution is about a vertical axis, we integrate with respect to y:

v :/ T ([RW)* = [r(v)*) dy

Remark. It is crucial to identify the radii correctly. The "outer" radius R is always the distance from the
axis of revolution to the farther boundary of the region. The "inner" radius r is the distance from the axis
to the nearer boundary.

Example 14.4.1. Parabola and Line about z-axis. Find the volume generated by revolving the region
bounded by y = 2% + 1 and y = —z + 3 about the z-axis.

First, determine the intersection points:
P 4l=-2+3 = 22 +2-2=0 = (z+2)(z—1)=0

The region spans x € [—2, 1]. In this interval, test z = 0: Yparabola = 1, Yiine = 3. Thus, the line is the outer

boundary relative to the z-axis (y = 0). Outer radius R(z) = —z + 3. Inner radius r(z) = 22 + 1.
1 5 3 1
67 284 1177
= 43— @+ 1)) dr=7 |- - —32 48| =r(=—(-=])=
/_277((“) (@54 1)7) do=m | =5 = SR AT 15 5

Figure 14.17: Region between y = 22 + 1 and y = —x + 3 revolved about the z-axis.
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Example 14.4.2. Region Bounded by y = 22 and y = 2 about the z-axis. Consider the region in the first
quadrant bounded by y = 22 and y = 2, revolved about the z-axis.

The curves intersect at = = v/2. Outer radius R(z) = 2 and inner radius r(z) = 22, so

V2 51V2
1 2
V:/ 7T(4x4)dz7r{4xx] = 6mv/2
0 5 1, 5

Example 14.4.3. Parabola about x = —2. Find the volume of the region in the second quadrant bounded
by y = —23, y =0, and z = —1, revolved about the line z = —2.

Region: x € [—1,0]. Since it is in the second quadrant, z is negative. y = —a? is positive. Revolving about
vertical line z = —2. We integrate with respect to y. y goes from 0 to (—1)3(—1) = 1. So y € [0,1]. Express
boundaries as functions of y: y = —2° = 2% = —y = z = —y'/3. Left boundary is z = —1. Right
boundary is = —y'/3. Axis is = —2. Radii are distances from z = —2. Outer radius (to the far curve

r=—y'?): R(y) = —y'/®—(~2) = 2—y"'/3. Inner radius (to the near curve z = —1): r(y) = —1—(-2) = 1.

1 1 1
V= w/ ((2 _ y1/3)2 B (1)2) dy = 7r/ (3 _ 4y1/3 + y2/3)dy - {33/ N 3y4/3 + §y5/3]
0 0

37
0o ©
Example 14.4.4. Parabola about Horizontal Lines. Consider the region bounded by y = 22 and y = 1.

Intersection: x = £1. Part (a): Revolve about y = 2. Axis is above the region (y = 2 > 1). Outer radius
(toy =2?): R(z) =2 — 22 Inner radius (toy =1): r(z) =2—-1=1.

1 1 571
4 56
V:ﬂ/ ((2—x2)2—12)dx:27r/ (4—4m2+x4—1)d1;:27r[3$—x3+x] =27
-1 0 3 5 1, 15
Part (b): Revolve about y = —1. Axis is below the region (y = —1 < 22?). Outer radius (to y = 1):

R(z) =1 —(—1) = 2. Inner radius (to y = 2?): r(z) = 2% — (-1) = 22 + 1.

1 1
_ 2 /.2 2 _ _ 9,2 _ 4 _ )
V—w/ (22 = (2* +1)°) da 27r/0 (3 — 22 —2%) dx 27r<3 3 5) B

-1

14.5 Cylindrical Shells

The disk and washer methods slice perpendicular to the axis of revolution. In some geometries this forces
awkward inversions, so we use the Method of Cylindrical Shells, which slices parallel to the axis.

Concept and Formula

Consider a region bounded by y = f(z) and the z-axis on the interval [a,b], revolved about the y-axis.
Instead of slicing perpendicular to the y-axis (which would require inverting f(x) to get = = g(y)), we slice
the region into vertical strips at position x with width dz. When such a strip is revolved about the y-axis,
it generates a thin cylindrical shell of radius z, height f(z), and thickness dz. The volume of this shell is
approximately its circumference times its height times its thickness: dV =~ 27z - f(x) - dx.

