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Welcome to Semester 2 of Analysis! This semester we will continue the
study of analysis of functions of one real variable. We will start by studying
differentiation and later move on to integration.

Revision

Naturally it is important to have a good grasp of the first semester material.
Please have a go at the (not for credit) online revision test as a good way to revise
key concepts. In particular, key to everything is the definition of convergence
of a sequence (a,,) to a limit | (Definition 2.1 from Semester 1). We revise this
here.

Let’s run through how we end up with the formal definition of convergence.
Informally, we might say that the terms of the sequence should get closer and
closer to I. This is certainly too vague! For example, the terms of the sequence
1+ %) get closer and closer to 0, but we can see that the limit is 1 not 0.

So we realize that we need to say something like the terms of the sequence
should get arbitrarily close to . The formal definition is designed to capture
this idea.

Definition A sequence (a,) is said to converge to a limit | € R if given any
e > 0, there exists N € N such that for all n > N, we have |a, — | < .

In words: no matter what distance ¢ is specified, there is an index N beyond
which all the terms ayy1,an+2,... have a distance smaller than € to (.

We will now go over an example in detail, first guessing the limit by ex-
perimenting with particular values and special cases and then giving a detailed

proof, using the algebra of limits and the sandwich rule.
Example Let a,b € R and consider lim,, o (|a|™ + [b]™)/™.

1. Does this limit exist? What do you think it is? If you don’t know, try
experimenting with some particular values of a and b or try considering
special cases (eg a =0 or a = b).

2. Prove that your guess is correct.
Solution.

1. We begin by trying to guess what is going on, following the hint.
If a = 0, then we get

lim ([o")/" = Tim (b)) = [b]

n—oo
And if a = b,
lim (|a|"4[b|™)™ = lim (2/p]")Y/™ = lim 2Y/7[p] = lim 2" lim |b| = |b],
n—o0 n— o0 n— o0 n—oo n— oo

where we have used the algebra of limits.
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For a numerical example, let’s take a = 1066 and b = 2018. Maple tells
me that some terms of the sequence are approximately

3084, 2282.253273,2112.645195, 2056.185482, 2034.334311, 2025.242498, . . .,
2018.009362, , .. ., 2018.000289.

So it looks like this may be converging to 2018.

Looking at our examples, we are led to guess that the sequence does
converge, to max{|al, |b|}.

We can also come up with a rough idea about why this should be right:
if |a| < |b|, then for large n, |a|™ will be insignificant compared to [b|™, so
the terms will behave like (|b|")'/™ = |b. Now we need to prove that this
is actually correct.

. We will prove that lim, . (|a|™ 4 [b|")*/™ = max{|al, |b|}.

Let M = max{|al, |b|}. Then |a| < M and |b] < M, so |a|® < M™ and
[b] < M™. Thus |a|™ + |b|™ < 2M™. So

(lal™ + [p|™)!/™ < 24/ M.
Also, |a]™ + [b]™ > M™, so (|a|™ + [b|™)*/™ > M. Thus
M < (la|™ + |b|™)Y/™ < 2Y/" M.
Using the algebra of limits,
lim 2Y/"M = M lim 2'/" = M.1 = M.

n— oo n—o0

So it follows using the sandwich rule that lim,, . (|a|™ +[b|")}/"™ = M, as
required.

Differentiation

5.1 Introduction

The processes of differentiation and integration constitute the two corner—stones
of the calculus which revolutionised mathematics (and its applications), start-
ing from the groundbreaking work of Newton and Leibniz in the seventeenth
century. In this chapter we will focus on understanding differentiation from a
rigorous analytic viewpoint, using the knowledge that we have gained about
limits in semester 1. Before we start this process let us remind ourselves what
differentiation is for.

The geometric motivation for differentiation is to find the slope or gradient of

the tangent to a curve at a point lying on it. If the curve is given by a formula



y = f(z), then the gradient of the tangent at the point (x,y) appears to be
well-approximated by the slope of a chord connecting the very nearby points
(z,y) and (x + Ax,y + Ay). This slope is given by the ratio:

Ay flz+Az) — f(2)

Ax Ax

But to get from the slope of the chord to the slope of the tangent, it seems
that we must put Az = 0. This cannot be taken literally as it gives us the
meaningless ratio 0/0.

The dynamic motivation for differentiation is to find the instantaneous rate
of change of one quantity with respect to another. Let us assume that we are
dealing with a physical quantity F'(¢) that changes as a function of time ¢. For
example F'(t) could be position of a moving particle at time ¢, in which case
the required rate of change is the velocity. Or F(¢) could be the charge on a
conductor at time ¢, in which case the rate of change is the current. Then over
a very small time interval At, the average rate of change is:

AF(t) F(t+ At)— F(t)

At At ’

and we again want to understand what happens when At = 0.
Of course, we now know that we must solve both of these problems by taking
a limit as Az, or At, tends to zero.

5.2 Differentiation as a limit

Definition 5.2.1 Let f be a real-valued function with domain Dy. We say
f(z) — f(a)

that f is differentiable at a € Dy if lim,_,,

this case we write

exists (and is finite). In

f(a) = tim B =@ _ iy, flath) = fa)

r—a Tr—a h—0 h ’

and we call f'(a) € R, the derivative of f at a. We say that f is differentiable on
S C Dy if it is differentiable at every point a € S. Then the mapping a — f'(a)
defines a real-valued function which is called the derivative of f, and denoted
by f’. This has domain

Dy ={x € Dy | f'(x) exists}.

In applied mathematics, we may often write y = f(x), and write the function

f" as dy/dx. Then f'(a) = g—g‘ . When we do analysis, we do not find the

r=
dy/dz notation so helpful; it is usually easier to work with f’.

We can of course, iterate the notion of differentiability in the usual way.
Suppose that a € Dy and that f’ is differentiable at a, then we define the
second derivative f”(a) of f at a by

f(a) = () (a).



More generally if n € N with n > 2 we define the nth derivative of f at a by
(@) = (fV) (a),

whenever the limit on the right-hand side exists. We say that f is infinitely
differentiable or smooth at a if f(™(a) exists (and is finite) for all n € N. It is
also sometimes useful (especially when considering Taylor series, see section,
to employ the notation f(a) = £ (a).

Example 5.2.2 If f(x) = ¢ where ¢ in R is constant, it is easy to check directly
from Definition that Dy» = Dy =R, and f'(a) =0 for all a € R.

Example 5.2.3 Let f(z) = 2™ for + € R, where n € N is fixed. Use the
Binomial Theorem to show directly from the definition that f is differentiable
at all z € R, with f/(z) = na"%.

Solution. Let a € R. Using the Binomial Theorem, we have

fla+h) = f(a)

_(a+h)"—a”
B h
a™ +na" 'h+ in(n—1)a"2h? + - 4+ nah" "' + B" — a

h
1
=na""t 4+ in(n —1)a"2h+ - +nah™ 2 + "L

Thus
fla+h)— f(a) net

lim ——————~% =na
h—0 h ’

so f/(z) =na" ! forall z € R, and Dy = Dy = R.

Next we turn our attention to the relationship between differentiability and
continuity.

Theorem 5.2.4 If a real-valued function f is differentiable at a € Dy then f
18 continuous at a.

Proof. We need to show that lim,_,, f(z) = f(a). For  # a, write

o)~ ftay = TOZTD (g)
() ~ f(a)

Since f is differentiable at a, lim,_,, = f'(a), and of course

lim,_,,(x — a) = 0. Hence by algebra of limits (Semester 1, Theorem 3.3.1),



W'(Jj —a)=f'(a)-0=0. So lim,_,,(f(z) — f(a)) exists and

equals zero, and the result follows. O

limg_q

On the other hand, it is not true that every function that is continuous at a
is differentiable at a.

