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Chapter

Analysis

Analysis is the theory behind real numbers, sequences, and functions. The word ‘theory’
is important. You might, for example, have a good idea of what we mean by a ‘limit’ of
a convergent sequence of numbers, or the notion of a ‘continuous’ function, but in this
part of the course we aim to formalize such notions.

1.1 The real numbers

The rational number system is inadequate for many purposes. For instance, there is no
rational number ¢ such that ¢> = 2, and the set

s={qecq| <2}

does not have a largest element in Q. So we see that the rational number system has
“gaps”. The real number system R includes numbers to fill all of these gaps. Thus the set

T={recR|2*<2}

has a largest element. This is a consequence of a very important property of the real
numbers, called the least upper bound property. Before we state this property of R, we
need a few definitions.

Definitions. Let S be a subset of R.

1. An element u € R is said to be an upper bound of S if, for allxz € S, x <wu. If S
has an upper bound, then we also say that S is bounded above.

2. An element | € R is said to be a lower bound of S if, forallz € S, < x. If S has
a lower bound, then we also say that S is bounded below.

3. The set S is said to be bounded if it is bounded above and bounded below.
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Examples.

1.

The set S ={xr € R| 0 < x < 1} is bounded. Any real number y satisfying y > 1 (for
instance 1, m, or 100) is an upper bound of S, and any real number z satisfying z < 0
(for instance 0, or —1) is a lower bound of S.

. The set S = {n | n € N} is bounded below; indeed, any real number z < 1 serves as a

lower bound. It has no upper bound — we shall give a formal proof of this shortly —
and so it is not bounded above, and not bounded.

. The set S = {(—1)" | n € N} is bounded. Note that S = {—1,1}. It is bounded above

by 1 and bounded below by —1.
More generally, any finite set S is bounded.

. The set S = {% ‘ neN } is bounded. Any real number z satisfying 1 < x is an upper

bound, and 0 is a lower bound.

The sets Z and R are neither bounded above nor bounded below.

. The set T = {z € R| z*> < 2} is bounded. Any real number x satisfying z? < 2 also

satisfies % < 4. Therefore, % — 4 < 0, that is, (z — 2)(z + 2) < 0. It follows that
either z —2 < 0and z +2 >0,
orr—2>0and z+2<0.
The second case is impossible. Thus the first case has to hold, that is —2 < x < 2. It
follows that 7" is bounded above by 2 and bounded below by —2.

The set () is bounded. For instance, 1 is an upper bound for (3, since the condition
“for every element z of (), x < 17 is satisfied: there is certainly no element x of ()
that doesn’t satisfy < 1. Indeed, every real number is an upper bound for @), and
similarly every real number is a lower bound for (). O]

We now introduce the notions of a least upper bound (also called supremum) and a
greatest lower bound (also called infimum) of a subset S of R.

Definitions. Let S be a subset of R.

1.

An element u, € R is said to be a least upper bound of S (or a supremum of S)
if
a) u, is an upper bound of S, and

b) for each upper bound u of S, it holds that u, < u.

. An element I, € R is said to be a greatest lower bound of S (or an infimum

of S) if
a) L, s a lower bound of S, and

b) for each lower bound l of S, it holds that | < ,.
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Example. Set S = {x € R| z < 1}. Show that the supremum of S is 1.

Solution. Clearly 1 is an upper bound of S.
Now we show that if u is another upper bound, then 1 < u. Suppose not, that is,
suppose that there is an upper bound u of S with v < 1. Then we have

u—+1
u <

<1,

where both inequalities follow using u < 1. From the second inequality, it follows that
the number “TH belongs to S. The first inequality above then shows that u is not an
upper bound for S, a contradiction. Hence 1 is a supremum.

Next we show that 1 is the only supremum. Indeed, if u, is another supremum, then
in particular u, is also an upper bound, and the above argument shows that 1 < u,. But
1 < wu, is not possible, since 1 is an upper bound for S, and as u, is a supremum, u,
must be less than or equal to the upper bound 1. So it follows that u, = 1. O]

In the above example, there was a unique supremum of the set S. In fact, this is
always the case and we have the following result.

Theorem 1.1.1. If the least upper bound of a subset S of R exists, then it is unique.

Proof. The statement of the theorem means that the set S cannot have two different
least upper bounds. Suppose then that u, and u/ are two least upper bounds of S. Then
in particular u, and v/ are also upper bounds of S. Now since u, is a least upper bound
of S and wu/, is an upper bound of S, it follows that

uy < ul. (1.1)

Furthermore, since v/, is a least upper bound of S and u, is an upper bound of S, it
follows that
ul, < uy. (1.2)

From (1.1) and (1.2) we obtain u, = u.. O

Thus it makes sense to talk about the least upper bound, or the supremum, of a set.
Similarly, the infimum of a set S (if it exists) is also unique (exercise).

Definitions.
1. The least upper bound of a set S (if it exists) is denoted by sup S.
2. The greatest lower bound of a set S (if it exists) is denoted by inf S.

When the supremum and the infimum of a set belong to the set, we give them the
following familiar special names:
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Definitions.

1. IfsupS € S, then sup S is called a maximum of S, denoted by max S.
2. If inf S € S, then inf S is called a minimum of S, denoted by min S.
Examples.

L.LIfS={zeR|0<xz<1}, thensupS =1 ¢ S and so max S does not exist. But
inf S =0¢€ 95, and so min S = 0.

2. If S =N, then sup .S does not exist, inf § = 1, max S does not exist, and min.S = 1.
3. fS={(-1)"|ne N}, thensupS =1, inf S =—1, max S =1, minS = —1.

4. It S = {% ‘ n e N}, then sup S = 1 and max .S = 1. We show below (after Theorem
1.1.2) that inf S = 0. So min S does not exist.

5. For the sets Z and R, sup, inf, max, min do not exist.
6. For the set (), sup, inf, max, min do not exist. ]

In the above examples, we note that if S is non-empty and bounded above, then its
supremum exists. In fact this is a fundamental property of the real numbers, called the
least upper bound property of the real numbers, which we now state:

The Least Upper Bound Property.
If S is a subset of R that is non-empty and bounded above, then S has a least upper
bound.

In other words, for a subset S C R, if
1. S#0, and

2. S has an upper bound,

then sup S exists.

Examples.

1. Use the least upper bound property to show that there exists a number s € R such
that s > 0 and s* = 2.

Solution. Let S = {z € R | 2% < 2}. We'll show that S has a least upper bound
s =sup S and that this s is the real number we want: s > 0 and s% = 2.

In order to apply the least upper bound property, we first have to show that S # ()
and that S has an upper bound. This is easy: since 12 < 2, 1 € S and therefore S # 0.
Also, since for any x € S, 22 < 2 < 4, it follows that z < 2, which shows that 2 is an
upper bound of S.
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By the least upper bound property, S has a least upper bound s = sup .S. Since we
have already seen that 1 € S, and we know that s is an upper bound of S, s > 1 > 0. It
remains to prove that s* = 2. We do this by showing that each of the two alternatives
5?2 > 2 and 5% < 2 leads to a contradiction.

Suppose first that s> > 2. In this case, our plan is to show that, for a suitably small
€ > 0, the real number s — ¢ < s is also an upper bound for S. In order to find a
suitable e, calculate

(s — &) = 5% — 286 + % > 5% — 2s¢.

Since s? > 2, the right-hand side will be greater than 2 if € is chosen sufficiently small

that s? — 2se > 2, which can be rearranged as € < 322;2. Thus if we choose € = 824;2,

for instance, then we have ¢ < -2 which gives (s — ) > s? — 2s¢ > 2 > 2 for all
r €S. Thus s — e > z for all z € S, which means that s — ¢ is an upper bound of S
smaller than s. This is a contradiction to the choice of s as the least upper bound.

Suppose next that s?> < 2. In this case we show that by adding a suitably small ¢ > 0,
we obtain that s + ¢ € S, which contradicts that s is an upper bound. To find a
suitable e, calculate as follows:

(s+e)=s"+2se+e?<s®+(2s+1)e ife<l

(Note that in this case we couldn’t throw away the positive number €2, but instead
we bounded it using €? < ¢, which holds as long as ¢ < 1.) The right-hand side

s% + (2s + 1)e is less than 2 if ¢ < g;ﬁ Choosing € = min{ 2(22;_551), 5} we have e < 1
2—s2

and ¢ < 5%, which implies (s +¢)* < s* + (25 + 1) < 2. Thus s +¢ € S. Since
s+ e > s, s is not an upper bound of S, which is a contradiction.

The only remaining possibility is that s> = 2. We have shown the existence of s € R
such that s > 0 and s? = 2. O

2. Prove the ‘greatest lower bound property’: if S is a non-empty subset of R that is
bounded below, then S has a greatest lower bound.

Solution. See Exercise 6. L]

Formally, we treat R as a number system, satisfying all the usual rules of arithmetic,
together with a total order <. We also treat the least upper bound property as a
fundamental property of R. Given these principles, we now deduce some other familiar
properties of R.

The following theorem is called the Archimedean property of the real numbers.

Theorem 1.1.2 (Archimedean property). If z,y € R and x > 0, then there exists an
n € N such that y < nz.

Proof. Suppose that the conclusion is false, that is, that there does not exist an n € N
such that y < nxz. This means that for all n € N, y > nx. In other words, y is an upper
bound of the non-empty set S = {nx | n € N}. By the least upper bound property of the
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reals, S has a least upper bound u,. Note that u, — z is not an upper bound of S, since
us — x is smaller than u, (z is positive) and u, is the least upper bound. Hence there
exists an element ma € S (with m € N) such that u, — 2 < mz, that is, u, < (m + 1)z.
Then (m + 1)z is also an element of S with (m + 1)z > u,: this contradicts the fact that
u, is an upper bound of S. O]

As a consequence of the Archimedean property we are now able to prove that the set
N of natural numbers is not bounded above.

Examples.

1. Show that the set N is not bounded above.

Solution. Suppose that N is bounded above. Then N has an upper bound y € R.
Since 1 € N, 1 <y, and in particular, y > 0. Let x = 1. By the Archimedean property
(Theorem 1.1.2), there exists an n € N such that y < nz = n. This contradicts the
fact that y is an upper bound of N. n

2. Set S = {% ) n e N}. Show that inf S = 0.

Solution. We know that 0 is a lower bound of S. Suppose that [ is a lower bound
of S such that [ > 0. By the Archimedean property (with the real numbers x and y
taken as = 1 (> 0) and y = 1), there exists n € N such that } =y <nz =n-1=n,
and so % < [, contradicting the fact that [ is a lower bound of S. Thus any lower
bound of S must be less than or equal to 0. Hence 0 is the infimum of S. O]

1.1.1 Intervals and absolute values

Definition. An interval (in R) is a non-empty subset S of R with the property: if
r,y€ Sandr <z <y, then z € S.

For instance, the set S = {x € R| < 2} is an interval: if x and y are both in .S, and
x < z <y, then in particular 2 <y <2so0 z € S.

An interval may or may not have an upper bound: if it does have an upper bound, then
it has a supremum which may or may not be in the interval. Similarly, an interval may
or may not have a lower bound: if it does have a lower bound, then it has an infimum
which may or may not be in the interval. In the example above, S has an upper bound,
and the supremum is not in .S, while S has no lower bound. There are thus three possible
forms for the “lower” end of an interval, and three possible forms for the “upper end”,
making nine forms in all. These are listed in the figure below, along with the notation
for each type of interval.

An interval of the form (—o0,b), (a,b) or (a,o0) is called an open interval. An interval
of the form (—o0,b], [a,b] or [a,00) is called a closed interval.

Thus in the notation for intervals used in the Figure, a parenthesis ‘(” or ‘)’ means
that the respective endpoint is not included, and a square bracket ‘[" or ‘|’ means that
the endpoint is included. For example, [0,1) is the set of all real numbers z such that
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(a,b) ={z €R|a<xz<b}

a b
la,b) ={z €eR|a<z<b} o o
a b
(a,b) ={r €eR|a<z<0b} o
a b
[a,b) ={x € R|a <z <b} o
a b
(a,00) ={zx €R |a <z} >
a
la,00) ={z €R |a <z} . >
a
(—o00,b) ={r eR |z <b} -
b
(—oo,b ={z€eR|x<b} - o
b

A
A

(—o0,00) =R

0 <z < 1. (Note that the use of the symbol oo in the notation for intervals is simply a
matter of convenience and is not be taken as suggesting that there is a real number cc.)
We do not give any special name to intervals of the form [a,b) or (a, b].

In analysis, in order to talk about notions such as convergence and continuity, we will
need a notion of ‘closeness’ between real numbers. This is provided by the absolute value
| - |, and the distance between real numbers x and y is |z — y|. We give the definitions
below.

Definitions.

1. For a real number x, the absolute value |x| of x is defined as follows:

x if x>0,
2| =

—x if x<0.

2. The distance between two real numbers x and y is the absolute value |x — y| of their
difference.

Note that |z| > 0 for all real numbers z, and that |z| = 0 iff' z = 0. Thus [1] = 1,
0] =0, | — 1] = 1, and the distance between the real numbers —1 and 1 is equal to
| — 1 —1| =| — 2| = 2. The distance gives a notion of closeness of two points, which is
crucial in the formalization of the notions of analysis.

We can now specify regions comprising points close to a certain point xg € R in terms
of inequalities in absolute values, that is, by demanding that the distance of the points
of the region, to the point xg, is less than a certain positive number 9, say 6 = 0.01 or
0 = 0.0000001, and so on. See Exercise 12 and Figure 1.1.

IThe word “iff” is in common use in mathematics as an abbreviation for “if and only if”.
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. °
Tog—0 Lo T gxo+0

Figure 1.1: The interval I = (zg — §,z0 + 0) = {x € R | |x — x| < J} is the set of all
points in R whose distance to the point xq is strictly less than 0 (> 0).

The following properties of the absolute value will be useful.
Theorem 1.1.3. If z,y are real numbers, then

lzy| = |z| ly|  and (1.3)
lz +y| < x| + |yl (1.4)

Proof. We prove (1.3) by exhausting all possible cases:

x =0o0ry=0. Then |z|] =0 or |y| = 0, and so |z| |y| = 0. On the other hand, as
z =0 ory=0, it follows that 2y = 0 and so |zy| = 0.

x> 0and y > 0. Then |z| = 2 and |y| = y, and so |z| |y| = zy. On the other hand,
as x > 0 and y > 0, it follows that xy > 0 and so |zy| = zy.

x> 0and y < 0. Then |z| =z and |y| = —y, and so |z| |y| = z(—y) = —xy. On the
other hand, as # > 0 and y < 0, it follows that xy < 0 and so |zy| = —zy.

x < 0 and y > 0. This follows from 1.1.1 above by interchanging x and y.

x < 0and y < 0. Then |z| = —z and |y| = —y, and so |z| |y| = (—x)(—y) = zy. On
the other hand, as x < 0 and y < 0, it follows that zy > 0 and so |zy| = xy.