Definition 14.5.1. The Shell Method. Let f be continuous and non-negative on [a, b] where a > 0. The
volume V' of the solid generated by revolving the region under y = f(z) about the y-axis is:

b
Vv :/ 2nx f(x) dz

If revolving a region bounded by xz = g(y) about the z-axis, the volume is:

d
V= / 2myg(y) dy
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Remark. The term x represents the shell radius (distance from the axis) and f(x) represents the shell
height. If the axis of revolution is shifted to = L, the radius becomes |z — L|.

Example 14.5.1. Parabola about y-axis. Find the volume generated by revolving the region bounded by
y =+, x =0, and x = 4 about the y-axis.
Shell radius: x. Shell height: /z. Limits: x € [0, 4].

4 4 4

2 128
V= / 2rz(vx) dr = 271'/ /% de = 27 [ajg’/ﬂ —on
0 0 ) 0 5

> T

T i
Figure 14.18: Shells for the region under y = /x about the y-axis.

Example 14.5.2. Parabola about Shifted Vertical Axis. Find the volume generated by revolving the region
bounded by y = 3z — 22 and the z-axis about the line x = —1.

The curve meets the z-axis at x = 0 and = = 3. Shell radius: z + 1. Shell height: 3z — 2.

| _ dom

3 3 zt 2 3
V:/ 277(:c+1)(3x—x2)d:v:27r/ (—2® + 222 + 3x)de =27 | —— + a2 + Z2?| =
0 0 4730 TN, T 2

When revolving about the z-axis (or any horizontal line), we can use horizontal shells (integrating with
respect to y).

Example 14.5.3. Curve z = y? about z-axis. Find the volume generated by revolving the region bounded
by 2 = 4%, = 0, and y = 1 about the z-axis.

Shell radius: y. Shell height: y2.
1 1 471
V:/ Qﬂy(yz)dy:%r/ y>dy = 27 vyl T
0 0 41, 2

The disk method gives the same value.

Figure 14.19: Region bounded by z = %, z = 0, and y = 1.
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Example 14.5.4. Region Bounded by Two Curves. Find the volume generated by revolving the region
between y? = 22 (y = x) and y? = 3z — 2 (2 = (y* + 2)/3) in the upper half plane about the line y = 5.

Intersection: #2 =32 —2 = 22 - 32 +2=0 = x =1,2. Corresponding y: y = 1,5 = V4 = 2. (Upper
half plane). We use horizontal shells. The radius is 5 — y. The height is the horizontal distance between

z=yand z = (y>+2)/3,s0 h(y) =y — yz:;—Q‘

2 2
V:/ 27(5 —y) (y—y ;—2) dy
1

This integral can be evaluated by expansion.

Comparing Methods

For a given problem, one method is often algebraically simpler than the other.

e Disk/Washer: Good when the axis of revolution is a boundary of the region or when y = f(z) is
easy to square. Slices are perpendicular to the axis.

e Shells: Good when the radius is simply x (or y) and the height f(x) is simple, or when inverting
y = f(x) is difficult. Slices are parallel to the axis.

Example 14.5.5. Method Selection. Region bounded by y = 22 and y = 322 — 2 about the y-axis.

Intersection: z? =322 —2 = 22? =2 = x = +1. The region is between the parabolas for z € [—1, 1].
Axis: y-axis (vertical).

Shell Method (dz): Radius z (use symmetry, integrate 0 to 1). Height: 22 — (322 — 2) = 2 — 222

1 1 471
V:/ 277:6(2—2x2)d:1c:27r/ 2z — 22%) dx = 210 {xQ—"‘;] —27(1-05) =7
0 0 0

Washer Method (dy): Top boundary y = 2> = 2z = \/Y- Bottom boundary y = 322 -2 = =
v/ (y +2)/3. y ranges from —2 to 1. But the boundaries change at y = 0. From y = —2 to 0: bounded
by x = ++/(y +2)/3. Solid disk. From y = 0 to 1: bounded by z = \/(y +2)/3 (outer) and z = \/y

(inner).
0 2 0 2 0

Y+ 2 / Y+ 2 T |y 2m
Vi = | dy= —dy=—- | = +2 = —
! 7T/_2<\/ 3) O - a

1 1 271
y+2 / 2 2y 2y vy T
Vo — vz D\ dy= . I U
? 71-/0( 3 y) Y 71-0<3 3)Y 773 3l 3

Thus V = Vi + V5 = 7, it should be easy to see that this is more complex and annoying, so shells are
preferable.