Example 5.2.5 Consider the function f(x) = |z| with Dy = R. It is continu-
ous at every point in R. It is also easy to see that it is differentiable at every
x # 0. Show that it is not differentiable at zero, by showing that the relevant
left and right limits are different there.

Solution. We have

Hmw:ﬁmﬂzhmj:_l
h10 h nto h nto h

. fO+h)—f0) . |h .. h

i h =lm, =limy =1

Thus the left and right limits are different and so limj_q does

fO+h) = f(0)
h

not exist.
Generalising the last example, we have the following definition.

Definition 5.2.6 We say that the real-valued function f has a left derivative

at a € Dy if f/(a) = limpro w

exists (and is finite), and that it
fla+h) - f(a)

has a right derivative at a € Dy if f! (a) = limyyo W

is finite).

exists (and

Theorem 5.2.7 A real-valued function f is differentiable at a € Dy if and only
if both the left and right derivatives at a exist and are equal. In this case

f'(a) = f.(a) = f\ ().

Giving the proof is an exercise on the problem sheets.

5.3 Rules for differentiation

The results in this section should all be familiar from MAS110, but now we can
make the proofs rigorous.



Theorem 5.3.1 Let f and g be real-valued functions that are differentiable at
a € DyNDy. Then the following hold.

1. For each a, B € R, the function af + Bg is differentiable at a and
(af +Bg)'(a) = af'(a) + Bg'(a).

2. (The Product Rule) The function fg is differentiable at a and
(f9)'(a) = f'(a)g(a) + f(a)g'(a).

3. (The Quotient Rule) If g(a) # 0 then f/g is differentiable at a and

7Y g (@ - f@)(a)
(g> (a)= 9(a)? '

Proof.
1. This is an easy application of the algebra of limits.
2. For all h # 0,
(f9)la+h) = (fg)(a)

h
_ flathjglath) - fla)glath)  fla)glath) - fla)g(a)
h h
_ <f(a+h2f(a))g(a+h)+f(a) (g(a+h]zg(a)).

The result follows by taking limits as h — 0 and using Definition and
the algebra of limits, together with the fact that at a, g is differentiable,
hence continuous by Theorem [5.2.4) and so limp,_,0 g(a + h) = g(a).

3. First observe that by Problem 61, there exists § > 0 so that g(z) # 0 for
all z € (a — d,a + 0). Consider h € R such that |h| < . Then

()= () o)

) 1<f( 1 h)gla) — fla)gla +h>>
h gla)g(a+h)

B | flath) ~fla) . olath) - gla)

- (Hh)( =T g ) - gy 2T =9 )

and the result follows by algebra of limits, using the fact that (as above),
limp, 0 g(a + h) = g(a).
0O



Theorem 5.3.2 (Chain rule) Let f,g be real-valued functions such that the
range of g is contained in the domain of f. Suppose that g is differentiable at a
and that f is differentiable at g(a). Then f o g is differentiable at a and

(fog)(a) = f(g(a))g'(a).

Proof. For z € D,, we consider

(fog)(z) = (fog)a) _ flg(x)) — f9(a))

T —a T —a
We would like to write this as

flg(x)) — flg(a)) g(z) — g(a)
g(z) — g(a) r—a

but that only makes sense when g(x) # g(a). To overcome this problem, we
introduce the function @ : Dy — R defined by

{f(y)—f(g)(a)) if y # g(a),

y—g(a

W= ity =g

We claim that

flg(x)) = flg(a)) _ Q(g(m))g(w) —g(a)

Tr—a r—a

)

for all z € D,. Indeed, for x such that g(z) # g(a), this is clear because the
factors of g(z) — g(a) cancel. And for x such that g(x) = g(a), both sides are
zZero.

So we need to study

lim Q(g()) X9,

T—a Tr—a

Since ¢ is differentiable at a, by Theorem g is continuous at a. Since f
is differentiable at g(a), @ is continuous at g(a). So Q og is continuous at a and
lim,_,, Q(g(z)) exists and is equal to Q(g(a)) = f'(g(a)). Using the algebra of
limits, we then have

lim Q@(@)M = lim Q(g(x)) lim 9(z) — 9(a)

T—a r—a T—a T—ra r—Qa

f'(g(a))g'(a),

as required. O



5.4 Turning points and Rolle’s theorem

Definition 5.4.1 A real-valued function f has a local minimum at a € Dy
if there exists 6 > 0 such that (@ — d,a +6) C Dy and f(z) > f(a) for all
z € (a—0,a+09).

A real-valued function f has a local mazimum at a € Dy if there exists § > 0
such that (a —d,a+9) C Dy and f(x) < f(a) for all z € (a — 0,a + 0).

A turning point (sometimes called an extreme point) for f is a point in its
domain that is either a local minimum or a local maximum.

It is important to distinguish carefully between local maxima and minima
and global maxima and minima, when the latter exist. For exampleif f : [a, b] —
R is continuous, then we know by Theorem 4.3.4 from semester 1 that it attains
both its supremum and infimum on [a, b]. So these are the global maximum and
minimum, respectively. But they are not necessarily turning points, because
they might be at the endpoints of the interval [a,b]. And, of course, a local
minimum /maximum need not be a global one.

Example 5.4.2 Consider the function f : [-3,2] — R defined by

fa) = {1:+2 if z € [-3,-1),

x? itx e [-1,2].
Identify any turning points and the global maximum and minimum.

Solution. Note that the function is continuous (by checking what happens

at © = —1), so as above there is a global maximum and minimum. The global
maximum is 4, attained at x = 2. The global minimum is —1, attained at
x = —3. Neither of these is a turning point (because they are the endpoints

of the interval: we cannot find a § such that all points within distance § are
contained in the domain). There is a local minimum at z = 0.

Theorem 5.4.3 If f is differentiable at a € Dy and a is a turning point for f,
then f'(a) = 0.

Proof. We suppose that f has a local minimum at a. So there exists § > 0 so
that (¢ — d,a + ) C Dy and f(z) > f(a) for all z € (a — J,a + ). Hence

MSO for all z such that a — § < z < a,
r—a

MZO for all z such that a < x < a + 6.
rT—a

Taking one-sided limits as * — a and using Problem 31 from semester 1,
we deduce that f’ (a) < 0 and f/ (a) > 0. But f is differentiable at a, so by



Theorem f.(a) = fi.(a) = f'(a), and so we conclude that f'(a) = 0, as
required.
The argument in the case of a local maximum is very similar. ]

A point where a differentiable function has derivative zero is sometimes called
a stationary point. So Theorem says that turning points are stationary
points. The converse to Theorem is false: not all stationary points are
turning points. Consider for example the familiar case of f(x) = 2®. Then
f'(0) = 0 but 0 is neither a local maximum nor a local minimum; it is what is
called an inflection point. We will not pursue the story of classifying stationary
points further here. You have seen this before in MAS110, and it is revisited
in one of the exercises. Instead we will use Theorem to explore some new

territory.

Theorem 5.4.4 (Rolle’s theorem) Let f be a real-valued function that is
continuous on [a,b] and differentiable on (a,b) with f(a) = f(b). Then there
exists ¢ € (a,b) such that f'(c) = 0.