This proves (1.3).

Next we prove (1.4). First observe that from the definition of | - |, it follows that for any
real x € R, |z| > x: indeed if x > 0, then |z| = z, while if x < 0, then —z > 0, and so

|z] = —x > 0> 2. From (1.3), we also have | —z| = | —1-z| = | — 1||z] = 1|z| = |z, for
all x € R, and so it follows that |z| = | — x| > —xz for all x € R. We have the following
cases:

x+ 1y >0. Then |[z+y| =x+y. As x| > z and |y| > y, we obtain |z| +|y| > z+y =
|z 4y

x+1vy < 0. Then |z +y| = —(z +y). Since |z| > —z and |y| > —y, it follows that
2]+ lyl 2 =2+ (=y) = —(z +y) = [ +yl.

This proves (1.4). O
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1.2 Sequences and limits

1.2.1 Sequences

The notion of a sequence occurs in ordinary conversation. An example is the phrase “an
unfortunate sequence of events”. In this case, we envision one event causing another,
which in turn causes another event and so on. We can identify a first event, a second
event, etcetera.

A sequence of real numbers is a list

ap, az, ag, ...

of real numbers, where there is the first number (namely ), the second number (namely
asz), and so on. For example,

11
) 57 57 s
is a sequence of real numbers. The first number is 1, the second number is % and so on.
(There may not be a connection between the numbers appearing in a sequence.) If we
think of ay as f(1), ay as f(2), and so on, then it becomes clear that a sequence of real
numbers is a special type of function, namely one with domain N and co-domain R. This
leads to the following formal definition.

1

Definition. A sequence of real numbers is a function f: N — R.

Only the notation is somewhat unusual. Instead of writing f(n) for the value of f at a
natural number n, we write a,,. The entire sequence is then written in any one of the
following ways:

(an)neNa (an)zozlv (an)n217 (an)
In (a,)X

o 1, the oo symbol indicates that the assignment process 1 — aq,2 — ag, ...
continues indefinitely. In these notes, we shall normally use the notation (a,)men. In
general, the terms of a sequence need not be real numbers, but in this guide we shall
only be dealing with sequences whose entries are real numbers, so we shall simply refer
to them as sequences from now on.

The nth term a, of a sequence may be defined explicitly by a formula involving n, as
in the example given above:

1
a,=—, neN.
n

It might also sometimes be defined recursively. For example,

n
a; = 1, Ant+1 = man for n € N.

(Write down the first few terms of this sequence.)
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Examples.

1. (%) . is a sequence with the nth term given by %, for n € N. This is the sequence
n

N

n
sequence

(1 + l)neN is a sequence with the nth term given by 1 + %, for n € N. This is the

3. ((—1)" (1 + %))%N is a sequence with the nth term given by (—1)" (1 + %), forn € N.

This is the sequence
3 45 67

—2, 2 o 2 2 L
) 27 37 47 57 6’

4. ((=1)"),,ey Is a sequence with the nth term given by (—1)", for n € N. This sequence
is simply
1,1, 1,1, =1, 1,

with the nth term equal to —1 if n is odd, and 1 if n is even.

5. (1)nen is a sequence with the nth term given by 1, for n € N. This is the constant
sequence

1,1, 1

5 5 g e e e

6. (n)nen is a sequence with the nth term given by n, for n € N. This is the strictly
increasing sequence
1,2,3,....

~

<%+2%+3%+---+ 1) ENisasequencewiththenthtermgivenby1%+2%+3%+

nn

.4+ L for n € N. This is the sequence of ‘partial sums’
n

11 1 1 1 1

ERR TR T A TR TR

1.2.2 Limit of a convergent sequence

A sequence can be graphed. For instance, the first 7 points of the graph of the sequence

(l) o 1€ displayed in Figure 1.2. This portion of the graph suggests that the terms of

n

the sequence (%) N “tend toward 0” as n increases. This is consistent with the idea of
n

convergence that you might have encountered before: a sequence (a,)nen converges to
some real number L, if the terms a,, get “closer and closer” to L as n “increases without
bound”. Symbolically, this is represented using the notation

lim a, =L
n—oo ’

10
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Figure 1.2: First 7 points of the graph of the sequence (

3=

)nEN'

where L denotes the limit of the sequence. If there is no such finite number L to which
the terms of the sequence get arbitrarily close, then the sequence is said to diverge.

The problem with this characterization is its imprecision. Exactly what does it mean for
the terms of a sequence to get “closer and closer”, or “as close as we like”, or “arbitrarily
close” to some number L? Even if we accept this apparent ambiguity, how would one use
the definition given in the preceding paragraph to prove theorems that involve sequences?
Since sequences are used throughout analysis, the concepts of their convergence and
divergence must be carefully defined.

A

1.5 1 .

0.5

Figure 1.3: First 7 points of the graph of the sequence (1 + %) N

For example, the terms of (1 + %)neN get “closer and closer” to 0 (indeed the distance
to 0 keeps decreasing), but its limit is 1. See Figure 1.3.

The terms of ((—1)" (1 + %))neN get “as close as we like” or “arbitrarily close” to 1,
but the sequence has no limit. See Figure 1.4.

Definition. The sequence (a,)nen @s said to converge to L if for every real number
e > 0, there exists an N € N (possibly depending on ) such that for alln > N,

la, — L| < e.
Then we say that (ay)nen is convergent with limit L and write

lim a, = L.
n—oo

11
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9 1
1 B S LR
0 f f f f f f f f >
1 2 3 4 5 6 7 8
1 e PR
92 1 o

Figure 1.4: First eight points of the graph of the sequence ((—1)” (1 + %))neN.

If there does not exist a number L such that nh—>I20 a, = L, then the sequence (a,)nen s
said to be divergent.

Note that |a, — L| < € iff a,, € (L — ¢, L + ¢). Hence pictorially, for a convergent
sequence with limit L, this definition means the following, as illustrated in Figure 1.5:
Pick any € > 0, and consider the shaded strip of width £ around the horizontal line
passing through L. Then one can find an N € N, large enough, such that all the terms
a, of the sequence, for n > N, lie in the shaded strip.

L o i e JTTTTTTTTTTTTTTTTTTTTooooTooooooes
L ~ .
F T o e e
N N+1 N+4+2 N+3
Figure 1.5: Convergence of a sequence with limit L.
Examples.

1. Use the definition of the limit of a sequence to show that (%) N is a convergent
sequence with limit 0.

Solution. Given € > 0, we need to find N such that, for all n > N,

1 1
|an—L|:‘—O’:<5.
n n

12
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If we choose N € N such that N > % (such an N exists by the Archimedean property!),
then for n > N (& + < &), we have
1 1 1
n—L| = —0‘:<< .
la | ‘n n N c
1
Hence lim — = 0. O

n—oo n,

2n2—n

. Use the definition of the limit of a sequence to show that (1 + #) N is a convergent
sequence with limit 1.

Solution. Given ¢ > 0, we need to find N such that for all n > N,

1
L= Ll =1 = <.
o | +2n2—n ‘ 2n? —n c

We do not need to be very precise in our choice of e: if we note that, for all n € N,
2n? —n > n, then we see that we may choose N € N such that N > % So, forn > N,
we have

1
|an — L[ = <
2

! < ! <
— < - < — <&
n—-n_n N

1
Hence lim (1 + 5 ) =1. O

n—oo n2 —n

. Use the definition to show that ((—1)” (1 + l)) . is a divergent sequence.

n

Solution. The idea is as follows. If L > 0, then for each odd n, (—1)" (1 + %) < -1,
so these terms are not “close to L” and L is not a limit of the sequence. Similarly,
if L < 0, then the even terms of the sequence are not close to L, and so again L is
not the limit of the sequence. We now proceed to make this informal argument into a
formal proof.

Let a,, = (—1)" (1 + %) for n € N.

In order to prove that
(an)nen is divergent,

we have to show that
= [(an)nen is convergent ,

that is,
—[3L € R such that Ve > 0 AN € N such that Vn > N, |a, — L| < €],
that is,
VL € R 3¢ > 0 such that VN € N dn > N such that |a, — L| > ¢.
Let L € R. Now we need to prove

Je > 0 such that VN € N dn > N such that |a,, — L| > ¢.

13
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Fix e = 1. (It is not obwvious that ¢ = 1 will work, but it has been found by trial and
error.) Now we will show that

VN € N dn > N such that |a, — L| > «.

So let N € N be given. If L > 0, then choose n to be any odd number > N. Then we
have

1 1 1
\an—L\:’(—l)”(hL)—L‘:’—l——L’:1++L>1:5.
n n n
If L <0, then choose n to be any even number > N. Then we have
1 1 1
]an—L]:‘(—l)"(lJr)—L’:‘lJr—L‘:1+—L>1:5.
n n n

Thus we have shown that for all L € R, there exists a ¢ > 0 (namely ¢ = 1) such
that for all N € N, there exists a n > N (namely any odd number > N if L > 0,
and any even number > N if L < 0) such that |a,, — L| > €. Thus the sequence is
divergent. ]

The notation le a, suggests that the limit of a convergent sequence is unique. Indeed
n—oo
this is the case, and we prove this below.

Theorem 1.2.1. A convergent sequence has a unique limit.

Proof. The statement means that both the following are true.

(i) A convergent sequence has a limit;

(ii) A convergent sequence cannot have two different limits.

Here, (i) is true by the definition of convergence, so we only have to prove (ii). Accordingly,

consider a convergent sequence (a,)nen and suppose that it has two limits L; and Lo,
where Li # Lo. Let
- L1 — Lo
2
where the positivity of the € defined above follows from the fact that L, # Lo. Since L,
is a limit of the sequence (a,)nen, N1 € N such that for all n > Ny,

> 0,

la, — L1| < €.
Since Ly is a limit of (ay,)nen, IN2 € N such that for all n > Ny,
la, — Lo| < €.
Consequently for n > max{Ny, Na},

2€:|L1—L2|:|L1—(ln+an—L2|
< ‘Ll_an|+|an_L2’ = |an_L1’+’an_L2‘
<e—+e=2¢,

a contradiction. Therefore the sequence (a,),en does not have two different limits, as
required. O

14



1.2 Sequences and limits

1.2.3 The sequence (z"),cn.-

In this section, we prove that, whenever |z| < 1, the sequence (2"),ey is convergent, with
limit 0. This is a basic, and perhaps “obvious” result, but we need to establish it “from
first principles”.

We proceed by first proving a useful result known as Bernoulli’s Inequality.

Theorem 1.2.2. For all real © > —1 and alln € N,
(14+2)" > 1+ nx.

Proof. We prove this result by induction on n. Note first that, for n = 1, the inequality
states that 1 + 2 > 1 4 x, which is certainly true.

Suppose now that, for some n € N, (14 )" > 1+ nz. Now we have (1 + z)
A+z)1+2)">1+2)(1+nr)=1+nx+z+nz>>1+ (n+1)z. So the inequality
holds for n 4+ 1. Hence, by induction, the inequality holds for all n € N. n

n+l _

Now we use Bernoulli’s Inequality to show that, whenever |z| < 1, (z,)nen is convergent
with limit 0.

Theorem 1.2.3. Let x be any real number with —1 < x < 1. Then (2" ),en 1S a
convergent sequence with limit 0.

Proof. First note that, if x = 0, then 2" = 0 for every n € N, and so certainly
lim,, ,o ™ = 0. So we may assume that x # 0. In this case, we have that 1 < ﬁ, and so

h = ﬁ — 1> 0. Now, by Bernoulli’s Inequality, Theorem 1.2.2, we have

B =(14+h)" > 1+ nh > nh,

and so 1
0< <
< 2] ~ nh

Now we use the definition of convergence. Given any € > 0, we take N > # Now, for
n>N,

1
\x"—O]:|x]”§—h<—<a
Hence lim,, ., ™ = 0. ]

Example.

Use Bernoulli’s Inequality to show that nlgg() 2% = 1.

Solution. 2 > 1 and so 2= > 1 (for otherwise 2 = (27)" < 1, a contradiction). Let
a, = 2% —1>0. Then 2 = (1+a,)™ > 1+ na, Hence

1
0<a, <-—.
n
Now, given any ¢ > 0, choose N > 1/e. Then, for n > N,
1 1 1
2 1=l =an < <y <

Therefore the sequence 2, /2, ¥/2, v/2,v/2, ... is convergent with limit 1. O

15
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1.2.4 Bounded and monotone sequences

It is cumbersome to check from the definition if a sequence is convergent or not. In
this section, we will study a condition under which we can conclude that a sequence
is convergent even without knowing its limit! We will prove that if a sequence is both
‘bounded’ as well as ‘monotone’, then it is always convergent.

Definition. A sequence (a,)nen is said to be bounded if there exists a real number

M > 0 such that
foralln e N, a,| < M. (1.5)

Note that a sequence is bounded iff the set S = {a, | n € N} is bounded. (See
Exercise 15.)

Examples.

a) (1), is bounded, since [1| =1 <1 for all n € N.

(
(%) is bounded, since ’%’ = % <1forallneN.

’:1+%§2foralln€N.

2\'—'

(1 ) is bounded, since ‘1
( ( ))neN is bounded, since ‘(‘Un (1 + %)’ =1+ <2forallneN.

e) Show that the sequence (a,)nen defined by

1 1 1 1
Ay, = 11‘}‘22"‘@"‘ +E,TLEN
15 bounded.

Solution. We have to find an upper bound of |a,| that is independent of n:

la,| = a,

1 1 1 1
_11+§+33+"+7

<1+1+1+ +1

1 22 923 on
Sl e ()
12 2 22 2 on—1 2
_1+1 1 1 1+ 1 1

a 2 922 92 923 on—1 9n

a 2 o

<3

5

(Write down a detailed proof using induction on n.) Thus all the terms are bounded
by %, and so the sequence is bounded. O
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1.2 Sequences and limits

f) Show that the sequence (ay)nen given by a, =n for n € N, is not bounded.

Solution. Given any M > 0, there exists an N € N such that M < N (Archimedean
property with y = M and = = 1). Thus

—[3dM > 0 such that for all n € N, |a,| = |n| =n < M],
and so (n),en is not bounded. O

The sequences (1),en, (%) 1+ l)%N are all convergent, and we have shown

neN’ ( n
above that these are also bounded. This is not a coincidence, and in the next theorem
we show that the set of all convergent sequences is contained in the set of all bounded

sequences. See Figure 1.6.

convergent bounded

sequences sequences

Figure 1.6: All convergent sequences are bounded.

Theorem 1.2.4. If a sequence is convergent, then it is bounded.