14.6 Arc Length

So far, we have used integration to compute areas of regions and volumes of solids. We now turn to a
one-dimensional geometric application: finding the length of a curve.

A plane curve can be described as the path traced by a moving point (x(t),y(t)) as the parameter ¢ varies
over an interval [a,b]. We assume the functions z(t) and y(t) are continuously differentiable, defining a
smooth curve.

C={(z(t),y(t)) : t € [a,b]}
We wish to compute the length L of this curve.
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Derivation via Linear Approximation

Partition the interval [a,b] into n sub-intervals with endpoints a = ¢y < t; < -+ < t, = b. This partitions
the curve into n segments with endpoints P; = (z(t;),y(¢;)). We approximate the length of the curve by the
sum of the lengths of the chords connecting these points:

n

~ YOI Pl = 30 V/alt) — 2(tm))P + (t) — ()2

i=1

By the Mean Value Theorem, Az; = x(t;) — x(ti—1) = 2/(¢;)At; and Ay; = y/(d;)At; for some ¢;,d; €
[ti—1,t;]. As At; — 0, the sum approaches the integral of the speed.

Definition 14.6.1. Arc Length. If a smooth curve is defined parametrically by « = 2(t) and y = y(t) for

t € [a,b], its length L is:
2 N
— | dt
/ ()

If the curve is the graph of a function y = ) for « € [a,b], we use x as the parameter (t = z,y = f(x)):

e

Remark. The integrand ds = +/dz? + dy? is the differential of arc length. The formula L = [ ds unifies
the parametric and explicit cases.

Example 14.6.1. Circumference of a Circle. Consider a circle of radius R parametrised by z(t) =
Rcost,y(t) = Rsint for t € [0, 27].

Derivatives: 2/(t) = —Rsint, y'(t) = Rcost. Speed: (z')? + (y')? = R%sin*t + R?cos®t = R?.

27 2w
L= VRth:/ Rdt =21R
0

0

Example 14.6.2. Length of a Parabolic Segment. Find the length of the curve y = 22 from x = 0 to = = 1.
Here y' = 2.
1 1
L:/ \/1+(21)2dz:/ V14 4x?dx
0 0

Let 22 = tan 6, 2dx = sec? #df. Limits: 0 — arctan 2.
\/ YL 1 3
1+ tan 05 sec” 0df = 3 sec” 6dO

Using the reduction formula for sec® 6:

111 1
3 [2 secftan 6 + 21nsecn9+tan9|}

Converting back (tanf = 2z, secf = /1 + 4x2):

1
1 1 1 1
L= {290 1+4x2+4ln2x+\/1+4x2|] 25\/5—&—1111(2—1-\/5)
0

Example 14.6.3. The Astroid. The astroid is defined by = = cos® ¢,y = sin®t for t € [0, 27].

By symmetry, the total length is 4 times the length in the first quadrant (¢ € [0,7/2]). Derivatives: z’(t) =
3cos?t(—sint) o/ (t) = 3sin? t(cost) Sum of squares:

2)2 + (y)? = 9cos tsin? ¢t + 9sin? t cos® t = 9sin?t cos? t(cos? ¢ + sin®t) = 9sin’t cos® ¢
y
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Square root:
(x')2 + (y')? = 3|sintcost| = 3sintcost (on [0,7/2])

Length of one quadrant:

/2 3 /2 3 1 /2
L1:/ 3sintcostdt = f/ sin(2t) dt = = | —= cos(2t) =—(-1-1)==
0 2 Jo 2| 2 . 1

Total length L = 4 x % =6.

Example 14.6.4. The Cycloid. A cycloid is the path traced by a point on the rim of a rolling wheel.
Parametrisation: = R(t —sint),y = R(1 — cost) for ¢ € [0, 27].

Derivatives: ' = R(1 — cost),y’ = Rsint.
(") + (v')* = R*(1 — 2cost + cos®t) + R?sin®t = R*(2 — 2cost) = 2R?*(1 — cost)

Using the half-angle identity 1 — cost = 2sin?(t/2):

ds = \/4R2?sin?(t/2) dt = 2Rsin(t/2)dt (since t/2 € [0, 7])

L= /27r 2Rsin(t/2) dt = 2R [~2cos(t/2)];" = —4R(—1 —1) = 8R
0

Arc Length Function

Often we wish to measure distance along a curve from a starting point a. We define the arc length function

s(x):
q@:/\h+uwmm

By the Fundamental Theorem of Calculus, the rate of change of arc length with respect to x is:

ds dy 2
= 1 hat: 4
dz + <d:v>

or in differential form ds? = da? + dy?.