Proof. If f is constant, the result is obvious, so assume that f takes at least
two distinct values. By Theorem 4.3.4 from semester 1, f is bounded on [a, ]
and attains both its supremum and infimum. It cannot attain both of these at
the end-points, as then they would be equal and f would be constant. So there
must be a ¢ € (a,b) where either the supremum or infimum is attained. But
then c is a turning point, and so f/(c) = 0 by Theorem [5.4.3] a

5.5 Mean value theorems

The next result is a generalisation of Rolle’s theorem and a very important
result, with lots of interesting consequences.

Theorem 5.5.1 (Mean value theorem) If a real-valued function f is con-
tinuous on [a,b] and differentiable on (a,b), then there exists ¢ € (a,b) such
that

Proof. For all x € [a,b], define g(z) = f(x) — a(x — a), where o = W.
Then ¢ is continuous on [a,b], and differentiable on (a,b), because f is. You
can check easily that g(a) = g(b) = f(a), and so we may apply Rolle’s theorem
(Theorem to deduce that there exists ¢ € (a,b) such that ¢’(c) = 0. But
g'(¢) = f'(¢) — @ and hence f’(¢) = «, as required. O

10



Towards the end of last semester, you studied monotonic functions and the
inverse function theorem. We can now see some consequences of the mean value
theorem in that context.

Corollary 5.5.2 [Monotonicity revisited] Suppose that a real-valued function f
is continuous on [a,b] and differentiable on (a,b). If for all z € (a,b) we have

f'(x) >0, then f is monotonic increasing on [a, b,
f'(x) >0, then f is strictly monotonic increasing on [a,b],
f(z) <0, then f is monotonic decreasing on |a,b),
f'(x) <0, then f is strictly monotonic decreasing on [a,b].
Proof. We’ll just do the first of these, as the others are so similar. Choose
arbitrary a, 8 such that ¢ < a < 8 < b. By the mean value theorem (Theo-

rem [5.5.1]), there exists ¢ € (a, ) so that

f(ﬁ) - f(a) gt
T hoa =0
Hence f(5) > f(«) and so f is monotonic increasing, as required. O

Corollary [5.5.2] becomes a powerful tool to study inverses of functions, when
used in conjunction with the inverse function theorem (Semester 1, Theorem
4.3.7). Roughly speaking, that result says a strictly monotonic continuous func-
tion has an inverse of the same kind. Now we can add information about
differentiability.

Theorem 5.5.3 [Inverses revisited] Suppose that f : R — R is continuous on
[a,b] and differentiable on (a,b), and that f' is continuous at ¢ € (a,b). If
1'(c) # 0 then the following hold.

1. There exists § > 0 so that f is invertible on [c — &,¢ + 4], and f~! is
continuous on (f(c—20), f(c+0)) if f'(c) >0, and on (f(c+9), f(c—=19))
if f'(e) <O.

2. The mapping f~! is differentiable at f(c) and

Proof. We will do the case where f’(c) < 0; (the case where f'(c) > 0 is
similar).
1. Since f’ is continuous at ¢, by Problem 61 there exists § > 0 so that
f'(z) < 0forall z € (¢c—6,c+4), and we can certainly ensure (by choosing
a smaller 4, if necessary), that (¢ — d,¢+ d) C (a,b). By Corollary
f is strictly decreasing on [c¢ — d, ¢ + §], and the result then follows from
Theorem 4.3.7.

11



2. Let y = f(c), then for d € (¢ — 6,¢) U (¢, ¢+ §), we have f(d) # f(c) since
f is invertible, hence injective. Write z = f(d). Then

[ y) — () c—d
y—x y—x
1 1

y=e — JO—fd)"
c—d c—d

Now since f~1 is continuous on (f(c + ), f(c — 6)), as * — y, we have
d — c and so
A ) A C) 1 1

UTED =y T = i e~ Py

Note. Theorem [5.5.3] should be familiar to you from calculus as the rule

dx 1
— =
dy ﬁ

We have now established precise conditions under which this holds.

The next result is a useful variation on the mean value theorem theme.

Theorem 5.5.4 (Cauchy’s mean value theorem) Let f and g each be con-
tinuous on [a,b] and differentiable on (a,b) with ¢'(x) # 0 for all x € (a,b).
Then there exists ¢ € (a,b) so that

f'(c) _ f(b) = f(a)

g'c)  g(b) —gla)

Proof. We note that, as ¢'(z) # 0 for all € (a,b), we must have g(a)—g(b) #
0, by Rolle’s theorem (Theorem|5.4.4)). The rest of the proof follows along similar
lines to that of the mean value theorem, and is left to you to do as one of the
exercises. ]

Corollary 5.5.5 (I’Hopital’s rule) Suppose that f and g are each differen-
tiable on (a,b), with ¢’'(x) # 0 for all x € (a,b).

1. If ¢ € (a,b) with f(c) = g(c) =0, then

lim L&) _ i £ @)

1m
z—c g(a:) T—cC g’(x)

)

whenever the limit on the right-hand side exists (and is finite).

12



2. Iflimg, f(z) = limy,), g(x) = 0, then

im @ = lim (@)
zla g(z) =l g'(z)’

whenever the limit on the right-hand side exists (and is finite).
3. If limgqy f(z) = limgq, g(z) = 0, then

im @ = lim (@)
b g(z) @t g'(x)’

whenever the limit on the right-hand side exists (and is finite).

Proof. We 1l only prove (2) as the other proofs are similar. We suppose
limg, I(2) (z) exists and is finite and denote it by L. Let € > 0. Then there exists

4 > 0 such that |f,g? L| < € whenever |a < t < a+ d|.
We apply Cauchy’s mean value theorem (Theorem [5.5.4)) on the interval

[y, ] where a < y < x < a+ ¢ to deduce that there exists z € (y, ) such that

Thus
T

f@)— fly) L’: f'(2)
9(x) —g(y) 9'(z)

Now f(y) — 0 and g(y) — 0 as y — c4. So letting y — ¢4, we get, for
a<zxz<a+d,

—L’<s
xr

fl@) _ L‘ <e
9(x)
Thus, lim,, % = L, as required. O

In the exercises you will see a variant of ’'Hopital’s rule, where instead of
converging to zero, the functions diverge to infinity at the point of interest.
We'll use this in the next example (where we will assume some properties of the
exponential function that will be made rigorous later on).

Example 5.5.6 Evaluate lim; o z®. (Recall, for example from MAS110, that
for a > 0, the function f(x) = a® may be defined as f(z) = e*™® for z € R.
Similarly we may define 2% = e*™(®) for z > 0.)

Solution. We use the version of ’'Hopital’s rule from the exercises and consider

1
limzln(z) = lim n(z)
10 z10 1/x
1/x
= — = —1. =
z10 1/22 a0 " 0



So by continuity of the exponential function,

lim 2% = lim e* In(z) _ elimmwmln(m) _ 60 -1
zl0 z]0

5.6 Taylor’s theorem

Let [a,b] be a given interval in R.

Definition 5.6.1 For each n € N we define the real vector space C™(a,b) to
consist of functions f : [a,b] — R for which

e The nth derivative f(") of f exists for all points in (a,b).
e f(") is continuous on (a, b).

We also define the vector space C*°(a,b) of functions that are infinitely differ-
entiable on (a,b).

Clearly for all n € N, we have inclusions
Ooo(a7b) - Cn(avb) - Cmil(a7b) c.--C Cl(a‘ab) - O(a7b)a
where C'(a,b) is the space of continuous functions on (a, b).

Definition 5.6.2 Let f € C™(a,b), for some n € N. Fix z¢ € (a,b). The real
numbers f)(zq)/k!, for k = 0,1,...,n are called the Taylor coefficients of f
at xg.