Proof. Let (a,)nen be a convergent sequence with limit L. Set ¢ = 1. Then, using the
definition of convergence for this value of €, we see that there exists N € N such that,
forallm > N,

la, — L| < 1.

Hence for all n > N,
lan| = lan, — L+ L| <|a, — LI +|L| <1+ |L|.
Let M = max{|a4|,...,|an|,1+ |L|}. Then for all n € N
la,| < M
and so (a,)nen is bounded. O

The above theorem can be used to prove the divergence of sequences. Indeed, in
contrapositive form it asserts that unbounded sequences are not convergent. Thus, one
way to prove that a sequence is divergent, would be to try to prove that it is unbounded.

Example. Show that the sequence (n)nen is divergent.

Solution. We have seen above that (n),ecy is unbounded. It follows from Theorem 1.2.4
that (n),en is not convergent. O
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Definitions. A sequence (ay)nen @s said to be
monotonically increasing (or simply increasing) ‘if for alln € N, a,, < a,41,
strictly increasing if for alln € N, a, < a,41,
monotonically decreasing (or simply decreasing) if for alln € N, a,, > a1,
strictly decreasing if for alln € N, a, > a,11,
monotone if it is either monotonically increasing or monotonically decreasing.

Thus a sequence (a,)nen is monotonically increasing if
a; <az <az< ...
strictly increasing if
a < ax<az<...,

monotonically decreasing if
ay = ax > ag > ...

and strictly decreasing if
ay > Gy > a3 > ....

Examples.
Sequence monotonically  strictly monotonically  strictly monotone?
4 increasing? increasing? decreasing? decreasing? '
(%) No No Yes Yes Yes
neN
(1 + %) No No Yes Yes Yes
neN
—_1)" 1
(( 1) (1 + ”))neN No No No No No
(Dnen Yes No Yes No Yes
(n)nen Yes Yes No No Yes
(Tll + 2% + 3% + -+ n%)neN Yes Yes No No Yes

The following theorem can be useful in showing that sequences converge when one
does not know the limit beforehand.

Theorem 1.2.5. If a sequence is monotone and bounded, then it is convergent.

Proof. Let (a,)nen be a monotonically increasing sequence. Since (a,)nen is bounded,
it follows that the set
S ={a,|neN}

has an upper bound and so sup S exists. We show that in fact (a,)nen converges to
sup S.

18



1.2 Sequences and limits

Let € > 0 be given. Since sup .S — e < sup S, it follows that sup .S — ¢ is not an upper
bound for S and so day € S such that sup S — ¢ < ay, that is

sup S —ay < €.

Since (an)nen is @ monotonically increasing sequence, for n > N, we have ay < a,. Since
sup S is an upper bound for S, a,, < sup S and so |a,, — sup S| = sup S — a,. Thus for
n > N we obtain

la, —sup S| =supS —a, <supS —ay < ¢.

Hence (a,)nen is @ convergent sequence with limit sup S, as required.

On the other hand, if (a,)nen is @ monotonically decreasing sequence, then clearly
(—@n)nen is a monotonically increasing sequence. Furthermore if (a,)nen is bounded,
then (—ay)nen is bounded as well (| — a,| = |a,| < M). Hence by the case considered
above, it follows that (—a,)nen is a convergent sequence with limit

sup{—a, | n € N} = —inf{a, | n € N} = —inf S,

(see Exercise 6). So given ¢ > 0, AN € N such that for all n > N, | —a,, — (—inf 5)| < ¢,
that is, |a, —inf S| < e. Thus (a,)nen is convergent with limit inf S. O

Examples.

1. We have shown that the sequence (a,)nen defined by

1 1 1 1 N

is monotone (indeed, it is strictly increasing since

1
Gt = O = Gy Y

for all n € N) and bounded (see Example e on page 16). Thus it follows from Theorem
1.2.5 that this sequence? is convergent.

2Although it is known that this sequence is convergent to some limit L € R, it is so far not even
known if the limit L is rational or irrational, and this is still an open problem in mathematics! Also

o0 1
1 1

associated with this sequence is the interesting identity E — = / —dux, the proof of which is
n 0 X

n=1
beyond the scope of this course.
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2. The following table gives a summary of the valid implications, and gives counterexam-
ples to implications which are not true.

Question Answer Reason/Counterexample
Is every convergent sequence bounded?  Yes Theorem 1.2.4
Is every bounded sequence convergent?  No ((=1)™)nen is bounded,

but not convergent.
(="

Is every convergent sequence monotone? No <T) N is convergent, but not
ne

monotone: —1 < % and % > —%.
Is every monotone sequence convergent? No (n)nen is not convergent.

Is every bounded AND monotone Yes Theorem 1.2.5
sequence convergent?

1.2.5 Algebra of limits

In this section we will learn that if we ‘algebraically’ combine the terms of convergent
sequences, then the new sequence which is obtained is again convergent, and moreover the
limit of this sequence is the same algebraic combination of the limits. In this manner we
can sometimes prove the convergence of complicated sequences by breaking them down
and writing them as an algebraic combination of simple sequences. Thus, we conveniently
apply arithmetic rules to compute the limits of sequences if the terms are the sum,
product, quotient of terms of simpler sequences with a known limit. For instance, using
the formal definition of a limit, one can show that the sequence (a,)nen defined by

An? +9

a":3n2+7n+11

converges to %. However, it is simpler to observe that

n2(4+n%> 443
n2(3+I+4) 347+

Ay =

where the terms %, %, % all have limit 0, and by a repeated application of Theorem

1.2.6 given below, we obtain that

lim (44 > 1 lim

T A%( +n2> o dmAtlmcs 4400 4

A Gn = N = 1= =

7 lim (3+7+2) lim3—|—limz+lim—2 3+0+0 3
n—0o0 n n n—oo n—)oon n—>oon
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1.2 Sequences and limits

Theorem 1.2.6. If (an)nen and (by)nen are convergent sequences, then the following
hold:

1.

8.

For all & € R, (aay)nen s a convergent sequence and lim aa, = o lim a,,.
n—oo n—oo

(|an|)nen s a convergent sequence and Jim la,| =

lim a
n—oo n

(@ 4 bp)nen s a convergent sequence and nll_)IIOlo(an +b,) = nh_}Igo ay + nh_>nolo b,,.

(anbn)nen @s a convergent sequence and nlljrg() anb, = <nhl§O an> (nlgglo bn>.

k
. Forall k € N, (a;)nen is a convergent sequence and nll_}Iglo a, = (nh_{[olo an) .

1
If for alln € N, b, # 0 and nlgr&) b, # 0, then () is convergent and moreover,

n/ neN
y 1 1
1m — = .
n—oo b, lim b,
n—oo

For all k € N, (ani),ey 5 convergent and 7}1—{20 Uyt = n11_>11010 Q.

n—oo

If for alln € N, a,, > 0, then (\/@) . is convergent and lim +/a, = 1/nli_{IOlo Q-

Proof. Let (a,)nen and (b,),en converge to L, and Ly, respectively.

1.

Let € > 0 be given. By the definition of lim,,_, a,, = L,, there exists an N € N such

that for all n > N,
£

la) + 1
(We added 1 to |af in the denominator to deal with the possibility that o = 0.) Then

la, — Lg| <

€
la] + 1

laa, —aL,| = |a| |a, — La| < |of <e,

and (again by the definition of a convergent sequence) (aa,),en is convergent with
limit oL, that is,
lim aa, = oL, = «a lim a,.

n=500 n=3o0
Given € > 0, let N € N be such that for all n > N,
la, — Lo| < €.
Then (by Exercise 14) we have for all n > N:
lan| = [La|| < lan = La| <e.

Hence (|an|)nen is convergent with limit |L,|, that is,

lim |a,| = |Ld| =

lim a,|.
n—oo n—oo
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22

Given € > 0, let N7 € N be such that for all n > Ny,
€
n— La| < =.
an = Lol < &
Let Ny € N be such that for all n > N,
€
‘bn — Lb’ < 5

Then for all n > N := max{Ny, No}, we have by the triangle inequality:

€ €
lan + by, — (Lo + Lp)| = |an — Lo + by, — Lp| < |an — Lo| + |by, — Ly| < 5—1-5:6.
Hence (a,, + by,)nen is convergent with limit L, + L;, that is,
lim (a, + b,) = L, + Ly = lim a,, + lim b,.
Note that
|a'nbn - LaLb| - |anbn - Labn + Labn - LaLb|
S |anbn - Labnl + ‘Labn - LaLb|
= |an — La| |bn| + |Lal| |bn — Ls). (1.6)

Given € > 0, we need to find N such that for all n > N,
|anbn — LaLb| < E.
This can be achieved by finding an N such that each of the summands in (1.6) is less

than % for n > N. This can be done as follows.

Step 1. Since (b,)nen is convergent, by Theorem 1.2.4 it follows that it is bounded:
dM > 0 such that for all n € N, |b,| < M. Let N; € N be such that, for all n > Ny,
€

n— Lg| < .
|a <5

Step 2. Let Ny € N be such that for all n > N,
€
b, — L _
b = Lol < 5777
(Note that it is possible that L, = 0.) Thus, for n > N := max{N;, N2}, we have
|anbn - LaLb| S |an - La| |bn| + |La| |bn - Lb|

5
M + |La|

<
2M

_c
2| Ly| +1
£
+7

<8
2 2

It follows that (a,b,)nen is & convergent sequence with limit L, Ly, that is,

lim a,b, = L,Ly = (hm an> (lim bn) )
n—00 n—00 n—+00
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5. This can be shown by using induction on k£ and from part 4 above. It is trivially true
with & = 1. Suppose that it holds for some k, then (a),cn is convergent and

k
lim af = (lim an) .

n—00 n—oo

Hence by part 4 above applied to the sequences (a,)nen and (a¥),cy, we obtain that
the sequence (a,, - a¥),cy is convergent and

k k+1
lim anak = (hm an> (hm ak> = (lim an> (hm an> = (hm an> .
n—oo n—o0 n—oo n—oo n—oo n—o0
Thus (aF™!),en is convergent and
k+1
lim af*! = (llm an) .
n—oo n—oo
6. Let N7 € N be such that, for all n > Ny,
’b — Lb| < | 9 ’
Thus, for all n > Ny,
Lol = Il < 110 = Pl < I — o] < 2

and so |b,| > % Let € > 0, and let Ny € N be such that for all n > No,
el Ly|*

|bn — Lb| <

Hence for n > N := max{Ny, No}, we have

i i . ’bn—Lb| €|Lb‘2 2 1 .
bn Lyl |bal | Lol 2 |L| | Ly|
1 1 1 1
So () is convergent and lim — = — = — )
bn neN n—reo b Lb nh~>nolo bn

7. Exercise 38.

8. Since a,, > 0 for each n, we have L > 0 (see Exercise 24). The case L = 0 is left as an
exercise.

In the case L > 0, we use a technique called “rationalising the numerator”: note that

B B va,+vVL = a,—L
Vi = VL= (Va, \/Z)\/En+\/f_\/5n+\/f'

Now, given € > 0, choose N € N so that, for n > N, |a,, — L| < £v/L. Then we have,

forn > N,
la, — L| 5\/_
N <L _ .
| = Va, + VE= VI
Thus (\/a@n)nen is convergent, with limit VL, O
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Examples. 1. Determine whether the following sequence is convergent and find its limit.

n? —24n3 + 3n* — 12)
T+t 2t )

1
Solution. By Example 1 on page 12 we know that lim — = 0. We now use Theo-

n—oo n,
rem 1.2.6, we obtain
o on?2—=24n%+3n* — 12 ot L 243 12
hm = lim — - n n n
n—oo 14 7n 4 21nt nooont L4 421

2 4
<lim 1) —24 hm1+3—12(11m 1>
n—oo 1 n—oo n—oo 1
4 3
(lim 1) —|—7(lim 1) 121
n—oo ™ n—oo M
02—-24-0+3—-12-0

04+ 7-03+21
3 1
= — = — D
21 7

2. Determine whether the following sequence is convergent and find its limit.

<2" + 3" + 1)

Solution. Divide top and bottom by the fastest growing term appearing, which is
3", and use that lim, . 2™ = 0 for |z| < 1:

lim 2" +3"+1 (2/3)" +1+(1/3)"

n—oo  3ntl 4 3 3+3(1/3)"

lim,, 00 (2/3)™ 4+ lim,, 00 1 4 lim,, oo (1/3)™
limy, o0 3 + 3limy, 00 (1/3)"

0+14+0 1

340 3

[]

Remark. It follows from Theorem 1.2.6.3 that if we have three convergent sequences
(@n)nen, (bn)nen, (Cn)nen, then their sum (a, + by, + ¢, )nen is also convergent with limit

lim (a, + b, + ¢,) = lim a, + lim b, + lim ¢,.
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1.2 Sequences and limits

This is also true for the sum of four convergent sequences, the sum of five convergent
sequences, and by an easy induction proof, the sum of any number of convergent sequences.
However, the following reasoning is clearly incorrect (because it would show that 1 = 0):

1 1 1
1:——1———1—..._’_*
mn n n

n terms

and therefore,
n—oo n—oo

. . 1 1 1
1= 1lim 1= lim (+—|—---+>
n o n n

o1 .1 o1
= lim —+ lim —+---+ lim —

n—00 n, n—00 1, n—00 N,
n limits
—04+0+---40
n terms
= 0.

The incorrect step is marked with a ‘. The problem here is that the number of terms is

not a fixed value, but depends on n, and therefore Theorem 1.2.6.3 cannot be applied. [

1.2.6 The Sandwich Theorem

Another theorem that is useful in proving that sequences are convergent and in determining
their limits is the so-called Sandwich theorem. Roughly speaking, it says that if a sequence
is sandwiched between two convergent limits with the same limit, then the sandwiched
sequence is also convergent with the same limit.

Theorem 1.2.7 (Sandwich theorem). Let (ay)nen, (bn)nen be convergent sequences with
the same limit, that is,
lim a,, = lim b,,.

n=300 n=y00
If (¢p)nen s a third sequence such that

foralln eN, a, <c, <b,,
then (cy)nen 18 also convergent with the same limit, that is,

A2, On = 100, G = J10 B
Proof. Let L denote the common limit of (a,)neny and (by,)nen:

a5, O = L= 1t b

Given € > 0, let Ny € N be such that for all n > Ny, |a, — L| < €. Hence for n > Ny,

L—a,<|L—a,|=|a,—L|<e¢,
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and so L — a, < ¢, that is,
L—¢<a,.

Still for the same given € > 0, let Ny € N be such that for all n > Ny, |b, — L| < e. So
for n > Ny, b, — L < ¢, that is,
b, <L +e.