Example 14.6.5. Finding the Curve from Length. Suppose a smooth curve y = f(z) passing through (0, 0)
has the property that the arc length from 0 to z is v/2x for all z > 0. Find f(z).

Given:
/ VIF[f(6)2dt = V2

Differentiating both sides with respect to x:

VIH[f(@)]2=V2

Squaring gives 1+ [f'(z)]? =2 = [f'(z)]* =1 = f/(z) = £1. Since f(0) = 0, the curve is either y = =
ory=—u.

14.7 Surface Area of Revolution

We now consider the surface area generated by rotating a curve about an axis. Unlike volume, where the solid
is decomposed into simple cylindrical or washer elements, surface area requires approximating the surface
with conical frustums (bands) rather than cylinders.
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Derivation via Frustums

Consider a curve y = f(z) for a < x < b, with f(z) > 0, rotated about the z-axis. We partition the interval
[a, b] into sub-intervals [z;_1, x;]. The segment of the curve between P;_; and P; is approximated by the chord
connecting them. When rotated, this chord sweeps out the lateral surface of a frustum of a cone. The surface
area of a conical frustum with base radii r1, 7 and slant height L is given by S = w(r1 +r2)L = 2774y, L. For
the segment from x;_; to x;, the radii are f(x;_1) and f(x;), and the slant length is As; = /(Az;)? + (Ay;)2.
Approximating f(z) as constant over the small interval, the area element is dS = 27 f(x) ds.

Definition 14.7.1. Area of Surface of Revolution. Let y = f(x) be a continuously differentiable
function on [a, b]. The surface area S generated by revolving the curve about the z-axis is:

S— / 2 f ()11 [ @) da

If the curve is parametrised by z(t), y(¢), the formula becomes:

t
S:/ 2y (t)/ [z 2 dt
t

a

For revolution about the y-axis, the radius of rotation is x instead of y, so the integrand becomes 27x ds.

Remark. A useful mnemonic is S = [ 27(radius) ds, where "radius" is the distance from the point on the
curve to the axis of revolution, and ds is the arc length differential.

Example 14.7.1. Surface Area of a Sphere. Revolve the semicircle y = v R2 — 22 about the z-axis.

Fi(#) = 7wt

x? R? — 22 + 22 R
V1t [f ()] :\/1+R2—x2:\/ RZ—22  JR2_ 2
R

= 27r\/ R% — 2. T dr = 21 Rdx = 2rR[z)", = 47 R?
_ VR R R

Example 14.7.2. Parabolic Dish. Find the surface area generated by revolving y = 2y/x for 1 < z < 2
about the z-axis.

"= ds=/1+1dr = /%! dz. Radius of rotation is y = 2,/z.
2

S:/l QW(QI)\/m x47r/12\/m(iz47r E(I+1)3/2Ls;(3\/§2f2)

Example 14.7.3. Revolution about the z-axis. Revolve the arc of y = /22 — 1 for x € [5/8, 1] about the
T-axis.

Here y' = \/23157—1’ S0

1

1
S = 27ry\/1+(y’)2dx:/

5/8 5/8

2mV 2z de = — (16\[— 5\f)

Example 14.7.4. Gabriel’s Horn (The Bugle). Consider the curve y = 1/ for > 1, revolved about the
T-axis.

Volume: V = [ 7(1/z)*dz = n[-1/2]3° = «. Finite. Surface area: y' = —1/2%. ds = \/1+ 1/z*dz. Since
VI+1/zt > 1, S = [ 2n(1/z)\/1+1/2%dz > [[° 2Zdz. The integral [~ % = [Inz]{° = co. Thus, the

surface area is infinite.



CHAPTER 14. GEOMETRIC APPLICATIONS OF THE INTEGRAL 193

Figure 14.20: Gabriel’s Horn generated by y = 1/z.

14.8 Exercises

1. Area between Transcendentals. Find the area of the region bounded by the curves y = e, y = e~ %,

and the line x = 1.