We define a function T]En) € C"(a,b) by

T4 (z) =
k=0

The function T}n) is called the Taylor polynomial of f of degree n around x.

Theorem 5.6.3 (Taylor’s theorem) Let f € C""(a,b) and zo € (a,b).
Then for all x € (a,b),

k) (g
£y =3 T (0 a4 Ry ), )
k=0 ’
n+1 _ (e _ n+1 . .
where Ry™ (z) = CESY (x — xo)"*Y, for some ¢ depending on x, with ¢ €

(xo,x) if © > xg and ¢ € (x,x0) if T < xp.

14



Proof. Assume for convenience that z > xg.
Define My : (zg,z) = R by

Myto) = @) - 1), 2)
and ¢ : [xg,2] — R by
n (k) T — n+1
o) = 1)+ 50+ 3 TP e =0+ I o),

Then g is clearly continuous on [zg, 2] and differentiable on (z¢, ). You can
easily check that g(z¢) = g(x) = 0. Then by Rolle’s theorem (Theorem [5.4.4)),
there exists ¢ € (xg,x) with ¢’(¢) = 0. Now for t € (z9, x)

n (k) n (k) v—f)m
0 = 0= a0t S e g B
k=1 k=1

(x—t)"
n!

(S0 (8) — My ().

Then ¢'(c) = 0 tells us that c is such that f("*1(¢) = My(z), and then
follows by straightforward algebra from . o

Notes.

1. The term R?H(Js) = f(x)— T;n) () measures the error in approximating
f by its Taylor polynomial of degree n at f. It is called the remainder
term of degree n + 1.

2. If 0 € (a,b), we can take o = 0. In this special case, Theorem is
called Maclaurin’s theorem.

Now suppose that f € C*(a,b) and that the series > p- %(z — o)

converges for all « € (a,b). If we may write

£ (k) ( 2B (g
fz) = Z M(x — mo)k = lim Z fTﬁo)(l‘ - xo)k7
k=0 k=0

k

we say that f is represented by its Taylor series on (a,b). We will learn more
about convergence of infinite series of numbers in the next chapter and infinite
series of functions later on.

6 Series

Given a sequence (a,), we can try to make sense of the sum of its terms,
>0 L an. We call this a series. We define such an infinite sum via a limit,
when it exists. You have already studied series in MAS110, but without know-
ing the formal definition of limit. So now we revisit this material in a more

rigorous way.
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6.1 Convergence and absolute convergence
Definition 6.1.1 Given a sequence (a,) of real numbers, we consider the as-
sociated sequence (s;,) of partial sums, where

Sn =1+ + -+ ap.

We say that the sequence (a,) is summable if the sequence (s,) of partial
sums converges.

In this case, we write
(oo}
lim s, = E an,
n—oo
n=1

or more informally

lim s, =a;+as+asg+---
n—oo

If the sequence (a,) is summable, we also say the series > - | a,, converges.
This is less formal language than the above, as we are using Zzozl an for both
the sequence of sums, and the number it converges to (if any). However, it does
not cause problems in practice.

Example 6.1.2 Consider the geometric series
oo
5 ar
n=0

where a and r are fixed real numbers. For which r does this converge? And
what is the limit in that case?

Solution. This series converges precisely when |r| < 1, to the limit

a
1—7

(Make sure you know why!)

Note that here the geometric series is indexed so that it begins at n = 0
rather than n = 1.

The proof of the following is left as an exercise (or see the proof given in
MAS110).

Proposition 6.1.3 Suppose the series Zzozl a, converges. Then a, — 0 as
n — 00. m]

Note that the converse to the above is not true. For example, the harmonic
series Zzozl % does not converge, yet % — 0 as n — oo.

16



Example 6.1.4 Show that the series

n
Zn—i—Q

n=1

does not converge.

Solution. Observe

lim im —— =
n—oo N 4+ 2 n—>ool+2/n

14 0.

Therefore the series does not converge.

Definition 6.1.5 We say a series Y | a,, converges absolutely when the series
o021 |an| converges.

Proposition 6.1.6 Any series that converges absolutely also converges.

Proof. Suppose that > 7, |a,| converges. We need to show that Y  a,
converges. Write o, = |a1]| + -+ + |a,| and s, = a1 + - - - + a,. We know that
(05,) converges and hence it is a Cauchy sequence. Let £ > 0. Then there exists
N such that for m,n > N, |o, — o] < . For n > m > N, we have

Isn = sm|=1l(a1+ -+ +an) = (a1 4+ am)| = |am+1 + -+ + an|
< lamia]+ -+ lan] = (Jaa] + -+ +an]) = (laa| + - + |am])

=0, —0m = |opn —om| <e.

Thus (s,) is also Cauchy and hence convergent. O

6.2 Convergence tests

In this section we look at some criteria to tell when a series converges. The first
of these is called the comparison test.

Theorem 6.2.1 (Comparison test) Let (a,) and (b,) be sequences of real
numbers, where a,, > 0 and b, > 0. Suppose that (b,,) is summable and a,, < by,
for all sufficiently large n. Then (ay,) is summable.

Proof. Let
Sn:a1+"'+an7 tTL:b1+"'+brL-

Then the sequence of partial sums (¢,) converges, so it is Cauchy.
Let € > 0. Pick N such that

17



e |t, — tm| < & whenever m,n > N and
e a, <b, whenever n > N.
Then for n > m > N, we have
[$n— Sm| = ami1+ -+ an <bpg1+ -+ by = [tn —tn] <e.

So the sequence of partial sums (s,,) is also Cauchy. Hence it converges, and
(ay) is summable as required. ]

We can immediately apply this to absolute convergence.

Corollary 6.2.2 Let Y.~ b, be absolutely convergent. Suppose we have a
sequence (ap) where |a,| < |by| for all sufficiently large n. Then the series

o2 | an is also absolutely convergent. ad

Example 6.2.3 Show that the series

oo
E n3~"
n=1
converges.

Solution. Observe that for all n € N, n < 2™. Hence

2 n
33T = (o
s = (g

>(5)

n=1

and the series

is a geometric series, with common ratio % < 1, which converges. Hence the
series

9]
§ :ng—n
n=1

also converges by the comparison test.

18



Comparing a series to a geometric series, as in the previous example, gives
us the ratio test, perhaps the most useful of any of the tests for convergence.

Theorem 6.2.4 (Ratio test) Consider a series of non-zero terms
o0
2 an
n=1

and suppose

An41
[e2%

lim

n—oo

o Ifr <1, the series converges absolutely.

o Ifr > 1, the series does not converge.

Note that if » = 1, we cannot tell by using the ratio test whether or not the
series converges.
Proof. Suppose
(p41
an

lim =r <l
n— 00

Let r < s < 1. Then there exists an N such that if n > N, then

an+1
an

<s

—_ b

that is, |ant1| < |an|s. In particular
lant1] < lanls, lani2| < lanls®, lantal < lan]s?,...,

that is, |an x| < |an|s* for all k.
Now, since 0 < s < 1, the geometric series

o0

D laxls*

k=0

converges. So by the comparison test, the series Z;’io an+k converges ab-
solutely. Since the series ZZOZO an only adds on finitely many terms, it also
converges absolutely.
Now suppose
Ap+1
Gp

Then there exists an IV such that if n > N, then

=r>1.

lim
n— oo

Ap+1
an,

> 1.
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So,
> lante| 2 lanti] > |an].