Thus for n > N := max{Ny, No}, we have
L—e¢<a,<c,<b,<L+e¢,
and so L — ¢ < ¢, < L +¢. Consequently, ¢, — L < e and —(¢, — L) < ¢, and so
len, — L| < e.

This proves that (c,),en is convergent with limit L. O

Examples.

1. Use the Sandwich theorem to show that lim in =0.

Solution. It can be shown by induction that for all n € N, n? < 10™.

Consequently, we have

n n
0< —<— =
n?

1
10m n

1
Since ILm 0=0= ILm —, from the Sandwich theorem it follows that the sequence
n—00 n—oo n,

L is convergent and
( 10m ) neN g

n
lim — = 0.
Jim o

2 3 4

10, 160> To00° 000+ - - - 18 convergent with limit 0. O

Thus the sequence

2. Use the Sandwich theorem to show that for any a,b € R, nh_)rlolo(|a\” |b|™ )%
max{|al, |b]}.

Solution. Clearly,
(max{]al, [b]})" < a|" +[b" < (max{]al, [b]})" + (max{]al, [b[})"

and so ) )
max{|al, [b]} < (la[" + [b]")" < 27 max{|al,[b]}.

So using the Sandwich theorem, it follows that lim ([a|” + [b[" )+ = max{lal, |b|}.

In particular, with a = 24 and b = 2005, we have that r}grgo(24" + 2005”)% = 2005,
that is, the sequence

2029, 2005.1436, 2005.001146260873, . . .

is convergent with limit 2005. O]
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1.2 Sequences and limits

3.Sh0wthatlim( n + n 4+ 4 " )zl.

nooo\n24+1  n2+2 n?+n
Solution. There are n terms in the sum: the smallest is 5" and the largest is ;55
Thus, for all n € N, we have
n? P N SN n?
n?4+n " n?+1 n2+2 n2+n - n2+1’
and since ) )
lim no 1= lim " .
n—oo n2 4+ n n—oo n2 4+ ]
it follows from the Sandwich theorem that
n n n
li ( ce ) =1. O]
ntio0 712—1—1—i_7”b2—|—2+ +n2+n

1.2.7 Subsequences

In this section we prove an important result in analysis, known as the Bolzano-Weierstrass
theorem, which says that every bounded sequence has a convergent ‘subsequence’. We
begin this section by defining what we mean by a subsequence of a sequence.

Definition. Let (a,)nen be a sequence and let (ny)ren be a strictly increasing sequence
of natural numbers. Then (a,, )ren 5 called a subsequence of (ay)nen-

Examples.

1 1 1 1 1
1. <> , <2) , <> and () are all subsequences of <) :
2n/nen’ \n?/nen’ \n!/ nen n"/ nenN N/ neN

2. Let p, be the n'® prime number. (Thus p; = 2, p» = 3, p3 = 5, py = 7, etc.) Then the
1

1
sequence (a,)nen defined by a,, = — is a subsequence of ( .
Pn N/ neN

3. The sequence

1 11
a7 17 a0 A0
27734
. 1
is not a subsequence of <> )
N/ neN
4. The sequence ((—1)?"), .y, that is, the constant sequence
1, 1,1

5 3 PRI

and the sequence ((—1)*"1), _, that is, the constant sequence
1,1, -1,

are both subsequences of ((—1)"), cy- O
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Theorem 1.2.8. If (ay)nen is a convergent sequence with limit L, then any subsequence
of (an)nen s also convergent with the limit L.

Proof. Let (ay, )ren be a subsequence of (a,)nen. Given € > 0, let N € N be such that
for all n > N, |a, — L| < e. Since the sequence n; < ny < ng < ... is not bounded
above, it follows that there exists a K € N such that nxg > N. Then for all £ > K,
ny > ng > N. Hence for k > K, |a,, — L| < ¢, and so (ay, )ken is convergent with limit

L. m
Examples.
1 1 1 1 . ..
1. <2n>n€N, <n2>n€N, (n!>n€N and (n”)neN are convergent sequences with limit 0.
2. The sequence ((—1)"),, oy is divergent since the subsequence 1,1,1,... has limit 1,
while the subsequence —1,—1, —1,... has limit —1. O

The following theorem is a very important step in the proof of the Bolzano-Weierstrass
theorem. It gives us a fact about arbitrary sequences of real numbers.

Theorem 1.2.9. Every sequence has a monotone subsequence.

Since we do not assume anything about the sequence, other than that it is a sequence
of real numbers, there is virtually no obvious way to start the proof. Nevertheless, even
though it is very difficult to discover such a proof, it is not so difficult to understand it,
once found.

Before doing the formal proof, we first illustrate the idea behind it. Let (a,)nen be the
given sequence. Imagine that a,, is the height of a hotel with number n, which is followed
by hotel n + 1, and so on, along an infinite line, where the sea is in the far distance. A
hotel is said to have the seaview property if it is higher than all hotels following it.
See Figure 1.7.

Figure 1.7: The seaview property.

Now there are only two possibilities:

First possibility. There are infinitely many hotels with the seaview property. Then their
heights form a strictly decreasing subsequence.
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1.2 Sequences and limits

Second possibility. There is only a finite number of hotels with the seaview property.
Then after the last hotel with the seaview property, one can start with any hotel
and then always find one that is at least as high, which is taken as the next hotel,
and then finding yet another that is at least as high as that one, and so on. The
heights of these hotels form a monotonically increasing subsequence.

Proof of Theorem 1.2.9. Let
S={meN|foralln>m, a, <an},

that is, .S is the set of all natural numbers m such that a, < a,, for all n > m. Then we
have the following two cases.

S is infinite. Arrange the elements of S in strictly increasing order: ny < ns <ng <....
Then (an, )ken is a strictly decreasing subsequence of (ay,)nen-

S is finite. If S is empty, then define n; = 1, and otherwise let n; = max S + 1. Then
since n; is larger than any element of S, n; ¢ S, which means that there exists
an ny > ny such that a,, > a,,. Again, ny is larger than any element of S, thus
ny ¢ S, which means there exists an n3 > ng such that a,, > a,,. Continuing
in this way, for any £ € N we choose an ng;; > ny such that a,, , > a,,. Then
(@n, )ken is a monotonically increasing subsequence of (ay,)nen. O

The Bolzano-Weierstrass theorem is now a simple consequence of the above theorem.

Theorem 1.2.10. (Bolzano®-Weierstrass? theorem.) FEwvery bounded sequence has a
convergent subsequence.

Proof. Let (a,)nen be a bounded sequence. Then there exists M > 0 such that for all
n €N, |a,| < M. From Theorem 1.2.9 above, it follows that the sequence (a,),en has
a monotone subsequence (ay,, )ren. Then, clearly, for all k£ € N, |a,, | < M and so the
sequence (ay,, )ren is also bounded. Since (ay, )ken is monotone and bounded, it follows
from Theorem 1.2.5 that it is convergent. [

Example. Consider the sequence (a,)nen of fractional parts of integral multiples of v/2,
defined by

an =nvV2 — [nV2], for n € N,

where, for © € R, |z] is the floor function of x, as defined in Exercise 9.

3Bernhard Bolzano (1781-1848)
4Karl Weierstrass (1815-1897)
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The terms of the sequence (a,)nen are as follows:

V2 =1.414213 .. .a; = 0.414213 . ..
2v/2 = 2.828427 . . .as = 0.828427 ...
3v/2 = 4.242640 . . .az = 0.242640 . ..
4v/2 = 5.656854 . . .aq = 0.656854 . ..
5v/2 = 7.071067 . . .a5 = 0.071067 . ..
6v/2 = 8.485281 .. .ag = 0.485281 . ..

The sequence (a,)nen is bounded: indeed, 0 < a, < 1 for every n € N. So by the

Bolzano-Weierstrass theorem this sequence has a convergent subsequence®. O

1.3 Continuity

A function f: R — R is a rule of correspondence that assigns to each real number a
unique real number. The functions we are most familiar with are actually unusually
well-behaved, and most functions are impossible to describe fully, let alone to work with.
Many bizarre functions make their appearance in analysis, and in order to avoid falling
into pitfalls with simplistic thinking based on our experience with “nice” functions, we
need our definitions and the hypotheses (assumptions) of theorems to be stated carefully
and clearly.

Within the huge collection of functions, there is an important subset: the continuous
functions. Continuous functions play a prominent role in analysis since they include all
the most familiar and useful functions, and because the all continuos functions share
many useful properties.

In this section we give the formal definition of a continuous function and prove two of
the most important properties of continuous functions: the Extreme value theorem and
the Intermediate value theorem.

1.3.1 Definition of continuity

In everyday speech, a ‘continuous’ process is one that proceeds without gaps of interrup-
tions or sudden changes. What does it mean for a function f: R — R to be continuous?
The common informal definition of this concept states that a function f is continuous if
one can sketch its graph without lifting the pencil. In other words, the graph of f has no
breaks in it. If a break does occur in the graph, then this break will occur at some point.
Thus (based on this visual view of continuity), we first give the formal definition of the
continuity of a function at a point. Next, if a function is continuous at each point, then
it will be called continuous.

SIn fact, it can be shown that these fractional parts a,, are “dense” in (0,1). Thus given any number
L € (0,1), there exists a subsequence of the sequence (a,)nen above that converges to L.
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1.3 Continuity

If a function has a break at a point, say ¢, then even if points x are close to ¢, the

points f(x) do not get close to f(c). See Figure 1.8.

This motivates the following definition of continuity, which guarantees that if a function

is continuous at a point ¢, then we can make f(z) as close as we like to f(c), by choosing
x sufficiently close to c. See Figure 1.9.

Definitions.

1.

Let I be an interval in R and let ¢ € I. A function f: I — R is continuous at c
if for every e > 0, there exists a 6 > 0 such that for all x € I satisfying |z — c| < 9,

[f(z) = fle)] <e.
If f is not continuous at ¢, we say that f is discontinuous at c.

A function f: I — R is continuous on I (or just continuous if I is clear from
the context) if for every c € I, f is continuous at c.

If f is not continuous on I, we say that f is discontinuous on I (or just discon-
tinuous if I is clear from the context).

Examples.

1. Show that the function f: R — R given by f(x) = x for all x € R is continuous.

Solution. To show that f is continuous, we have to show that it is continuous at ¢ for
each ¢ € R. Accordingly, we start by fixing some ¢ € R. To show that f is continuous
at ¢, we have to show that, for all € > 0, there is a 9 > 0 such that for all x € R, if
|z —¢| <0, then |f(z) — f(c)| < e. Suppose then that we are given some € > 0: we
now need to fnd a suitable 6 > 0. A very important point is that ¢ should be
independent of z, but may (and usually will) depend on ¢ and ¢. In this case, the
following choice of § will work: § = . Then, if z € R and |z — ¢| < §, we have:

[f(2) = fle) = [z —¢] <d=e.

This proves that f is continuous at c. Since the choice of ¢ € R was arbitrary, it

follows that f is continuous on R. O]
flc) t---------- -~ —
\_ﬂ
* >

Figure 1.8: A function with a break at c. If x lies to the left of ¢, then f(x) is not close

to f(c), no matter how close x comes to c.
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y“

R T .
f(x)_____J;. _________________ : :
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- A

7 s i s @

Figure 1.9: The definition of the continuity of a function at point c¢. If the function is

2.

32

continuous at ¢, then given any € > 0 (which determines a strip around the
line y = f(c) of width 2¢), there exists a § > 0 (which determines an interval
of width 26 around the point ¢) such that whenever x lies in this interval (so
that = satisfies ¢ — § < x < ¢+ 6, that is, |x — ¢| < J), then f(x) satisfies

fle) —e < f(x) < f(e) +¢, that is, [f(z) — f(c)| <e.
Show that the function f: R — R given by f(x) =2z + 1 for all x € R is continuous.

Solution. Fix ¢ € R. Given € > 0, we again need to fnd a suitable > 0. Here we
set § =¢/2. Then, if z € R and |z — ¢| < §, we have:

If(z) = flo)] =2z +1) = 2c+ 1) =2z -] <2 =¢.

This proves that f is continuous at c¢. Since the choice of ¢ € R was arbitrary, it
follows that f is continuous on R. O

Show that the function f: R — R given by f(x) =1 for all x € R is continuous.

Solution. Let ¢ € R = (—o00,00). We have to prove that f is continuous at c. Let
g > 0 be given. In this case, any positive choice of § will work; for instance, let 6 = 1.
Then if z € R and |z — ¢| < 6 = 1, we have:

[f(x) = fle)|=N1—1=]0]=0<e.

So f is continuous at c. Since the choice of ¢ € R was arbitrary, it follows that f is
continuous on R. O



1.3 Continuity

4. Show that the function f: R — R given by

)0 =0,
f($)_{1 if r € R\ {0},

is discontinuous at 0 and continuous at all ¢ € R\ {0}.

|
|

Figure 1.10: A function continuous everywhere except at 0.

0 x

Solution. Suppose that f is continuous at 0. Then for any given € > 0 there exists
a d > 0 such that whenever |z — 0| < 0, |f(z) — f(0)| < e. In particular, setting
e =1, we see that there is a § > 0 such that for all z € R, if |z| = [z — 0] < §, then
[£(x) = £(0)] = | f(x) = 0| = |f()| <& =} Takew =3 € R: then |z| = |§| = § <,
but |f(z)| = ‘f (g)’ = |1 = 1 > § = &, which is a contradiction. So f is not
continuous at 0.

Next we show that for all c € R\ {0}, f is continuous at c¢. Let £ > 0 be given. Take
5:|—§|>O. Then if z € R and |z — ¢| < 0, we have

Ic!—lxlSHcI—!xHS\c—x!z\x—c!<5=|g|
and so ¥
c
> — > 0.
o] > 12

Thus = # 0 and so f(x) = 1. Hence if x € R and |z — ¢| < §, we obtain
F(@) = f@ =11 —1] = o] =0 < =.
Consequently f is continuous at c. m

5. Show that the function f: (0,00) = R given by f(x) = % for all x € R is continuous.

2

Solution. Let ¢ € (0,00). Given £ > 0, let 6 = min {g, %} (> 0). Then if z € (0,1)
and |xr — ¢| < 6, we have

c c
c—x§|c—x|<5§§,andsox>§>0.
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Consequently, if z € (0,00) and |z — ¢| < 6,

1 1

T C

lc — x| 1
T C i

1 2 1 2
_ '*'*:7§5.
C c cC

<0
02

So f is continuous at ¢. Since the choice of ¢ € (0, 00) was arbitrary, it follows that f
is continuous on (0, 00).

NoOTE: In practice, the choice of § is the last part of the proof to be filled in. As
we go through the rest of the proof, we see the need to have (a) § < |¢|/2, and then
(b) i—g < e. Only after we have collected all the conditions do we make the choice of
J. O

1.3.2 Continuous functions preserve convergent sequences

We now give an alternative characterisation of continuity.