(a) Sketch the region and identify the intersection points.
(b) Set up the integral with respect to x.
(¢) Evaluate the area.

2. Horizontal vs Vertical Slicing. Consider the region bounded by y = arcsin x, y = arccos z, and the
T-axis.
(a) Find the point of intersection of the two inverse trigonometric curves.
(b) Calculate the area by integrating with respect to x. Note that you will need to split the integral.
(¢) Calculate the area by integrating with respect to y. Is this method simpler?

3. Loop Area. Find the area enclosed by the loop of the curve y? = z(z — 1)%.

(a) Determine the range of x for which the curve is defined.
(b) Sketch the curve.
(c) Use symmetry to calculate the total enclosed area.

4. Rotation about an Oblique Line. While the text covered horizontal and vertical axes, the principle
of slicing perpendicular to the axis holds generally. Find the volume generated by revolving the triangle
with vertices (0,0), (1,0), and (1,1) about the line y = x.

(a) Find the perpendicular distance from a point (z,y) on the boundary to the line y = x. This is
the radius R.

(b) Parametrise the boundary or integrate along the axis u = (z +y)/v/2.

(c) Alternatively, use the theorems of Pappus (if known) or coordinate rotation to simplify the inte-
gral.

5. The Torus. A torus is generated by revolving the circle (x — R)? + 32 = r? (where 0 < r < R) about
the y-axis.
(a) Set up the integral for the volume using the Washer Method (integrating with respect to y).
(b) Show that the volume is V = 272 Rr2.
6. Infinite Solid. Consider the region bounded by y = 1/z, y =0, and = > 1.

(a) Show that the volume generated by revolving this region about the z-axis is finite (Gabriel’s
Horn).
(b) Show that the volume generated by revolving the same region about the y-axis is infinite.

7. Shell Method Practice. Use the shell method to find the volumes of the solids generated by revolving
the region bounded by y = x? and y = 2 — 22 about:

(a) The y-axis.
(b) The line z = 2.



CHAPTER 14. GEOMETRIC APPLICATIONS OF THE INTEGRAL 194

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Comparison of Methods. Let R be the region bounded by y = 23, y = 8, and 2 = 0.
(a) Set up the integral for the volume of the solid generated by revolving R about the z-axis using
the Disk Method.

(b) Set up the integral for the same volume using the Shell Method.
(¢) Evaluate both integrals to verify they yield the same result.

. A "Bead" from a Sphere. A cylindrical hole of radius r is drilled through the centre of a sphere of

radius R (r < R).

(a) Use the shell method to determine the volume of the remaining solid (the "bead").
(b) Express the result in terms of the height h of the bead (h = 2v/R? —r2). Note the surprising
independence from R.

Length of the Catenary. The curve formed by a hanging chain is the catenary y = acosh(x/a).
Find the length of the catenary from z =0 to = = b.

Surface Area of the Torus. Using the same circle as in Exercise 5 ((x — R)? + y? = r?), find the
surface area of the torus generated by revolving it about the y-axis.

(a) Parametrise the circle as x = R+ rcost,y = rsint.
(b) Use the parametric formula for surface area.

Geometric Limits. Consider the arc of the circle 22 + y? = 1 in the first quadrant. Approximate its

length by inscribing n chords corresponding to equal increments in x. Let L,, be this approximation.

Show that lim L, = 7/2 by recognising the limit as a Riemann sum for the arc length integral.
n—oo

Complex Boundaries. Find the area of the region lying inside the circle 2 4 2 = 4 but outside the

parabola 3% = 3z.

Remark. Find intersection points, exploit symmetry, and perhaps mix integration variables or meth-
ods.

Volume of the Ellipsoid. Find the volume of the solid generated by revolving the ellipse z—z + z—; =1
about the z-axis. Show that the result is %ﬂabz. By symmetry/analogy, what is the volume if revolved
about the y-axis?

Surface Area Challenge. Find the surface area generated by revolving the loop of the curve 9ay? =
2(3a — x)? about the z-axis.

Remark. The loop exists for € [0,3a]. Watch out for the derivative calculation.

The Orthogonal Trajectories. Consider the family of curves y = cx?.

(a) Find the family of orthogonal trajectories (curves that intersect every member of the first family
at right angles).

(b) Sketch the region bounded by y = x2,y = 422 and the orthogonal trajectories through (1,1) and
(1,2).