So limg— 00 lan+k| = Jan| > 0. So the sequence (a,) does not converge to zero
and so the series does not converge. O

Example 6.2.5 Let = € R. Investigate convergence of the series
>
using the ratio test.

Solution. Set a,, = z™/n. Then

any1 2"/ (n+1)  nx oz
an x™/n T n+1 1+1/n
So
lim |[22FL] = |].
n—oo an

Thus, by the ratio test, our series converges absolutely if |z| < 1, and does not
converge if |z| > 1.

The ratio test does not tell us about convergence in the above example for
x = £1. It turns out that the series converges, but not absolutely, when x = —1
(to —In(2)), and does not converge when & = 1 (this is the harmonic series).

Our final test for convergence, called the root test, is mainly theoretically
useful. Before stating it, observe that for any bounded sequence of numbers
(bn), where b, > 0, the sequence (c,), where

Cn = SUP{bm bn+17 bn+27 .. }

is bounded and monotone decreasing, so the sequence (¢, ) converges.
If the sequence (by,) is not bounded, we adopt the convention that the limit
of the sequence (¢,) is co.

Theorem 6.2.6 (Root test) Let > a, be a series, and set

1
ntT |an+2

. 1
c¢= lim sup{|an|™,|ant+1

n—oo
o Ifc <1, then the series converges absolutely.

o Ifc>1, then the series does not converge.
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Proof. Let
1 1 1
cn = sup{lan|™, |ant1| 7T, [anta| 72, )

Suppose ¢ < 1. Pick ¢ < d < 1. Then (taking ¢ = d — ¢ in the definition of
convergence), we see that there is some N such that ¢, < d for all n > N. Since
d < 1, the geometric series

o0

> d"

n=1

converges.

Since |an|1/” < ¢, we have |a,| < ¢ < d™if n > N. So by the comparison
test, the series >~ | a, converges absolutely.

Now suppose ¢ > 1. Then there is some N such that ¢, > 1 for all n > N.
Hence, for each n > N, there must be some m > n with |am|% > 1, and so
|apm| > 1. Thus we find a subsequence (ay, ) of (a,) with all terms greater than
1. But this means that the sequence (a,,) does not converge to zero, so the series
>0 | an cannot converge. |

7 Integration

In this chapter we will go over the rigorous definition of the integral. You have
seen the idea before in MAS110, but now we can make it precise using limits.

7.1 Integration of step functions

We start by considering functions for which it is easy to capture explicitly the
idea of an integral as a (signed) area.

Recall that a bounded interval, I, is a set of one of the forms: (c,d), [c,d],
(c,d] or [c,d). Here ¢,d € R with ¢ < d. For each of these we define the length
of I to be

length(I) =d —c.

Definition 7.1.1 Let a,b € R, with a < b. Let A C [a,b]. Then we define the
characteristic function of A, x: [a,b] = R, by the formula

wo={g 154

A function s: [a,b] — R is called a step function if we have constants a; € R
and bounded intervals I; C [a, b] such that

s(t) = Zai)gi (1), for all t € [a, b].
i=1
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Notice that a step function has only finitely many steps.

The idea of the integral of a function is that it finds the (signed) area under its
graph. Here signed means that area above the z-axis is counted positively, area
under the x-axis is counted negatively. We use this idea to build the definition.
Linking this with the “opposite of differentiation” is a profound theorem, and
not the definition; we will see this theorem soon.

Given a function s(t) = ax;(t), where I is a bounded inteval, the area under
the graph is a rectangle, with width length(I) and height ||, and the (signed)
area we want is

alength(T).

The area under a step function comes from adding areas of rectangles toge-
her, making the following a reasonable definition.

Definition 7.1.2 Let s: [a,b] — R be a step function. Write

s(t) =D aix, ().
i=1
Then we define the integral of s to be

/b s(t)dt = i a;length(;).

=1

The same step function can be written in different ways.
Example 7.1.3 Define step functions r,s: [0,5] — R by
r(t) = X1 (8) +2x12,4 (), s(8) = Xp,2)(£) + 3X12,3)(£) + 2x(3,4) (D).

Notice that in fact 7(t) = s(t) for all t. Calculate f05 r(t) dt and f(f s(t) dt.

Solution. We have
5
/ r(t)dt=1x242x2=6
0

and

5
/ s()dt=1x1+3x1+2x1=6.
0

As illustrated in the example, the definition of the integral for a step function
does not depend on how the step function is written. We will not give the details
of the argument, but it can be done by going via a representation involving
disjoint intervals and then showing that subdivision of those intervals does not
change the integral.

The following is immediate from the definition.
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Proposition 7.1.4 Let r,s: [a,b] — R be step functions, and o, € R. Then
ar + Bs : [a,b] = R is a step function and

/ab ar(t) + Bs(t) dt = a/abr(t) dt + 5/: s(t)dt.

The next result is clear geometrically; the proof is left as an exercise.

Proposition 7.1.5 Letr,s: [a,b] — R be step functions with r(t) < s(t) for all

t € [a,b]. Then
b b
/ r(t) dt < / s(t) dt.
Corollary 7.1.6 Let s: [a,b] — R be a step function. Then |s(t)|: [a,b] — R

s also a step function and
b b
/ s(t) dt| < / 1s(t)] dt.

Proof. If s(t) = Y7, a;xz(t), then |s(t)| = D0, as|xr, (t), so |s(t)] is also
a step function. For all ¢,

O

—ls@)] < s(t) < s(®)]-

Hence, by Propositions and [7.1.4]

/ab|s(t)|dt§/ab5(t) dtg/abls(t)ldt

The result now follows. a
The final property we need for later work is also clear from the definition.

Proposition 7.1.7 Let s: [a,b] — R be a step function. Let a < ¢ <b. Then
the restriction of s to each of [a,c] and [c,b] is again a step function and

/abs(t) dt = /acs(t) dt—i—/cbs(t) dt.
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7.2 The Riemann integral

Let f: [a,b] — R be a bounded function, that is to say we have constants m
and M such that m < f(t) < M for all ¢t € [a,b]. Then if s(t) is a step function,
and s(t) < f(t), then s(t) < M for all ¢, so

/bs(t) dt < M(b— a).

Similarly, if s(¢) is a step function, and s(t) > f(¢) for all ¢, then

b
/ s(t)dt > m(b— a).

We want to define the area under the graph of f. We approach this by
approximating f by step functions, since we already know how to treat this
case, by the previous section.

There are two ways we can go about this approximation: approximating
from below, and from above.

Definition 7.2.1 Let f: [a,b] — R be a bounded function. We define the lower
integral of f:

b b
L/ f(t) dt = sup {/ s(t) dt | s is a step function, s(t) < f(t) for all t} .

We define the upper integral of f:
b b
U/ f(t) dt = inf / s(t)dt | s is a step function, s(t) > f(¢) for all ¢ 3 .
Notice that the set involved in the definition of the lower integral,

b
{/ s(t) dt | s is a step function, s(t) < f(t) for all t} )

is a non-empty bounded above subset of R. The integral of a step function is by
definition a real number. If m < f(t) for all ¢ € [a, b], then s = mx(, 4 : [a,b] =
R is a step function such that s(t) < f(¢) for all t. So f; s(t)dt = m(b—a) is
an element of the set. And if f(¢) < M for all ¢ € [a, b], then the set is bounded
above by M (b — a). Thus the set has a supremum.

Similarly, the set involved in the definition of the upper integral is a non-
empty bounded below subset of R and so has an infimum.

Note that if s is a step function, then

/abs(t)dt:L/abs(t)dt:U/abs(t)dt.
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Definition 7.2.2 We call a bounded function f : [a,b] — R Riemann integrable
if

L/abf(t)dtU/abf(t)dt.