Theorem 1.3.1. Let I be an interval in R and let ¢ € I. Suppose that f: I — R is a
function. Then f is continuous at c iff

for every convergent sequence (T,)nen contained in I with limit c,

(f(zn))nen is convergent and lim f(z,) = f(o). (1.7)

Proof. “Only if” (=) direction: Assume that f is continuous at ¢ € [ and let
(Zn)nen be a convergent sequence contained in / with limit ¢. We have to show that
(f(x,))nen converges to f(c).

Since f is continuous at ¢ € I, given any € > 0, 30 > 0 such that for all x € I satisfying
|z —c| <6, |f(xz) — f(c)| < e. Since (zp)nen is convergent with limit ¢, 3N € N such
that for all n > N, |z, — ¢| < 9.

Consequently for all n > N, |f(x,) — f(c)| < e. Thus (f(z,))nen is convergent with

limit f(c).

“If” (<) direction: Suppose that (1.7) holds. We have to show that f is continuous
at ¢. We prove this by contradiction. Assume that f is not continuous at ¢, that is,

—[Ve > 0 3§ > 0 such that Vo € I such that |z —¢| <0, [f(x) — f(c)| < &]
or equivalently,

Je > 0 such that V§ > 0 3z € I such that |[x —¢| < 6 but |f(z) — f(¢)| > €.

By choosing § = X, we find ,, € I such that |z, —c| <§ =1 and |f(z,) — f(c)| > e
Claim 1: The sequence (,)nen is contained in [ and is convergent with limit c.
Indeed, we have for all n € N, z,, € I. Furthermore, given any { > 0, we can find

N € N such that % < N (Archimedean property), that is, & < (. Hence for n > N,
|z, — | < + < (. So (%n)nen is convergent with limit c.
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Claim 2: The sequence (f(z,))nen does not converge to f(c).

Indeed for all n € N, we have |f(z,) — f(c)| > e. Thus for instance § > 0, but it is not
possible to find a large enough N € N such that for all n > N, |f(2,) — f(c)| < § (for if
this were possible, then we would arrive at the contradiction ¢ < |f(xz,) — f(c)| < 5).

Claims 1 and 2 show that (1.7) does not hold, a contradiction. Hence f is continuous
at c. [

The above theorem allows us to easily prove the following useful Theorem 1.3.2. Before
stating it, we introduce some convenient notation.

Definitions. Let I be an interval in R. Given functions f: I — R and g: I — R, we
define the following:

1. If « € R, then we define the function af : I — R by (af)(x) =« f(x), z € I.

2. We define the absolute value of f to be the function |f|: I — R given by |f|(x) =
f(z)], z €1

3. The sum of f and g is the function f+g: I — R defined by (f+g)(z) = f(z)+g(z),
rel.

4. The product of f and g is the function fg: I — R defined by (fg)(x) = f(x)g(z),
rel.

5. If k € N, then we define the k™ power of f, to be the function f*: I — R given by
fH@) = (f@)" z el

6. If for all x € I, g(x) # 0, then we define the function %: I - R by (;) (x) = ﬁ,
rel.

Theorem 1.3.2. Let I be an interval in R and let ¢ € I. Suppose that f: I — R and
g: I — R are continuous at c. Then:

1. For all « € R, af is continuous at c.
|f| is continuous at c.
f + g is continuous at c.

fg is continuous at c.

AN

For all k € N, f* is continuous at c.

6. If for all x € I, g(x) # 0, then é is continuous at c.

Proof. Suppose that (z,),en is a convergent sequence contained in 7, with limit ¢. Since
f and g are continuous at ¢, from Theorem 1.3.1, it follows that (f(z,))nen and (¢(z5))nen
are convergent with limits f(c) and g(c), respectively. Each one of the statements now
follows easily from Theorem 1.2.6 and a second application of Theorem 1.3.1. For
example, consider statement number 4 (the other cases may be proved as exercises). By
Theorem 1.2.6, (f(x,)g(xn))nen is convergent with limit f(c)g(c), that is, ((f¢)(@n))nen
is convergent with limit (fg)(c). Thus by Theorem 1.3.1, fg is continuous at c. O
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Example. Since f: R — R given by f(z) = x for x € R is continuous (see Example 1
on p31), it follows that for all k& € N, z* is continuous. Thus given arbitrary scalars
ag,ai,...,ay in R, it follows that the functions ag-1,a; - ,...,an - " are continuous.
Consequently the polynomial function p: R — R defined by

p(x) =ay+ax+---+ayz, xR

is continuous. [l

1.3.3 Restrictions and compositions of functions

Definition. If f: I — R is a function on an interval I, and J is an interval contained
in I (that is, J C I), then the restriction of f to J, is the function f’J: J — R

defined by
fl,(@) = f@), zeRr.

The following theorem implies (completely as expected) that the restriction of a
continuous function is continuous.

Theorem 1.3.3. Let I and J be intervals such that J C I and let ¢ € J. If [ is
continuous at c, then f‘J 18 continuous at c.

Proof. Exercise 71. O

The converse of the above theorem is not true unless J is an open interval (see
Exercise 71).

Definition. If f: I — R and g: J — R are functions such that for allx € I, f(z) € J,
then the composition of g with f, is the function go f: I — R defined by

(9o f)lx) =g(f(x)), zeR,

The following theorem implies that the composition of continuous functions is continu-
ous.

Theorem 1.3.4. If f: I — R is continuous at c € I and g: J — R is continuous at
f(e) (with f(x) € J for all x € I), then g o f is conlinuous at c.

Proof. Take € > 0. Then, as g is continuous at f(c), there is some 1 > 0 such that
y € Jand |y — f(c)| <nimply that |g(y) — g(f(c))| < e. As also f is continuous at c,
there exists § > 0 such that x € I and |z — ¢| < § imply |f(x) — f(c)] <.

Now we assemble what we know. Suppose that z € I and |z — ¢|] < 6. Then
f(z) € Jand |f(z) — f(c)| < n, from which we deduce that |g(f(x)) — g(f(c))| <e, i.e.,
l(go f)(x) — (go f)(c)| <e. We conclude that g o f is continuous at c. O

Example. Show that the function f: (1,00) — R defined by

2 —1
= >1
@)=\ g, > 1,

is continuous on (1,00).
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1.3 Continuity

Solution. Let g: (0,00) — R be defined by g(z) = /z. By Exercise 68, g is continuous.
Let h: R — (0, 00) be defined by

2?2 —1
hz)=—— R.
(z) 2+ " <
We have already seen that all polynomial functions are continuous. Therefore, py, ps: R —
R defined by p;(z) = 2* — 1 and py(x) = 22 + 1 are continuous. Since po(x) # 0 for all
1
x € R, it follows by Theorem 1.3.2(6) that — is continuous. Then by Theorem 1.3.2(4),
P2
1

p1 - — = h is continuous. Note that the restriction of & to (1,00), k| ., assumes only
D2 ’
positive values: if x € (1,00) then x > 1, therefore 22 — 1 > 0, and since 2 +1 > 0

anyway, h(x) > 0. This shows that the composition g o h|(17oo) = f is properly defined.
By Theorem 1.3.3, h\(l’oo) is continuous. Finally, by Theorem 1.3.4, g o h"(l,oo) = fis
continuous at each ¢ > 1, and therefore, continuous. O]

1.3.4 Intermediate value theorem

We now prove one of the most fundamental (and obvious!) theorems on continuous
functions: a continuous function cannot “hop over” intermediate values. For instance, if
the height of a mountain is 1976 meters above sea level, then given any number between
0 and 1976, say 399, there must exist a point on the mountain that is exactly 399 meters
above sea level.

Yy

F(B) onmmmmm e .

VI .
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The Intermediate value theorem was first proved by Bernhard Bolzano in 1817.

Theorem 1.3.5. (Intermediate value theorem). If f: [a,b] — R is continuous and y
is such that f(a) <y < f(b) or f(b) <y < f(a), then there exists c € |a,b] such that

fle) =y.

Proof. Suppose first that f(a) <y < f(b). The case f(b) <y < f(a) is similar, and
will be discussed at the end of the proof below.
Let S ={z € [a,b] | f(x) <y}. We want to prove that

1. sup S exists, and

2. if we set ¢ = sup S, then ¢ € [a,b] and f(c) = v.
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Since f(a) <y, it follows that a € S, so S # ). Secondly, S is clearly bounded above by
b. Therefore, by the l.u.b. property, sup S exists.

Write ¢ =sup S. Since a € S, a < ¢. Since b is an upper bound of S, ¢ < b. Therefore,
¢ € la, b], and it remains to prove that f(c) =y. We do this in two steps: first we show
that f(c) <y and then that f(c) > v.

Proof that f(c) < y: Foreachn € N, ¢ — % is not an upper bound of S, since it is less
than the least upper bound c. Therefore, there exists x,, € S such that ¢ — % <z, <c
By the Sandwich theorem, nh_}rgo x, = ¢. By Theorem 1.3.1, nh_}r{)lo f(z,) = f(c). Since
z, €5, f(x,) <y. Therefore, f(c) = lim flz,) < lim y =y (see Exercise 44.)

Proof that f(c) > y: The sequence (z,,) defined by

b—rc
n

T, = C-+

lies in [a, b], and lim z,, = ¢. By Theorem 1.3.1, lim f(z,) = f(c). Since z,, > ¢ and
¢ is an upper bound of S, z,, ¢ S, and therefore, f(z,) > y. As before, it follows that
fle) = lim f(z,) = lim y =y.

We have shown that f(c) <y and f(c¢) > y. In conclusion, we have found ¢ € [a, ]
such that f(c) =y.

Suppose now that y € R is such that f(b) <y < f(a). To prove the theorem in this
case, it is easy to modify the above proof. Alternatively, we could use what we have just
proved, as follows. Note that we have

(=)a) < —y < (=1)(b),

so we may apply the above proof to the function —f (which is continuous by The-

orem 1.3.2(1) with &« = —1). Then we obtain the existence of ¢ € [a,b] such that
(—=/f)(c) = —y, that is, f(c) =y. O
Examples.

1. Show that every polynomial of odd degree with real coefficients has at least one real
T00%.

Solution. Suppose that p is a polynomial with degree 2m + 1, m € NU {0}. Let

p(z) = ap + a1z + - + a2 + agm ™
where ag,, 1 # 0. If we divide p by its leading coefficient ag,,+1 then the resulting
polynomial will still have the same roots (if any). We may therefore assume without
loss of generality that as,.1 = 1.

In order to show that p has a real root, we will choose a large enough n € N such
that p(n) > 0 and p(—n) < 0 and restrict our attention to an interval [—n,n]. Then
appealing to the Intermediate Value Theorem, we can conclude that p must vanish at
some point in this interval, that is, for some real ¢ € [—n,n], p(¢) = 0.
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1.3 Continuity

It remains to find an n € N such that p(n) > 0 > p(—n). We expect such an n to be
large in general. Intuitively, the term in the polynomial that dominates when x is
large is the term with highest exponent z?™*1. We now compare p(x) with 2™ by
considering the quotient:

p(x) W ai A2m

r2m+l T p2metl 72m te 7 +1 (1-8)

(recall we assumed ag,11 = 1). If we make the substitution = n and let n — oo, we

obtain
lim p(n) = lim (

n—yoo p2m+1 n—00

Qom o
TS +—+ +n+1> =1
By choosing € = 1/2 in the definition of a limit, we obtain that there exists N; € N
such that for all n > Ny,
p(n)
n2m+1

1| < L
— £ = —
27

and since |A| > —A for any A € R, it follows that

1
1 - pz(") <z,
n2m+1 2
or p(n)
To obtain the inequality p(—n) < 0 for suitably large n, we next make the substitution
x = —n in (1.8) and take the limit as n — oo to obtain

. p(—n) T ag ai aom .
,}LH&O (—n)2msl nh_ﬁ}o <<_n)2m+1 + (—n)2m +ot —n + 1) =L

Again applying the definition of a limit with e = 1/2, we obtain as before that there
exists an Ny € N such that for all n > N,

p(—n) 1
1— W < 5

2mtl we obtain (careful with the minus!)

Multiplying by n
2m+1

2 ’

n
n2m+l+p(_n) <

n2m+1

or p(—n) < — < 0 as long as n > Ns.

Thus if we choose n = 1+ max{Ny, No}, we obtain both inequalities p(n) > 0 and
p(—n) < 0, which finishes the proof. O
For example the polynomial p(x) = x3 2?9 4 = has a real root in [—1, 1]: mdeed
p(1) = 555 > 0 and p(—1) = =2+ 55 < 0 and so Elc € [—1,1] such that p(c) = O
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2. Show that at any given time, there exists a pair of diametrically opposite points on
the equator which have the same temperature.

Solution. Let T'(©) denote the surface temperature at the point at longitude ©. See
Figure 1.11. (Note that ©(0) = ©(27).) Assuming that © is a continuous function of

Figure 1.11: The point on the equator with longitude ©.

O, it follows that the function f: [0,7] — R defined by f(0©) =T(©) — T(© + 7) is
continuous as well. If f(0) = 0, then it follows that the temperatures at 0 and 180°
longitude are the same. If f(0) # 0, then since f(0) and f(7) = — f(0) have opposite

signs, by the intermediate value theorem, it follows that f must vanish at some point,
and so the claim follows. O]

1.3.5 Extreme value theorem

The next theorem states that a continuous function on an interval [a,b] attains its
maximum and minimum values.

Theorem 1.3.6 (Extreme value theorem). Let [a,b] be any closed and bounded interval
and let f: [a,b] = R be a continuous function. Then there exists ¢ € [a,b] such that

f(e) =sup {f(z) | = € [a, 0]}, (1.9)

and there exists d € [a,b] such that

f(d)=inf{f(z) |z € [a,b]}. (1.10)
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Since ¢, d € [a, b] in the above theorem, the supremum and infimum in (1.9) and (1.10)
are in fact the maximum and minimum, respectively. This proof is a beautiful application
of the Bolzano-Weierstrass theorem.

Proof. We prove the first half of the theorem, leaving the second half as an exercise.
Let S = {f(z) | = € [a,b]}. We have to prove that there exists ¢ € [a,b] such that
f(c) =supS. The plan of the proof is as follows.

1. First we show that sup S exists.
2. Then we show that supS € S.

Then, by the definition of S, we may conclude that sup S = f(c) for some ¢ € [a, b].

To show that sup S exists, we use the L.u.b. property of R. First, S # (), since for
example f(a) € S. Secondly, S is bounded above, as shown by the following proof by
contradiction.