(¢) (Challenge) Can you compute the area of this curvilinear "rectangle"?

Centre of Mass (Centroid). While not explicitly covered, the logic of slicing extends to moments.
JxzdA

The moment of a thin slice about the y-axis is « - dA. The z-coordinate of the centroid is T = TaA -

Use this to find the centroid of the semicircular region y = v/r2 — 22.
Remark. This relates to the Theorems of Pappus-Guldinus.

Improper Surface Area. We showed Gabriel’s Horn (revolving 1/x for z > 1) has finite volume but
infinite surface area. Consider the curve y = e~* for z > 0, revolved about the z-axis.

(a) Compute the volume of the solid. Is it finite?
(b) Set up the integral for the surface area.
(¢) Determine if the surface area is finite or infinite.

Remark. Comparison test with e™*.



Chapter 15

Approximation and Convergence

We conclude this course by examining two powerful results that bridge the discrete and the continuous.
The first, the Integral Test, connects the summation of a series (a discrete process) to the improper integral
of a function (a continuous process). The second, the Weierstrass Approximation Theorem, asserts that
the seemingly rigid world of polynomials is flexible enough to approximate any continuous function with
arbitrary precision.

15.1 The Integral Test

We have previously established the convergence of the p-series > n~P for p > 1 and its divergence for p <1
using specific comparison arguments. It is natural to ask whether the convergence of a series > f(n) can
generally be inferred from the behaviour of the function f(x) on the continuous domain [1, o).

The intuition is geometric: the sum Y f(n) represents the total area of rectangles of width 1 and height
f(n). If f is decreasing, these rectangles can be used to bound the area under the curve y = f(z), and vice
versa.

Theorem 15.1.1. The Integral Test. Let f : [1,00) — R be a continuous, positive, and decreasing
function. Then the series Y, f(n) converges if and only if the improper integral floo f(x) dz converges.

Proof. Let a,, = f(n). Since f is decreasing, for any x € [n,n + 1], we have:

fn+1) < f(z) < f(n)
Integrating this inequality from n to n + 1 yields:

/ "y de < / " e < / " o) de

n n

Since f(n) and f(n 4+ 1) are constants on this interval, this simplifies to:

n+1
ant1 < / f(z)dz <ay,

( <= ): Suppose the integral converges to a limit 7. Summing the left inequality from n =1 to N — 1:

N-1 N-1 ,nt1 N o0
nz::lanﬂg nz_:l/n f(gc)dac:/1 f(ac)dxg/l flx)de =1

Thus, the partial sums of the series ZZO:2 a, are bounded above by I. Since terms are positive, the
series converges. Consequently, > ° | a,, converges.

195

o0
n=1
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(= ): Suppose the series converges to a sum S. Summing the right inequality from n =1 to N:
N+1 N n+1 N
/ f(x)d:r:Z/ f(x)deZangS
1 n=1Y" n=1

Since f is positive, the integral function F(t) = flt f(x) dzx is increasing. Since it is bounded above by
S, tlim F(t) exists.
—00

Example 15.1.1. p-series revisited. Consider f(z) =z~ P for p # 1.

o] 1-p b 1-p _ 1
/ ¢ Pdr = lim | = = lim br-1
1 b—oo |1 — Plq b—oo 1 — p

If p>1,then 1 —p <0, so b~ — 0 and the integral converges. If p < 1, then 1 —p > 0, so b’ P — oo and
the integral diverges. Forp =1, [ 100 r71dr = [Inz]° = co. Thus, the Integral Test recovers the convergence
criteria for the p-series immediately.

15.2 The Weierstrass Approximation Theorem

We now turn to the final major result of this course. In analysis, polynomials are the simplest functions
to manipulate: they are infinitely differentiable, easily integrated, and computable via finite arithmetic
operations. The Weierstrass Approximation Theorem assures us that these simple functions are sufficient to
capture the behaviour of any continuous function on a closed interval.

Theorem 15.2.1. Weierstrass Approximation Theorem. Let f : [a,b] — R be a continuous function.
For every € > 0, there exists a polynomial P(x) such that:

sup |f(x) — P(z)| <e
z€Ja,b]

In other words, the set of polynomials is dense in Cla, b] under the uniform norm.