In this case we define the integral

/abf(t)dt—L/abf(t)dt—U/abf(t)dt.

Step functions are clearly Riemann integrable, but not every bounded func-
tion is.

Example 7.2.3 Define f: [0,1] — R by
|0 teQ,
Show that f is not Riemann integrable.

Solution. Note that every interval, however small, contains both rational and
irrational numbers. So if s: [0,1] — R is a step function, if s(t) > f(¢) for all ¢,
then s(t) > 1. And if s(t) < f(¢) for all ¢, then s(t) < 0. We see that

1 1
L/O F(t)dt =0, U/O Ftydt =1,

and since these are not equal, the function f is not Riemann integrable.
At the end of the next chapter we will prove the major result that if
f:la,b] — R is continuous, then f is Riemann integrable (Theorem [8.4.4)).

Propositions [7.1.4} [7.1.5], [7.1.7, and Corollary give us the following

result.

Proposition 7.2.4 Let the bounded functions f,g: [a,b] — R be Riemann in-
tegrable.

o Let a, f € R. Then af + Bg: [a,b] — R is Riemann integrable and
b b b
/ af(t) + By(t) dt:a/ £(t) dt+/3/ o(t) dt.
o Suppose f(t) < g(t) for allt € [a,b]. Then

/abf(t) it < /abg(t) dt.
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o Leta<ec<b. Then

/abf(t)dt—/acf(t)dtJr/cbf(t)dt.

e The function |f(x)] : [a,b] = R is Riemann integrable, and

/a  fe) e

Corollary 7.2.5 Let the bounded function f: [a,b] — R be Riemann integrable.
Let

b
< / () d.

O

m =inf{f(z) | = € [a,b]}, M = sup{f(z) | = € [a,b]}.
Then )
m(b—a) §/ f@) dt < M(b-—a).
Proof. Certainly
m< f(t) <M
for all ¢ € [a,b], so by Proposition [7.2.4]

/abmdtg/abf(t)dtg/abMdt.

Integrating the lefthand and righthand terms, the result follows. a

7.3 The fundamental theorem of calculus

Remember that integration was defined in terms of areas. In this section we link
it with the reverse of differentiation. This is known as the fundamental theorem
of calculus. You are already familiar with this statement, but now we are in a
position to give a full proof.

Theorem 7.3.1 (Fundamental theorem of calculus) Let f: [a,b] — R be
continuous. Define F': [a,b] — R by

Flz) = /JC F(2)dt.

Then F is differentiable, and F'(xz) = f(x) for all x € [a, D).

Proof. Let h >0 and let = € [a,b]. Set

myp, = inf{f(t) t € [x,z + h]}, My, =sup{f(t) | t € [z,z + hl]}.
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Recall the boundedness theorem (Theorem 4.3.4) from semester one: a continu-
ous function f on a closed bounded interval is bounded and attains its bounds.
So my,, M,, € R for all n.

Note that

x+h z+h z
/ f(t)dt:/ £1) dt—/ F(t)dt = F(z +h) — F().

So by Corollary
mph < F(z+h) — F(z) < Mph
and so
F(x+h) — F(x)
h

The same inequality holds when i < 0; the proof is similar.
Since f is continuous at x, we have that

mp < < Mp.

li = lim M, = .
Jin i, =l My, = f ()

So by the sandwich rule,
F(z+h)— F(x)

li = .
lim A f(x)
That is, F is differentiable at = and F'(z) = f(x). a

The version of the theorem that we use in practice to calculate integrals
follows as a corollary.

Corollary 7.3.2 Let f: [a,b] = R be a continuous function. Suppose we have
a differentiable function F: [a,b] — R such that F'(x) = f(x) for all x € [a,b].
Then

b
/ F(t)dt = F(b) — F(a).
Proof. Let "
G(z) = / f(t)dt.
Then G(a) = 0, and by Theorem G is differentiable with
G'(x) = f(z) = F'().

So we have a constant C' such that G(z) = F(x) + C for all x € [a,b]. Now

b

/ f@t) dt = G(b) = G(b) — G(a) = (F(b)+ C) — (F(a) + C) = F(b) — F(a).
O
Note that all of the techniques we already know about finding integrals, such

as substitution and integration by parts, can be proved for continuous functions
with an “antiderivative”.
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7.4 Improper integrals

This section was not covered in 2017-18 and is not examinable.

8 Sequences and series of functions

In this chapter we will study sequences and series of functions. We start with
two different notions of convergence for a sequence of functions. Later we will
consider the interaction between continuity and these notions of convergence,
as well as looking at integration.

8.1 Pointwise and uniform convergence
Counsider a sequence of functions, (f,), where f,,: [a,b] — R.

Definition 8.1.1 We say the sequence (f,) converges pointwise to a function
f: [a,b] — R if for each t € [a, b], we have

lim f,(t) = f(¢).

n—oo

In other words, the sequence (f,,) converges pointwise to f if for each t € [a, b]
and € > 0, there exists N € N such that |f,(¢) — f(¢)| < € whenever n > N.

Note that in this definition, the N can depend not just on the value of ¢,
but also on the point ¢.

Example 8.1.2 Define f,: [0,27] — R by f,(t) = cos(¢/n). Show that the
sequence (f,) converges pointwise and determine the limit function.

Solution. Observe that ¢/n — 0 as n — 0o, and cos is a continuous function,
so for each ¢ € [0, 27|, we have

t
cos () —cos0=1
n

as n — oo. Thus the sequence (f,) has pointwise limit the constant function
f:00,27] = R, with f(¢) =1 for all ¢ € [0, 27].

Example 8.1.3 Define f,: [0,1] — R by f,(t) = t". Show that the sequence
(fn) converges pointwise and determine the limit function.

Solution. Forit <1,
f@)=t" =0

as n — oQ.
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On the other hand, 1" =1 for all n, so f(1) — 1 as n — oco. So the sequence
(fn) has pointwise limit f, where

o={1 151

Example 8.1.4 Define f,: [0,2] — R by f,(t) = t". Show that the sequence
(fn) does not converge pointwise.

Solution. Note that if ¢ > 1, then t" — 0o as n — o0, so if t > 1 then

lim fu(t)

n—oo

does not exist, and (f,,) has no pointwise limit.

Instead of pointwise convergence, we could insist that a sequence of func-
tions converges at the same rate at each point. This concept is called uniform
convergence and it is a much stronger condition. Uniform convergence, as we
shall see, preserves such things as continuity and to an extent differentiation. As
the second of the above examples show, pointwise convergence does not, preserve
continuity.

Definition 8.1.5 Let f,,: [a,b] — R. We say the sequence (f,) converges uni-
formly to a function f: [a,b] — R when for all € > 0, we have N € N such that
[fn(t) = f(t)| < e foralln > N and t € [a, b].

The difference between this definition and pointwise convergence is that the
N does not depend on the point ¢, only on €. Note that uniform convergence
of a sequence (f,) to a function f implies pointwise convergence to the same
function f.

Proposition 8.1.6 Consider a sequence of functions fn: [a,b] — R. Let
f:]a,b] = R. Then the following statements are equivalent.

e The sequence (fy) converges uniformly to f.
o Let M, =sup{|fn(t) — f(t)| | t € [a,b]}. Then M,, =0 as n — co.

Proof. Let (f,) converge uniformly to f.
Let ¢ > 0. Then we have N € N such that |f,(t) — f(t)] < § whenever
n > N, for all t € [a,b]. Let n > N. Then

My = sup{|fu(t) = F(O)] | ¢ € a,b} < 5 < e.