Suppose S is not bounded above. For each n € N, choose an f(z,) for some x, € [a, D]
such that f(z,) > n. Then (z,) is a bounded sequence. By the Bolzano-Weierstrass
Theorem, (z,,) has a convergent subsequence (z,, )ren. Let its limit be ¢ = kh_)rgo Tp,. Since

a < x, < b and limits preserve inequalities, a < ¢ < b. By Theorem 1.3.1, (f(xp, )ken) is
convergent (we assumed that f is continuous). By Theorem 1.2.4, (f(x,, )ken) is bounded.
On the other hand, for each k € N, f(x,,) > np > k (since 1 <ny <ny <ng < ...).
Therefore, (f(xn, )ken) is unbounded, a contradiction.

Next we show that sup S € S. Recall that S = {f(x) | € [a,b]}. Write M =sup S.
We have to prove that M € S. Since M is the least upper bound of S, it follows that
foralln € N, M — % is not an upper bound of S. Therefore, there exists f(z,) € S
(with z,, € [a,b]) such that M — 1 < f(z,). The sequence (z,) is bounded. As before,
by the Bolzano-Weierstrass Theorem it has a convergent subsequence (z,, )reny With limit
¢ € [a,b], say. We next show that this ¢ satisfies f(¢) = M =supS.

By Theorem 1.3.1, (f (2, )ren is convergent with limit f(c). Since ¢ € [a,b], f(c) € S.
Finally, because

1

1
M- —< f(z,,) <Mand lim M — — = M,

the Sandwich Theorem shows that f(c) = klim f(zn,) =M.
—00

We have found ¢ € [a, b] such that f(c) = M = supS. This finishes the proof of the
first half of the theorem.

The proof that there exists d € [a,b] such that f(d) = infS is left as an exercise
(Exercise 80). O
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Example. Show that the statement of Theorem 1.53.6 does not hold if [a,b] is replaced
by (a,b).

Solution. The function f: (0,1) — R given by f(x) = z is continuous on (0, 1). If
S={f(z) |z e (0,1},

then S = {x |2 € (0,1)} = (0,1). Thus supS =1¢ S and inf S = 0 ¢ S, that is, the
values 0 and 1 are not attained by the function f. We conclude that the statement of
Theorem 1.3.6 does not hold if [a, b] is replaced by (a,b). O

1.4 Exercises

1. Fill in the following table for each of the sets S = A, B, ..., K below.

An A Is S If sup S exists, | If inf .S exists,

upper | lower bo ?1 dod? sup S |inf S| then is sup S | then isinfS |max.S |minS
bound | bound |>" ' in S? in S7?7

a) A={reR|0<z <1} g) G={reR|2?+22 <1}

b) B={reR[0<z <1} h) H ={0,2,5,2016}

c) C={x e€R|zeNand zprime} X

) D= {2 [nez\ (o)) i) I={(-1)"(1+1)|neN]}

e) E —{—l’nEN} i) J={a*|zeR}

f) F={z eR|z > 22} k) K ={Z |z cR}

2. Determine whether the following statements are TRUE or FALSE. Give reasons for
your answers in each case: either a (brief) proof or a counterezample. (For instance, if
you think statement (d) is false, you should give an example of a bounded non-empty
subset of R that does not have a maximum, and explain (briefly) why your set has
the required properties.)

a) Let S be a subset of R such that, for each = € S, there exists u € R with z < u.
Then S is bounded above.

b) If w is an upper bound of a subset S of R, and «’ < u, then «’ is not an upper
bound of S.

¢) If u, is the supremum of a subset S of R, and ¢ is any positive real number, then
Uy — € is not an upper bound of S.

d) Every bounded non-empty subset of R has a maximum.

e) Every bounded subset of R has a supremum.
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1.4 Exercises

f) A non-empty subset of R is bounded above iff it has a supremum.

h
i) For S a non-empty subset of R, {z? | z € S} is bounded iff S is bounded.

)
g) For every set that has a supremum, the supremum belongs to the set.
)

For every non-empty bounded set S, if inf S < x <sup S, then z € S.

For any non-empty bounded set .S, prove that inf .S < sup S, and that the equality
holds iff S is a singleton set (that is a set with exactly one element).

4. Let A and B be non-empty subsets of R that are bounded above and such that A C B.
Prove that sup A < sup B.

Let A and B be non-empty subsets of R that are bounded above and define
A+B={x+y|ze€Aandy € B}.
a) Show that sup A + sup B is an upper bound for A + B.

Deduce that sup(A + B) exists and that sup(A + B) < sup A + sup B.

b) For any real number ¢ > 0, show that (sup A — ¢) 4 (sup B — ¢) is not an upper
bound for A + B.
Deduce that sup(A + B) > sup A + sup B — 2¢, for every ¢ > 0.

¢) Show that sup(A + B) = sup A + sup B.

Let S be a non-empty subset of real numbers which is bounded below. Let —S denote
the set of all real numbers —z, where x belongs to S.

a) Show that —S is bounded above, and therefore has a supremum.

b) Prove that inf S exists, and that inf S = —sup(—295).

Note: in this exercise, we deduce the “greatest lower bound principle” from the least
upper bound principle. Accordingly, you may not assume the greatest lower bound
principle in this exercise. (However, once we have established this result, we can use
the greatest lower bound principle henceforth.)

7. In this exercise it is shown that for any positive real number 7 there exists a positive
real number s such that s> = r. In other words, any positive real number has a
positive square root.

Given r € R with r > 0,let S ={x e R | 2* < r}.
a) Prove that S # 0.
b) Prove that S is bounded above.
HiNT: Distinguish between the cases » > 1 and r < 1.

¢) Conclude that S has a least upper bound s. Show that s > 0.

6 If you think the statement is TRUE, you have two things to prove: (i) if a non-empty set S is bounded
above, then it has a supremum; (ii) if a non-empty set S has a supremum, then it is bounded above.
If you think the statement is FALSE, you should provide a counterexample to one of (i) and (ii).
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10.

11.

44

d) Show that if s> > r then there exists € > 0 such that s — ¢ is an upper bound of S.
e) Show that if s* < r then there exists € > 0 such that s +¢ € S.
f) Conclude that s*> = r by explaining why each of the conclusions in 7d) and 7e)

gives a contradiction.

Let S be a non-empty set of positive real numbers, and define S—! = {% ‘ resS }

a) Show that, if inf S = 0, then S~! is not bounded above.
b) Show that, if inf S > 0, then S~! is bounded above and sup S~! = ——.

. In this exercise we define the floor and ceiling functions. For any € R define the

set Sy ={neZ|n<uz}
a) Show that, for any =z € R, the set S, is non-empty and bounded above.
HINT: To show that S, # ), you will need the Archimedean property.

b) Show that sup S, exists and sup S, € S, for any = € R. Explain why we obtain as
a consequence that the following gives a proper definition of the floor function
' R—>Z

lz] =max{n€Z|n<z}, xR

¢) Show that z — 1 < |z] < z, for every z € R.

d) Adapt 9a) and 9b) to explain why the following gives a proper definition of the
ceiling function [-|: R — Z

[z] =min{n €Z|n>z}, xR

e) Show that |VEk2+ k| =k for all k € N.

Let S be a subset of R that does not have a maximum. Show that, for every x € .5,
there is y € S with y > z.

HINT: Deal separately with the two cases: (i) S has a supremum; (ii) S has no
supremum.

Determine whether the following statements are TRUE or FALSE. Give reasons (brief
proofs or counterexamples) for your answers in each case.

a) If a < b then (—o0,a) C (—o0,b).

b) For real numbers a and b, a < b iff (b, 00) C (a, c0).

c) (a,b) C (c,d) iff c<aandb<d.

d) (a,b) C[e,d]iff c<aand b < d.

e) Forany z € R, —|z| <z < |z|.

f) For any z € R, —z < |z| < x.

g) For any x,y € R, if x < y then |z| < |y|.

h) For any z,y € R, if 2% < y? then |z| < |y|.



12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

1.4 Exercises

i) If I and J are intervals, then I N J is an interval.

j) If I and J are intervals with 0 € I N J, then I U J is an interval.
Let zp € R and § > 0. Prove that (xg — 0,20 + ) = {z € R| |z — 0| < 0}.

Prove that the distance satisfies the following properties:

D1 (Positive definiteness) For all z,y € R, |[x —y| > 0. If |z —y| = 0 then z = y.
D2 (Symmetry) For all z,y € R, |z —y| = |y — z|.

D3 (Triangle inequality) For all z,y,z € R, |z — z| < |z —y|+ |y — z|.

Prove that if =,y are real numbers, then ||z| — |y|| < |z — y].

Let S be a subset of R.

a) Show that, if S is bounded, then there is some M € R such that |z| < M for all
res.

b) Show also the converse: if there is some M € R such that |z| < M for all z € S,
then S is bounded.

Thus we have an alternative definition of what it means for a set S to be bounded:
this definition is often more convenient to use.

Let a, b, ¢ be real numbers such that a < ¢ < b. Show that there exists a ¢t > 0 such
that (c —t,c+1t) C (a,b).

Prove, directly from the definition, that the constant sequence (1),en is convergent.

Prove, directly from the definition, that the sequence (%) N is convergent, with

limit 0.

3n—1

Prove, directly from the definition, that the sequence ( e

find its limit.

) is convergent, and
neN

a) Let (a,)nen be a convergent sequence with limit L, and let M be some real number
with M # L. Show that the set {n € N | a,, = M} is bounded above.

b) Prove that the sequence ((—1)"),en is divergent.

Use the definition of limit to prove directly that 1 is not a limit of the sequence
(1/anEN-

In each of the cases listed below, give an example of a divergent sequence (a,),en that
satisfies the given conditions.

a) For every € > 0, there exists an IV such that, for infinitely many n > N, |a,—1| < e.
b) There exists an ¢ > 0 and an N € N such that for all n > N, |a, — 1| < €.

Let S be a non-empty subset of R that is bounded above. Show that there exists a

sequence (a,)nen contained in S (that is, a,, € S for all n € N) which is convergent
with limit equal to sup S.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

46

Let (an)nen be a sequence such that for all n € N, a,, > 0. Prove that if (a,)nen is
convergent with limit L, then L > 0.

A sequence (a,)nen is said to be a Cauchy sequence if for every ¢ > 0, there exists
an N € N such that for all n,m > N, |a, — a,| < e.

Show that every convergent sequence is Cauchy.

HINT: |a, — ap| = |an — L+ L — ap| < la, — L| + |am — L.

In the proof of Theorem 1.2.2, where did we use the assumption that x > —17 Is the
inequality true for x = —27 Is it true for z = —37

For a real number « such that |z| < 1, show that the sequence (z"/n), o is convergent,
with limit 0.

a) Use Bernoulli’s Inequality to show that, for all n € N,

2
1 2 1 3
1<nn < (1 n< (14— <1+ —.
<n (+¢ﬁ)_<+\/ﬁ>_+\/ﬁ
b) Prove that (nw),ey is convergent with limit 1.

n—+a

n+b

Let a and b be positive real numbers. Show that the sequence < ) is monotone.
neN

Let (an)nen be a sequence defined by

2 1
a; =1 and a, = n3+an_1 for n > 2.
n

Prove that (a,)nen is convergent.

Use Bernoulli’s Inequality (Theorem 1.2.2) to show that, for x a real number with
x > 1, the sequence (z"),cy is divergent.

Suppose that the sequence (a,)nen converges to 0 and the sequence (b, ),en is bounded.
Use the definition to prove that nh—>nolo anb, = 0.

For each n € N, let H, =1+ % + % +- % The sequence (H,),en is the sequence
of harmonic numbers.

a) Show that for any m,n € N with m > n,

m—n
H,—H, > .
m

(Hint: note that H,, — H,, = #1 + #2 +-+ %, a sum of m — n terms.)

b) Deduce that Hori1 — Hor > % for any k£ € N.

c¢) Show that Hy = %, H, > %, Hg > g, Hiyg > g, Hsy > %, and in general, Hor > %
for all £ > 2.



34.

35.

36.

37.

38.

39.

40.

d)
e)
a)

b)

1.4 Exercises

Let M > 0 be given. Show that there exists n € N such that H,, > M.
Show that (H,)nen is divergent.

Let (an)nen be a convergent sequence with limit L. Prove that the sequence (s,,)nen,

where

ap+---+a
sn:%, n €N,

is also convergent with limit L.
Hint: use the fact that (a,)nen is bounded.

Give an example of a sequence (ay,)nen such that (s,),en is convergent but (a,)nen
is divergent.

Given a bounded sequence (ay,)nen, define
U, =inf{a, | n >k}, keN.

Show that the sequence (¢,,),en is bounded above and increasing, and conclude
that it is convergent. (Its limit is denoted by ligg golf apn.)

Find liminf (2 + (—=1)" + 1/n).

Recall the definition of a Cauchy sequence from Exercise 25. Prove that every Cauchy
sequence is bounded. (Hint: follow the proof of Theorem 1.2.2.)

Determine whether the following sequences are convergent and, if so, find their limits:

Let (ay),cy be a convergent sequence with limit L, and let & € N. Show that (an41)

(Vo) (o e,

neN

is also convergent with limit L.

Recall the convergent sequence (a,),en from Exercise 30 defined by

2 1
a; =1 and a, = n3—|— Qpn_1 for n > 2.
n

Determine its limit.

HINT: Use the previous exercise.

a)

Use Theorem 1.2.6 and induction to show that for any fixed k € N,

I ( T S S ) 0
im = 0.
nsoo\n+1 n+2 n+3 n+k—-1 n+k

Indicate step-by-step which parts of Theorem 1.2.6 you use.
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41.

42.

43.

44.

45.

46.

47.

b) Find the mistake in the following calculation:

, 1 1 1 1 1
hm< + + +F + )

nso\n+1 n+2 n+3 on—1 2n
S T e T T g Ty g,
=0+0+0+---+0+0
= 0.
REMARK: By Exercise 33a),
1 1 1 1 1 1
b ——— 4+ — = Hy,— H, > -,
ntl n+2 nas a1 T T "

and therefore the limit, if it exists, cannot equal 0.7

Suppose that the sequence (a,)nen is bounded. Prove that the sequence (¢,)nen
defined by

_ad+5n

 a2+n

CTL
is convergent, and find its limit.

Let (a,)nen be a convergent sequence with limit 0 and suppose that a, > 0 for all
n € N. Prove that the sequence (/a,)nen is also convergent, with limit 0.

Show that (\/ n?+n— n) . is a convergent sequence and find its limit.
n

HINT: ‘Rationalise the numerator’ (as in the proof of Theorem 1.2.6.(8)).

Prove that if (a,)nen and (by)nen are convergent sequences such that for all n € N,
a, < b,, then
lim a, < lim b,.

n—o0 n—0o0

HiINT: Use Exercise 24.