While there are many proofs of this theorem (some relying on convolutions or the Stone-Weierstrass gen-
eralisation), we present a constructive proof due to Bernstein. This approach is particularly illuminating
because it provides an explicit formula for the approximating polynomials.

Bernstein Polynomials

Without loss of generality, we may restrict our attention to the interval [0,1]. If f is defined on [a,b], the
transformation g(t) = f(a + t(b — a)) defines a function on [0, 1].

Definition 15.2.1. Bernstein Basis Polynomials. For a fixed n € NU{0}, the Bernstein basis polyno-
mials of degree n are defined for k € {0,1,...,n} as:

By k(x) = (:) (1 — z)nF

These polynomials arise naturally in probability theory as the probability mass function of a binomial
distribution B(n,z). Specifically, if a biased coin with head probability z is tossed n times, B, x(z) is the
probability of observing exactly k£ heads.

Lemma 15.2.1. Properties of Bernstein Polynomials. For all x € R and n € N:

1Y Bug(x)=1

k=0

n
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n

2. Z kBp k(x) = nx

Proof. (1) follows immediately from the Binomial Theorem expansion of (z + (1 — z))” = 1™ = 1. For (2),

we observe the identity k(}) = n(Zj)

,i‘ak(Z)xk(l_x)n_k: ) ”(Z_Dw’“(l_x)"—k

=nr-1=nz

(3) is proved similarly using k(k — 1)(}) = n(n — 1)("_2). [ |

We now construct the approximation. Given f : [0,1] — R, we define the n-th Bernstein polynomial of f as:

B0 = 305 (i) Bt

Intuitively, B, (f)(z) is a weighted average of the values of f. The weight B, r(z) is concentrated around
k ~ nz, i.e., k/n =~ x. Thus, the sum samples f primarily near x.

To formalise this concentration of measure, we estimate the "variance".

Lemma 15.2.2. Variance Estimate. For any z € [0, 1]:

Proof. Expanding the square term:

n n

> (k= n2)2Bui(w) = (K = 2nak +n?a?) By i(x)

k=0 k=0
Using the identity k% = k(k — 1) + k and the properties from the lemma 15.2.1:
> K Bu(z) =Y k(k—1)Bui(@) + > kB k()
=n(n—1)z* +nz
Substituting this back:

Z(k —n2)?B k() = [n(n — 1)2? + nz] — 2nz(nz) + n?z* - 1

=n22% — na? + nx — 20222 + n22?

nx —nz? = nz(l — )

Dividing by n?:
[k ? 1-
S (5 2) sty = 022
n n
k=0
Since z(1 — ) < 1/4 for x € [0, 1], the result follows. [ |
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We are now equipped to prove the main theorem. We show that B, (f) converges uniformly to f.

Proof for theorem 15.2.1. Let € > 0. Since f is continuous on the compact interval [0, 1], it is bounded (say
by M) and uniformly continuous. By uniform continuity, there exists ¢ > 0 such that for any =,y € [0, 1]:

e -yl <6 = If@) - f)l <3

We wish to bound |f(z) — B, (f)(x)|. Using the partition of unity > B, x(z) = 1:
‘f(w) 31 () Busto| =X (1@ - 1 (£)) Busto)
k=0 k=0
- k
>
k=0

n
We split the sum into two sets of indices: those where k/n is close to & (Sciose = {k : |k/n — x| < ¢}) and
those where it is far (Sfq, = {k : |k/n — x| > 0}).

<

)_
f(x)—f(

o

Case 1: Close indices. For k € S0, we have |x — k/n| < §, so |f(x) — f(k/n)| < €/2.

> ’f(x)—f(z)’Bn,k(x)<; > ank($>§§'1=§

k€Sciose kE€Sciose

Case 2: Far indices. For k € Sy,,, we use the coarse bound |f(z) — f(k/n)| < |f(zx)| + |f(k/n)| < 2M.

> -1 (2)|Buso <20 ¥ Buate)

kESf,,,T kES‘far

Notice that for k € Sy, we have “6/727;“2 > 1. Thus:

n—x)? i 2
Z By k(z) < Z MT)Bn’k(x) < 5%2 (: — (E) By, i ()

k€Star kE€Sfar k=0

Using the lemma 15.2.2:
1 <[k 2 11 1
- L B, .
62 kz_;) (n x) #@) = 52 4n 4né?