Thus M,, — 0 as n — oo, and the second condition holds.
Conversely, suppose M,, — 0 as n — oo. Let ¢ > 0. Then we have N € N
such that M, < e whenever n > N. But this means, for n > N, that

sup |fn(t) = f()] <e

t€la,b]
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and so | f,(t) — f(t)| < e whenever n > N, for all t € [a,b]. Thus (f,) converges
to f uniformly, as required. a

The condition on the M,,s in Proposition [8:1.6]is usually the easiest way to
actually prove uniform convergence in an example.

Example 8.1.7 For n > 2, define f,,: [0,27] — R by

1—-2
falt) = = : sin t.

First show that the sequence (f,) converges pointwise and determine the limit
function f. Then show that in fact the sequence (f,,) converges uniformly to f.

Solution. Observe that

-2 .
fa(t) = . sint — 2sint

S

S

as n — 00, so (fy,) converges pointwise to f, where f(¢) = 2sint.
Then

1-2 1-2
20) = 101 = | T2~ lsinel < | 7220 -

for all t, and

1-2n 1

—2| = —

’1—71 ‘ 1—n 0

as n — o0.
Thus, if

My, = sup{|fn(t) — f(£)] | £ € [0,27]}

thenOSMnSﬁ. Andsinceﬁ—)Oasn—)oo,MnAOasn—)oo. So
(fn) converges uniformly to f.

8.2 Continuity under uniform limits

Theorem 8.2.1 (Uniform limit theorem) Let f,: [a,b] = R be continuous
for each n € N. Suppose the sequence (f,) converges uniformly to a function
f:]a,b] = R. Then f is continuous.

The proof is sometimes called the £/3 proof because of the main trick.

Proof. Let ¢ € [a,b]. We want to prove that f is continuous at ¢;. Let &€ > 0.
Then:
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e We have N € N such that |f,(t) — f(t)] < £ whenever n > N, for all
t € [a,b] (since (f,) converges uniformly to f).

e We have § > 0 such that |fx(t) — fn(to)| < § whenever [t —to| < & (since
fn 1s continuous at tp).

So, let ¢ be such that |t — | < 0. Using the above two conditions,

(= F ()| < 10— In O+ fn (8= Fv (o) |+ fav(to) = (ko) < S +545 =<

Thus f is continuous at tg. a

The result also holds, with essentially the same proof, for functions f,, : R —
R.

Example 8.2.2 Let f, : [0,1] — R be given by f,(¢) = t". Show that the
sequence (f,) does not converge uniformly.

Solution. We saw in Example that the sequence (f,,) has pointwise limit

f, where
0 t<1,
f(t)_{ 1ot=1.

If (f) did converge uniformly the limit would have to be this function f. But
f is clearly not continuous. So (f,) does not converge uniformly.

8.3 Integration and differentiation

We will look at how uniform convergence interacts with integration. The follow-
ing result is called the uniform convergence theorem for integrals. Many of our
results and examples in the rest of this course are applications of this theorem.

Theorem 8.3.1 (Uniform convergence theorem) Let f,,: [a,b] = R be a
continuous function, for n € N. Suppose the sequence (f,) converges uniformly
to a function f. Then

b

lim [ fu(t)dt = / ’ f(t)dt.

n—oo a

Proof. By Theorem the function f is continuous, and therefore inte-
grable. Let ¢ > 0. Since (f,) converges uniformly to f, we have N € N such

that
€

|fn(t) — fF(B)] < 2W—a)
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whenever n > N, for all ¢ € [a, b].
Hence by Proposition and Corollary for n > N we have

b b
/ fat)dt— | f(t)dt

a

The result now follows. O

Thus we can, under suitable conditions, swap limits and integral signs. This
is frequently useful.

The result actually still holds if each f, is Riemann integrable rather than
continuous, but the proof is much more involved, and the above is enough for
our purposes.

The following example shows that we do need uniform convergence to be
able to swap limits and integrals.

Example 8.3.2 Let f, : [0,1] — R, for n € N be defined by
falt) = nt(1— )",
1. Show that (f,) converges pointwise to the zero function.
2. Calculate lim,,_, oo fol fa(t)dt.
3. Does (f,) converge uniformly?

Solution. (Outline)

1. This is left as an exercise, with the hint to use the binomial expansion of

(143
2. Using the substitution v = t2, one can show that fol fn(t)dt = % So
1
. . n . 1 1
A [ fadt= T sy = im e = g

3. From the previous parts we see that
lim falt)dt==#£0= / lim f, dt.
0 2 g Moo

n—oo

Thus (f,,) cannot converge uniformly (otherwise this example would con-
tradict the uniform convergence theorem).
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Our first immediate application is to differentiation. Indeed, it is natural to
ask at this point about swapping limits and differentiation.

Corollary 8.3.3 Consider differentiable functions f,: [a,b] — R. Suppose (fy)
converges pointwise to a function f, and the sequence of derivatives (f],) con-
verges uniformly to a function g. Then f is differentiable, and [’ = g.

The proof uses the fundamental theorem of calculus and the uniform con-
vergence theorem, but details are omitted.

Thus we can, under suitable conditions, swap limits and differentiation. The
following example shows that convergence conditions on the sequence of deriva-
tives are necessary.

Example 8.3.4 Define f,,: [0,27] — R by

fa(t) = %sin(th).

Show that (f,) converges uniformly to the zero function, but (f}) does not
converge pointwise.

Solution. Observe that | f,(t)| < L for all ¢ € [0,27], and =+ — 0 as n — oo.
Thus the sequence (f,,) converges uniformly to 0, the zero function.

But
f1(t) = ncos(n’t)

n

and the sequence (f]) does not converge pointwise (let alone uniformly).

8.4 Uniform continuity

We recall once again what it means for a function to be continuous.

A function f: [a,b] — R is continuous at a point z € [a,b] if for all ¢ > 0
we have § > 0 such that if | — xo| < § then |f(z) — f(zo)| < e.

The function f is continuous on [a, ] if it is continuous at every point z¢ €
[a, b].

Along similar lines to uniform as opposed to pointwise convergence, we make
the following definition.

Definition 8.4.1 Let f: [a,b] = R. We say [ is uniformly continuous on [a, ]
if for all € > 0 we have § > 0 such that if |z — y| < 6 then |f(z) — f(y)| < ¢ for
all z,y € [a,b].

The difference here is that the ¢ can only depend on €, not on a chosen point
xo as well. For a given ¢, the same § has to work across the whole of the interval
[a, b].

We similarly define uniform continuity of a function f: R — R.

It is clear that if f is uniformly continuous then f is continuous. The fol-
lowing example shows that the converse need not hold.
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Example 8.4.2 Define f: R — R by f(x) = 22. Certainly f is continuous.
Show that f is not uniformly continuous.

Solution. Let z,y € R, and suppose |x — y| = ¢ > 0. Then

(@) = f)l = [a* = y?| = |(z — y) (@ +y)| = clo +y].

So if z,y > 1/c, then |f(x) — f(y)| > 1.

Taking ¢ = 1 in the definition of uniform continuity, we see that there is
no ¢ > 0 such that |z — y| < d ensures that |f(z) — f(y)| < 1. Thus f is not
uniformly continuous.

In view of the above, the following feels surprising: on a closed bounded
interval there is no difference between continuity and uniform continuity. We
will omit the proof.

Theorem 8.4.3 Let f: [a,b] = R be continuous. Then f is uniformly contin-
UOUS.