Show that, for each k& € N and each real number x with |z| < 1, lim,,_, 2"n* = 0.
HINT: Write the elements of the sequence as (y"/n)?*, for some suitably chosen v,
and use Exercise 27 as well as the Algebra of Limits.

Prove that the sequence ((3 + (—1)”)”") . is convergent, with limit 1.

Recall the floor function defined in Exercise 9: || = max{n € Z | n < z}.

[na]

Let x be any real number. Set a,, = ——, for each n € N. Show that the sequence
n

(an)nen is convergent, with limit .

n+1+n+2+n—|—3+.' 2n—1  2n

n— oo

1 1 1 1 1
“In fact, lim < S + ) = In 2, the proof of which is outside the
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49.

50.

ol.

52.

23.

o4.

1.4 Exercises

Is the sequence (a,)nen always increasing?

Notice that the a,, are all rational numbers, so we have found a sequence of rational
numbers converging to the arbitrary real number x.

n! n!
Prove that the sequence <n> is convergent and lim — = 0.
n
neN

n—oo nn
! 1 2 1 1
HINT:ObservethatOgl:—-— ----- Eg—-l ----- 1=—.
nn n n n n n
2n 1
Use the Sandwich Theorem to find li_>m n Z -
oo i=n+1 t
1 1 1 1 1 1
HINT: — — - = — < = < — = - — —. Compare with Exercise 40b.
ioi+1 a(i+1) T2 Tak—-1) i—1 i

Prove that for all £ € N, the sequence
<1k+2k+3k+~--+nk>
neN

nk+2

is convergent and

R e L o i
L, o =0

Suppose that (a,)nen iS a sequence with % < a, < n for each n € N. Show that
lim,, oo a}/" =1.

HINT: See Exercise 28.

a) Show that a monotonically increasing sequence always has a constant subsequence
or a strictly increasing subsequence.

b) Show that any sequence of real numbers always has either a constant subsequence
or a strictly increasing subsequence or a strictly decreasing subsequence.

a) For z € R, show that z(1 — z) < 1.

b) Define the sequence (a,)nen recursively by a; = 1/3 and a,4+1 = 4a,(1 — a,) for
each n € N. Write down as, azg and ay. Show that (a,)n,eny has a convergent
subsequence.

a) Let L € R and let (a,)nen be a sequence of real numbers that does not converge to
L (that is, it is either divergent or its limit is not equal to L). Use the definition of
convergence to L to show that for some € > 0, (a,)nen has a subsequence (an, ),y
such that a,, ¢ (L —¢,L+¢) for all k € N.

b) Use 54a) and the Bolzano-Weierstrass theorem to show that given any L € R, any
bounded, divergent sequence has a convergent subsequence with limit not equal
to L.

c¢) Use 54b) to show that any bounded, divergent sequence has two subsequences
which converge to different limits.

49



1 Analysis

55.

96.

o7.

58.

99.

60.

61.

50

d) Give an example of a bounded divergent sequence such that any convergent
subsequence converges to either 1 or —1. (This shows that we cannot hope for
more than two different limits for subsequences in c).)

Recall the definition of a Cauchy sequence from Exercise 25, where we had already
seen that every convergent sequence is Cauchy. Use the Bolzano-Weierstrass theorem
to prove the converse: if a sequence is Cauchy, then it is convergent.

HINT: Proceed as follows. Let (a,)nen be a Cauchy sequence. From Exercise 36, it
follows that (a,)nen is bounded. By the Bolzano-Weierstrass theorem, it follows that
(an)nen has a convergent subsequence, say (an, )keny With limit L. Prove (using the
fact that (a,)nen is Cauchy), that then (a,)nen is itself convergent with limit L.

Prove that the following functions are continuous:

a) f: R — R given by f(z) =2 — 3x.

b) f: R — R given by f(z) = |z|.

Prove, using the definition of continuity, that the function f: [0,00) — R given by
f(z) = \/z is continuous at 4.

HINT: First show that |« — 4| > 2|\/z — 2| for every z € [0, 00).

Prove that the function f: R — R given by

Fla) = x if x is irrational,
0 if x is rational,

is continuous at 0.

Let the function f: R — R be given by f(z) = .

a) Prove that f is continuous at 0.

b) Prove that f is continuous at 1.

¢) Suppose that ¢ is a nonzero real number. Prove that f is continuous at c.

(In Exercise 64, we will give a simpler proof of the fact that f is continuous on R.)

Let f: R — R be a function that satisfies f(z1+x2) = f(x1)+ f(x2) for all z1, 25 € R.
a) Show that f(0) = 0.
b) Suppose that f is continuous at 0. Prove that f is continuous on R.

HINT: Since f is continuous at 0, given € > 0, 30 > 0 such that for all x € R
satisfying |x| <, |f(z)| < e (why?). Show that given any other point ¢ € R, the
function f is continuous at ¢ by showing that the same § works (for this ¢).

c¢) Give an example of such a function.

Suppose that f: R — R and there exists an M > 0 such that for all x € R,
|f(z)] < M|z|. Prove that f is continuous at 0.

HINT: First find f(0).



62.

63.

64.

65.

66.

67.
68.

69.
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71.

1.4 Exercises

Let f: R — R be defined by

] 1 if xis irrational.

0 if z is rational,
o~

Prove that for every c € R, f is discontinuous at c.
HinT: Use the fact that there are irrational numbers arbitrarily close to any rational

number and rational numbers arbitrarily close to any irrational number.

Let f: R — R be a continuous function. Prove that if for some ¢ € R, f(c) > 0, then
there exists a 0 > 0 such that for all x € (¢ — d,c+9), f(z) > 0.

Recall Exercise 59. The function f: R — R is given by f(x) = x?. Using the
characterization of continuity provided in Theorem 1.3.1, prove that f is continuous
on R.

Prove that if f: R — R is continuous and f(xz) = 0 whenever x is rational, then
f(z) =0 for all x € R. (Compare this to Exercises 58 and 62.)

HINT: Given any real number ¢, there exists a sequence of rational numbers (¢, )nen
that converges to c: see Exercise 47.

Let f: R — R be a function that preserves divergent sequences, that is, for every
divergent sequence (x,,)nen, (f(Zn))nen is divergent as well. Prove that f is one-to-one.

HINT: Let x1, 29 be distinct real numbers, and consider the sequence x1, xo, 1, Zo, . . ..
Write out a complete proof of statement 6 of Theorem 1.3.2.

Show, using Theorem 1.2.6, that the function f: [0,00) — R given by f(z) = v/x, is
continuous on [0, 00).

Show that the rational function f: R — R defined by

/()

1 TER

is continuous on R.
Prove Theorem 1.3.3 using the definition of continuity.

a) Let J = (a,b) be an open interval contained in another interval I. Let f: I — R

be a function. Let ¢ € J and assume that f ‘J is continuous at c. Prove that f is
continuous at c.

HINT: You'll need Exercise 16.

b) Give an example of intervals J and I with J C I, ¢ € J and a function f: I — R
such that f ’J is continuous at ¢, but f is not continuous at c.

(This shows that it is necessary to assume that J is an open interval in 71a).)

HINT: The floor function.
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a) Suppose g : I — R is continuous, and g(z) > 0 for z € I. Let f(z) = /g(x). Show
that f is continuous on I.

b) Prove that the function f: R — R defined by
|1+ 2z + 22
=41 _— R
f(z) \l + S Ty r € R,

Suppose that f: [0,1] — R is a continuous function such that for all x € [0,1],
0 < f(z) < 1. Prove that there exists at least one ¢ € [0, 1] such that f(c) = c.

is continuous.

HiINT: Consider the continuous function g(z) = f(x) — z, and use the intermediate
value theorem.

At 8:00 a.m. on Saturday, a hiker begins walking up the side of a mountain to his
weekend campsite. On Sunday morning at 8:00 a.m., he walks back down the mountain
along the same trail. It takes him one hour to walk up, but only half an hour to walk
down. At some point on his way down, he realizes that he was at the same spot at
exactly the same time on Saturday. Prove that he is right.

HINT: Let u(t) and d(t) be the position functions for the walks up and down, and
apply the intermediate value theorem to f(t) = u(t) — d(t).

Show that the polynomial function p(z) = 22® — 52% — 102 + 5 has a real root in the
interval [—1,2].

Set p(z) = 2® + bx® — 5, where b is a real number. Show that p(z) has a root in [0, 1]
ift b > 4.

Let f: R — R be continuous. If S := {f(x) | z € R} is neither bounded above nor
bounded below, prove that S = R.

HinT: If y € R, then since S is neither bounded above nor bounded below, there exist
zo, x1 € R such that f(xg) <y < f(z1).

Let f:[0,1] — R be an arbitrary continuous function. Show that there exists a
c € [0, 1] such that

fle) = f(1) = (f(0) = fF(1))e.

HinT: Find an appropriate function g on which the Intermediate Value theorem can
be applied.

a) Show that, given any continuous function f: R — R, there exists xy € [0, 1] and
m € Z such that f(xg) = mzy. In other words, the graph of f intersects some line
y = ma with integer slope, at some point z in [0, 1].

Hint: If f(0) =0, take g = 0 and any m € Z. If f(0) > 0, then choose N € N
satisfying N > f(1), and apply the intermediate value theorem to the continuous
function g(z) = f(x) — Nz on the interval [0, 1]. If f(0) < 0, then proceed in a
similar manner.
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1.4 Exercises

b) Prove that there does not exist a continuous function f: R — R such that f
assumes rational values at irrational numbers, and irrational values at rational
numbers, that is,

f(Q SR\ Qand f(R\Q) € Q.

HiNnT: Show that, if f is such a function, then there do not exist m € Z and
xo € R such that f(z¢) = mao.

Complete the proof of Theorem 1.3.6 by proving that if f: [a,b] — R is continuous,
then there exists d € [a,b] such that f(d) =inf {f(x) | x € [a,b]}.

Show that the statement of Theorem 1.3.6 does not hold if [a, b] is replaced by [a, b).
Give examples of functions f1, f2, f3: [0,1] — R, continuous on (0, 1], with the following
properties.

a) f1is not continuous at 0, and {f(z) | z € [0, 1]} is not bounded above;

b) fo is not continuous at 0, and {f(x) | z € [0,1]} is bounded above, but does not
have a maximum;

¢) fs is not continuous at 0, and {f(x) | € [0,1]} has a maximum.

Let f: [a,b] — R be an arbitrary continuous function. Let S = {f(z) | a < x < b}.
Show that if S’ contains more than one element, then S is an interval of the form [e, dJ.
HiNT: First apply the Extreme Value theorem, then the Intermediate Value theorem.
The function f: R — R is given by f(x) = 3 + 42 — 22 — 2*. Show that there exists
¢ € R such that f(c) > f(x) for all z € R.

HINT: Show that f(x) <0 if |z| > 2.

A function f: R — R is a periodic function if there exists T" > 0 such that for all

reR, flx+T)= f(z). If f: R — R is continuous and periodic, then prove that f
is bounded, that is, the set S = {f(z) | z € R} is bounded.

Let f: [a,b] — R be continuous on [a, b], and define f, as follows:

f(a) if v = a,

f*(l’> = { max{f(y) | y € [a’x]} ifx € (a, b}.

a) Show that f, is a well-defined function.
b) Prove that f, is continuous on [a, b].

c) If f: [-1,1] — R is given by f(z) = x — 2%, then find f..

Sample Exam Question. 2007 Q5.

(a) What does it mean to say that a sequence (a,)n>1 is convergent? Use this
definition to show that if (a,),>1 is convergent, then (a,1),>1 is also a convergent

sequence and lim a,, = lim a,.;.
q oo P poyeo ntl

53



1 Analysis

Let b be a real number with 2 < b < 3. We define a sequence (b,,),>1 by
by = band b, = b> — 4b, + 6 for every n € N.

(b) Show that 2 < b,, < 3 for every n € N.

(c) Prove that (b,),>1 is a monotone sequence.

(d) Explain why lim b, exists and find its value.

(e) Let S = {b, | »n € N}. Find sup S, inf S, max .S, min S. Justify your answers.

88. Sample Exam Question. 2009 Q5.
(a) Let I be an interval in R and let ¢ € I.

What does it mean to say that a function f : I — R is continuous at ¢ 7 What
does it mean to say that a function f : I — R is continuous on [?

(b) Suppose that f: R - R, g: R — R and h: R — R are functions such that
(1) f and g are continuous on R,
(2) f(0) =g(0), and
(3) for every z € R, f(z) < h(z) < g(x).
Show that h is continuous at 0.
(c) State the Intermediate Value Theorem.

Suppose that the function f : [0,2] — R is continuous on the interval [0, 2]
and f(0) = f(2) > f(1). Prove that there exist numbers a,b € [0, 2] such that
la—b| =1 and f(a) = f(b).

Hint: Consider the function g : [0,1] — R given by g(z) = f(x + 1) — f(x).
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Chapter

Algebra

We have already seen many different “algebraic structures”, that is, different sets with
algebraic operations defined on them. For example, we know of the natural numbers
N on which addition (4) and multiplication (-) are defined, the integers Z on which
subtraction (—) is additionally defined, and the rational numbers Q on which division (|)
is defined in addition to the previous operations. What distinguishes the real numbers R
from @ is not so much an algebraic property as an order property (the L.u.b. property).
On the other hand, the difference between R and the complex numbers C is that certain
equations with no real solutions, such as 22 + 1 = 0, have solutions in C. Thus C has an
algebraic property not shared by R.

When we consider the operations on the above sets, we see for example that addition
and multiplication are commutative:

r+y=y+xand 2y =yx
and associative
(+y)+z=2+(y+2) and (zy)z = z(y2).

Subtraction and division do not share these properties. On the other hand, they are not
really operations in their own right, but are derived from addition and multiplication
along with the notion of inverses. Also, addition and multiplication have identity elements
(0 and 1, respectively).

We have also seen other algebraic systems, such as matrices, on which addition and
multiplication have been defined. We know that matrix addition is commutative and
associative (A + B = B+ A and AB = BA), and matrix multiplication is associative:

(AB)C = A(BC),
but matrix multiplication is definitely not commutative:

AB # BA in general.

Again, there are identity elements (the zero matrix O for addition and the identity matrix
I for multiplication).

55
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There are many more different algebraic structures in mathematics. Abstract algebra
is the study of general properties of these algebraic structures. In this part of the course,
we study two important abstract algebraic structures: groups and vector spaces. We
begin with a discussion about groups, one of the simplest algebraic structures.

2.1 Groups

In this section, we study one of the most basic algebraic objects, namely a group. A
group is a set on which an operation or law of composition is defined, such that certain
properties hold. The precise definition is given in the next subsection.