M

Thus, the contribution from the far indices is bounded by 2M - ﬁ = 553

Combining the two parts:
€ M
£@) = BaN@)] < 5+ 55

This bound holds for all z € [0,1]. The first term is constant. The second term tends to 0 as n — co. We
choose N large enough such that for all n > N, % < 5. Then for all n > N and all z € [0, 1]:

[f(z) = Bu(f)(@)| < 5+ 5 =¢

Thus, B, (f) converges uniformly to f. ]

This theorem provides a fitting conclusion to our study. We began with the axioms of the real number system,
built the limit processes of calculus, and have now shown that these intricate tools allow us to approximate
the most general continuous functions by the most elementary ones. This bridge lays the foundation for
advanced topics in Functional Analysis and Numerical Analysis.
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15.3 Exercises

1. Series Convergence. Determine whether the following series converge or diverge using the Integral
Test where appropriate.

o0

(2) Z nliln

n=2

> 1

(b) nZ::Q n(lnn)?
c) Zne‘”2

2. Error Estimation. Suppose Y a, converges to S. The Integral Test provides bounds on the remain-
der Ry =S —Sny=>," N410n- Let f(:zr) be the corresponding continuous, decreasing function.

(a) Prove that [, f(z)de < Ry < [ f ! x) dw.
(b) How many terms of the series > >/ n 3 are needed to approximate the sum with an error less
than 10737
3. Divergence Speed. The harmonic series diverges very slowly. Let H,, = >"}_; %
(a) Use the Integral Test logic to show In(n + 1) < H, < 1+ lnn.
(b) Estimate how many terms are needed for the sum to exceed 100. (The universe might end before
you finish adding them).
4. Explicit Bernstein Construction. Let f(z) = |z — 1/2| on [0, 1].
(a) Write down the Bernstein polynomial By (f)(x) explicitly.
(b) Calculate By(f)(1/2).
(¢) Does the sequence B, (f)(1/2) converge to f(1/2)? Check for small n.
5. Approximation of Derivatives. Let f be continuously differentiable on [0, 1].

(a) Calculate the derivative of the Bernstein polynomial B, (f)'(x).
(b) Show that it can be written in terms of Bernstein polynomials of degree n — 1:

e TC SO (YR

(c) Prove that B, (f)" converges uniformly to f’ on [0,1].

6. Simultaneous Approximation. Let f € C'[0,1]. Prove that for every ¢ > 0, there exists a
polynomial P(z) such that:

[f(x) = P(z)| <€ and |f'(z) - P'(z)| <e
for all z € [0, 1].

Remark. Approximate f’ by a polynomial @, then integrate.

7. Limit Evaluation via Series. Evaluate > -, ()R

Remark. Consider the Taylor series for ze®.

8. Approximating Square Roots. Construct a sequence of polynomials that converges uniformly to
f(z) = vz on [0,1] without using the Bernstein formula directly. Consider the recursive sequence
Poii1(z) = Py(2) + 2 (2 — Py(2)?) with Py(z) = 0.

(a) Show that 0 < P, (x) < +/z for all z € [0,1].
(b) Show that for fixed z, the sequence P, (z) is increasing.
(¢) Use Dini’s Theorem to conclude uniform convergence.
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9. Moment Problem. Suppose f is continuous on [0, 1] and fol f@)z™dx =0 for alln=0,1,2,....

a) Use the Weierstrass Approximation Theorem to show that ! f(z)P(x) dxr = 0 for any polynomial
0
P

(b) Show that [(f(x))? dx = 0.
(¢) Conclude that f(z) =0 for all .

10. Nowhere Differentiable Approximation. Let f be the continuous nowhere differentiable function
defined in the previous chapter. Can f be uniformly approximated by polynomials? Why or why not?
What does this say about the "smoothness" of polynomials versus their limits?

11. Separability of C[0,1]. A metric space is separable if it contains a countable dense subset. Prove
that the space of continuous functions C[0, 1] with the uniform metric d(f, g) = sup |f — ¢| is separable.

Remark. Consider polynomials with rational coefficients.

12. xx The Covering Lemma. Let f : [0,1] — R be a continuous function. Suppose that f(0) = f(1) =0
and that for every z € (0,1), f(z) > 0. Let K be the graph of f in R%. Prove that for every e > 0,
there exists a polynomial P(z) such that:

sup |f(x) — P(z)|<e
xz€[0,1]
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