As an application, we use this result to supply a sketch of the proof promised
earlier that continuous functions on bounded intervals are Riemann integrable.

Theorem 8.4.4 Let f: [a,b] — R be continuous. Then f is Riemann inte-
grable.

Sketch proof.
e By Theorem the function f is uniformly continuous.

e Let ¢ > 0. We want to find a step function greater than or equal to f and
a step function less than or equal to f with integrals within distance ¢ of
each other.

e Since f is uniformly continuous, we have 6 > 0 such that if |z — y| < 4,
then .
- <
@) = 1) < 55—
e Divide the interval [a,b] into subintervals of length smaller than 4.

e Define step functions r,s using the inf and sup of f on each of these
subintervals as the steps.

e Then r(t) < f(t) and s(t) > f(t) for all ¢ € [a,b] and

LZ@&AZ@&
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e Hence

<eE.

U/abf(t)dt—L/abf(t)dt

e Since this holds for all € > 0, the upper and lower integrals must be equal.
So by definition, the function f is Riemann integrable. O

8.5 Series of functions

We can treat convergence of series of functions as we did for series of real
numbers, via sequences of partial sums.

Definition 8.5.1 Let (f,) be a sequence of functions, f,: [a,b] — R. We
consider the sequence of partial sums (s,), where s,,: [a,b] — R is defined by

sn(t) = f1(t) + fat) + -+ fu(D).

We say the series Y > | f, converges pointwise if, for each t € [a,b], the
series > 7 | fn(t) converges. That is, for each ¢ € [a,b], the sequence of partial
sums (s, (t)) converges, or equivalently, the sequence (s,) converges pointwise.

We say that the sequence (f,) is uniformly summable, or that the series
>0 | fa converges uniformly, on [a, b] if the sequence (s,,) of partial sums con-
verges uniformly.

One also makes the same definition for functions defined on R.

Theorem and Corollary immediately give us the following two
results.

Theorem 8.5.2 Let (f,) be a uniformly summable sequence of continuous
functions f,: [a,b] = R. Then the function f: [a,b] = R given by

OB A0

18 continuous. O

Theorem 8.5.3 Let (f,) be a sequence of differentiable functions, f,: [a,b] —

R, such that the series Y .-, f, converges pointwise to a function f, and the

series Yoo, fh is uniformly summable. Then f is differentiable and

F) =3 fult)

for allt € [a,b]. O
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In order for the above to be useful, we need a criterion for uniform conver-
gence of a series. The following result, called the Weierstrass M -test provides
a handy criterion.

Theorem 8.5.4 (Weierstrass M-test) Let f,: [a,b] — R be a sequence of
functions. Suppose we have a summable sequence of real numbers (M,) such
that | f(t)] < M, for alln, and allt € [a,b]. Then the sequence (f,,) is uniformly
summable. Further, for each t € [a,b], the series

> fal®)

converges absolutely.

Proof. For each t € [a, b], absolute convergence of the series

> falt)

follows immediately from the comparison test. Define f : [a,b] — R by f(t) =

2ot Fn(0):
Let e > 0. Since the series > ° M, converges, we have N such that
S +1 My, < e whenever 7 > N.

n=r

Let t € [a,b]. Then

FO = (@ + -+ L) =] D @< Y f®< D> My<e
n=r+1 n=r+1 n=r+1

Since this holds for all ¢ € [a, b], it follows that the sequence of partial sums
of the series > 7| f,, converges uniformly, to f. |

Note that the Weierstrass M-test also works for functions f,: R — R.

We will see in the next chapter how to use uniform convergence of series in
a class of well-behaved examples. But it can also be used to construct examples
with pathological properties.

Proposition 8.5.5 There is a function f: R — R which is continuous every-
where, but differentiable nowhere.

We just give a quick sketch of the proof.
Sketch proof.

e Define a function f,: R — R by

1
falt) = o (distance from 10™¢ to the nearest integer) .
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o Let f= 22021 Jn-

e Use the Weierstrass M-test to show that the series Y | f, converges
uniformly.

e Apply the Uniform Limit Theorem to show that f is continuous.

e Check directly that f is not differentiable anywhere, by showing that the
required limit does not exist. (To give full details of this is quite long.

But the idea is straightforward: fi has “corners” at g5 for n € Z, f> has

“corners” at 555 for n € Z and so on - thus f has “corners” everywhere

and is differentiable nowhere. ) (]

9 Applications

9.1 Power series

Definition 9.1.1 A series of the form

flx) = Z anx”
n=0

where a,, € R are constants is called a power series.

Theorem 9.1.2 For a power series f(z) = Y o anz", one of the following

holds:

o The series converges only when x = 0.
e The series converges for all x € R.

e There is a constant R > 0, such that the series converges absolutely if
|z| < R, and does not converge if |z| > R.

Proof. Clearly the series converges for x = 0. We apply the root test,
Theorem Let x € R, and let

T

c¢= lim sup{\anx”ﬁ, |anp12™
n—oo

Let

1
1 1
CEE

a = lim sup{|a,|", [an
n—oo

so that ¢ = |z|a.
If a = 0, then ¢ = 0, and the series ZZO:O an,z" converges absolutely for all
2 by the root test.
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If o« = o0, then ¢ = oo if © # 0, and the series ) °  a,z" does not converge
for  # 0 by the root test.

Otherwise, « is a real positive number and we let R = 1/a. If |z| < R, then
¢ < 1 and the series converges absolutely by the root test. If |z| > R, then
¢ > 1, and the series does not converge, again by the root test. O

Definition 9.1.3 The constant R appearing in the statement of Theorem [9.1.2
is called the radius of convergence of the power series. If the series converges
only when = = 0, we say the radius of convergence is 0. If the series converges
for all x € R, we say the radius of convergence is occ.

The conventions about 0 and oo mean that we don’t have to treat special
cases all the time.

We leave the proof of the following as an exercise, using the ratio test.
Proposition 9.1.4 Let
oo
flx) = Z anx”
n=0

be a power series. Then the radius of convergence is

R = lim

n— oo

Ap+1
if this limit exists. ]

This result is usually the easiest way to find the radius of convergence in
examples.

Example 9.1.5 Find the radius of convergence of the series

n=0

Solution. We have coefficients a,, = n. So

1
= lim — =

lim
n— oo

anJrl

Thus the radius of convergence is 1.

For computations using power series, the following allows us to use our results
on uniform convergence.
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Lemma 9.1.6 Let
o0
> o
n=0

be a power series with radius of convergence R. Let 0 < S < R. Then the series
converges uniformly on the interval [—S, S].

Proof. By definition of the radius of convergence, the series

D lax|S”
n=0
converges. If z € [—95, 5], then
lanz"| < |an|S™

The result now follows from the Weierstrass M-test (with M, = |a,|S™). O

Theorem 9.1.7 (Termwise differentiation of power series) Let

flx) = Z anx”
n=0

be a power series with radius of convergence R > 0. Then the function f is
differentiable on (—R, R), with

o0
f(x) = Z napx™ !,
n=1

where this series also has radius of convergence R.

We just give a sketch of the proof.
Sketch proof

e Consider Y °2  na,2z™ ! and let the radius of convergence of this power
series be R'.

e Use comparison with Ziozl a,x™ to show that R’ < R.

Use Example and comparison to show that R < R’. So R’ = R.

By Lemma > na,z" ! converges uniformly on [—S, S].

Apply Theorem to conclude that we can differentiate term by term.

O

9.2 e and the exponential function

This section was not covered in 2017-18 and is not examinable.
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