2.1.1 Definition of a Group

By a law of composition on a set S, we mean a rule for combining pairs a,b of S to get
another element, say ¢, of S. We denote the set of all ordered pairs of elements from a
set S by S x S, that is, S x S = {(a,b) | a,b € S}.

Definition. A law of composition on a set S is a function f: S xS — S.

The functional notation ¢ = f(a, b) is not very convenient for what is going to follow,
and so instead, the element obtained by applying the law of composition to a pair (a,b)
is usually denoted using a notation resembling that used for addition or multiplication:

c=axb, or ab, or aob, or a+b and soon,

with a fixed choice being made for the particular law in question. In this notation we
then have that a % b is a law of composition on S iff a x b € S for any a,b € S. For later
reference, we state the property of x being a law of composition (which any particular
may either have or not have), as an axiom.

GO (Law of Composition) For all a,b € G, axb € G.
Examples.

1. The addition of integers is a law of composition on Z. Indeed, the sum of two integers
is yet another integer, and addition is the function from the set Z x Z to the set Z
that assigns a + b to the pair (a, b), denoted by (a,b) — a + b.

2. The multiplication of real numbers is a law of composition on R.

3. If a, b are rational numbers, then let a x b = a + b — ab. The function from Q x Q to
Q given by (a,b) — a * b is a law of composition on Q.

4. If a, b are real numbers, then define a * b = v/a? + b>. Then (a,b) — a * b is not a law
of composition on Q, since 1 € Q, but 1% 1 = /2 ¢ Q. However, (a,b) — a x b is a
law of composition on R.

5. Let n € N, and let S denote the set of all matrices of size n X n with real entries.
Then matrix multiplication is a law of composition on S.
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6. Let n € N, and let GL(n,R) denote the set of all invertible matrices of size n x n
with real entries. Then matrix multiplication is a law of composition on GL(n,R).
Indeed, if A, B € GL(n,R), then the matrix AB is again a matrix of size n x n with
real entries, and moreover, since A and B are invertible, it follows that AB is also
invertible.

7. Let a,b be real numbers such that a < b. Let Cla, b] denote the set of all continuous
functions on the interval [a,b]. Let addition of functions be defined as follows: if f, g
belong to Cla, b], then

(f +9)(@) = f(x) +g(x), = €la,b].

Then addition of functions is a law of composition on Cfa,b], since the sum of
continuous functions is again continuous; see Theorem 1.3.2.

8. If a,b € N, then let
axb="2
;-

% is not a law of composition on N, since 1% 2 = § & N. The function (a,b) — % is
also not a law of composition on Q, since (1,0) is not mapped to any rational number

by the function.

On a set there may be many different laws of compositions that can be defined. Some
laws of compositions are nicer than others, that is, they possess some desirable properties.
A group is a set G together with a law of composition on G that has three such desirable
properties, and we give the definition below.

Definition. A group is a set G together with a law of composition (a,b) — axb: GXG —
G, which has the following properties:

G1 (Associativity axiom) For all a,b,c € G, (a*b)*xc=ax (bx*c).

G2 (Identity axiom) There exists an element e € G such that for alla € G, axe =a =
e*xa. Such an element e is called an identity element of the group G.

G3 (Inverse axiom) For every a € G, there exists an element a™' € G such that
axal'=e=atxa. Such an element a=! is called an inverse of the element a
in the group G.

G1, G2, G3 are called the group axioms. Sometimes we use the notation (G, *) for
the group.

Remark. Note that hidden in the definition of a group is the axiom GO stating that  is
actually a law of composition on GG. Hence when checking that a certain set G is a group
with respect to a certain operation * that combines pairs of elements from G, we have
to check first of all that the axiom GO is satisfied as well: for every a,b € G, a * b
belongs to G.
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Examples.

1. Z with addition is a group, as may be seen by checking each of the axioms GO, G1,
G2 and G3:

GO
Gl
G2
G3

For all a,b€ Z, a+b € Z.
For all a,b,c € Z, (a+b) +c=a+ (b+c).
0 serves as an identity element: for alla € Z, a+0=a =0+ a.

If a € Z, then —a € Z and a + (—a) =0 = —a + a.

2. R with multiplication is not a group. Indeed, although the multiplication of real
numbers satisfies GO, G1 and G2, the group axiom G3 does not hold:

58

GO.
G1.
G2.

G3.

For all a,b € R, ab € R.
For all a,b,c € R, (ab)c = a(bc).

If e is an identity element, then we must have ae = a = ea for all @ € R, and in
particular, with @ = 1, we should have le = 1, and so, e = 1. And so if e is an
identity element, then it must necessarily be equal to 1.

We then check that 1 serves as an identity element: for all a« € R, al = a = 1a.

Does not hold, since 0 € R, but for any potential inverse b € R we find that
0b = b0 =0 # 1 = e, a contradiction. So there is no inverse of the element 0 € R.

However, the set R* = R\ {0} of non-zero real numbers with multiplication forms a
group:

GO.
G1.
G2.

G3.

For all a,b € R, if in addition a,b # 0, then ab € R as well as ab # 0.
For all a,b,c € R*, (ab)c = a(be), since it already holds for all a,b,c € R.

1 € R* is the identity element, since for all a € R*, al = a = la. (Note that 1 is
still in the smaller set R*.)

Let a € R*. To find out if @ has an inverse x, we have to solve the equations
ar = za = 1. It is clear that z = 1 (which exists, since a # 0).

Thus we have for any a € R* that a™! = i serves as an inverse, since a - i =
1
a=1.

a

Similarly, the set (0, 00) of positive real numbers with multiplication is also a group,

For n € N, let GL(n,R) denote the set of all invertible matrices of size n x n with
real entries. Then GL(n,R) is group with matrix multiplication:

GO.

G1.

For all A, B € GL(n,R), since A and B are invertible n x n matrices, det A # 0
and det B # 0. Therefore, det(AB) = (det A)(det B) # 0, which gives that AB
is also an invertible n X n matrix. That is, AB € GL(n,R).

For all A,B,C € GL(n,R), (AB)C = A(BC), since matrix multiplication is
associative.
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G2. The identity matrix

1 0 . 0
0 1 . 0
00 1

serves as an identity element. I, is an invertible matrix of size n x n with real
entries, and so it belongs to GL(n,R), and moreover, for all A € GL(n,R),
Al, = A=1,A.

G3. If A € GL(n,R), then A is an invertible matrix, and so there exists a matrix
A~ such that AA™! = [, = A7'A. The matrix A™! is thus in GL(n,R), and
serves as an inverse of A.

This group is called the general linear group.

4. Let a,b be real numbers such that a < b. Then Cla,b] is a group with addition of
functions:

GO. For all f,g € Cla,b], f + g € Cla,b] since the sum of continuous functions is
continuous.

G1. For all f,g,h € Cla,b], and any x € [a,b] we have

(f +(g+m)(x) = f(z) + (g + h)(x)
= f(2) + (9(x) + h(z))
= (f(z) + g(x)) + h(z)
(

since addition is associative in R!)
= (f+9)(x) + h(z)
= ((f +9) + h)(x).

Hence f+ (g +h) = (f +g)+h.

G2. The constant function 0 defined by 0(z) = 0 for all x € [a, b], serves as an identity
element. 0 is a continuous function on [a, b] and so 0 € C|[a, b]. Moreover, for all
f € Cla,b|, we have for all x € [a, b]:

(f +0)(x) = f(w) ( )

Hence f+0=f =0+ f.
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G3. If f € Cla,b], then define —f by (—f)(x) = —f(z), for x € [a,b]. Given

f € Cla,b], we have for all x € [a, b]:

(f + (=/)(x) =

Hence f+ (—f)=0=—f+ f.

5. For any set S, its power set P(S) is defined to be the set consisting of all subsets of

S:

P(S)={A|ACS}.

Define the following law of composition on P(A), called the symmetric difference
operation:

AAB=(A\B)U(B\ A), A BeP(S).

Then P(S) with A is a group:

GO.

G1.

G2.

G3.
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For any A, B € P(S) we have A, B C S, and therefore, A\ B,B\ A C S and
AANAB=(A\B)U(B\A)CS. Thus AA B e P(S).

For any A, B,C € P(S) we have to check that AA (BAC)=(AA B)AC.
It is easily checked that both expressions correspond to the grey part in the
following Venn diagram:

C
Since AAD=A=0A Aforall Ae P(S), the empty set () serves as an identity

element.

Since A /A A = (), each element is its own inverse: A~! = A for all A € P(S).
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6. Given n € N, let S, be the set of all bijections from the set {1,2,...,n} to itself,
and let o denote the composition of functions, so a o § means the function with
(o B)(x) = a(f(x)). Then (S,,0) is a group, called the symmetric group on n
symbols.

GO. You have seen that the composition of two bijections is a bijection, so indeed if
a and § are in S, then oo 3 is also in S,,.

G1. If «, 3, are three elements of S,,, and = € {1,...,n}, then

((aoB)oy)(@) = (a0 B)(v(x)) = a(B(x(x))) = a((Bo)(x)) = (ao(Bo7))(x),

and so (o f)oy=ao(fonx) forall a, B,y € S,.

G2. The identity function ¢, with «(z) = x for each z, is a bijection, and evidently
toa=a=awaoforeach o € 5,.

G3. If a € S, is a bijection, then the inverse function o™

serves as an inverse to « in (.S, o).

is also a bijection, and

Definitions. A group (G, ) is said to be a finite group if the set G has finite cardinality.
The order of a finite group (G, *) is the cardinality of G. A group is said to be an
infinite group if it is not finite.

Examples.
1. The set {—1, 1} with multiplication is a finite group of order 2.
2. The set Z with addition is an infinite group.

3. The set P(S) with the symmetric difference operation A is a finite group if S is a
finite set, and an infinite group if S is an infinite set.

A finite group can be completely described by writing its group table.

Definition. The group table of a finite group is a table that displays the law of
composition as follows: the elements of the group are listed in the first row and the
first column. Conventionally, the two lists have the group elements in the same order,
with the identity element first. Given a,b € G, the element a x b is entered in the row
corresponding to a and the column corresponding to b, as shown below.

*‘ b

a ax*xb

We clarify this further by considering a few examples.
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Examples.

1.

The finite group {—1, 1} with multiplication can be described by the group table given
below.

1 -1
1] 1 -1
-1]-1 1

The table completely describes the law of composition: 1-1 =1, 1-(-1) = —1,
—1-1=—-1land —-1-(-1)=1.

The group Ss of bijections from the set {1,2,3} to itself has 3! = 6 elements, listed as
follows:

z |1 2 3 z |1 23 z |1 2 3
W) |1 2 3 al@|1l 3 2 B@)|3 21
z |1 2 3 z |1 2 3 z |1 2 3
@) |2 1 3 ) ]2 3 1 e(z) |3 1 2

We can now form the group table for (S3,0). For example, since
aof(l) =a(f(1)) = a3) = 2,
aof(2) =a(f(2)) = a(2) = 3,
aof(3) =a(B(3)) = a(l) =1,

we obtain that o § = 4. In a similar way, the whole group table may be calculated:

(07
(07

o|lt a [ v § €
Lt o a By 0 €
ala ¢ 6 e [ v
BlB e ¢ 0 v «
Yylvy 6 € ¢ «a
0|0 ~v a B €
ele B v a ¢ 9§

3. The finite group P ({1, 2}) with the symmetric difference operation A has four elements:

62

P({1,2}) = {0, {1}, {2}, {1, 2}}

and has the following group table:

A o {1y {2} {12}

0 o {1 {2} {12
{1y {1y 0 {12} {2
{2 | {2+ {1L2p 0 {1
{L2y {2y {2y {1} 0

Again the table completely describes the law of composition. For example,

{1,2} A {2} = ({L2P\ {2h u ({23 \ {1,2}) = {1} U = {1}.
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2.1.2 Proving theorems, laws of exponents and solving equations in
groups
We now prove a few elementary theorems concerning groups.

Theorem 2.1.1. There is a unique identity element in a group.

Proof. Let e and €’ be identity elements in (G, *). Since e € G and ¢’ is an identity, we
obtain
e=exe.

Moreover, since ¢/ € G and e is an identity, we also have

exe =¢.
Consequently, e = ¢’. H
Theorem 2.1.2. Let (G, *) be a group and let a € G. Then a has a unique inverse.

Proof. Let the group have the identity e. If a; and as are inverses of a, then we have

a; = ap * e (since a; € G and e is the identity)
= ay * (a * az) (since ay is an inverse of a)
= (a1 * a) % ag (associativity)
= e * ay (since a; is an inverse of a)

= ay (since as € G and e is the identity).

Examples.

1. Let a and b be elements of a group (G,x*). Find all x € G such that:

a*xx=D>.

Solution. Left-multiply both sides of the equation by a~! (which exists by G3 and
1 1

satisfies a x a™" = e = a~' * a where e is the identity element of G):
atx(axx)=a"*b
Then by G1, (atxa)xx=atxb,
by G3, exx=a b,
and finally by G2, r=a"'xb. 0

We must now check that = a=! * b is a solution to the equation a * x = b, i.e., that

ax (a=' % b) = b. This follows via a very similar calculation.
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2. Use G1 to show that (aob)o(cod)= (ao(boc))od for any elements a, b, ¢, d of a
group (G, o).

Solution. Note in each step how the associativity axiom (G1) is applied:

(aob)o(cod)=ao(bo(cod))
—ao((bec)ed)
=(ao(boc))od. O

In the previous example we saw that by the associativity axiom, two ways of using
parentheses on a o b o ¢ o d resulted in equal expressions. It can be shown that in
general, for any elements ay, as, ..., a, of a group (G, %), any two ways of parenthesising
ay * ag * - - - % a, will result in equal elements in the group. We therefore in general do
not show the parentheses. Instead we write aobocod or a; * as * --- % a,, or even just
abed or ajas . . .a,, when it is clear which law of composition is meant.

Definitions. Let G be a group and let a € G. We define

o’ =eanda" =a""'xa forn €N.

Moreover, if n € N, define

It can be shown that the usual laws of exponents hold: for all m,n € Z,
a™*a" =a™" and (a™)" = a™".
Remark. It is not necessarily true that (a xb)” = a™ % b".

Example. Let b be an element of a group G with identity element e. Find all solutions
x to the following simultaneous equations:

2 =band 2° = e.
Solution. Square the first equation: v* = (z%)? = z*. Left-multiply by z: x0* = zz! =
25 = e by the second equation. Right multiply by b=2: 2b?b=2 = eb~2. Simplifying,
2b*2 = 2b° = ze = z and eb~2 = b~2. Therefore, x = b~2.

So far, we have shown that, if there is a solution x to the equations, then that solution
is z = b=2. We must now ask whether this is indeed a solution: substituting z = b2
into the original equations yields b=% = b and b=!° = e: the first of these is equivalent
to b° = e, and if this is the case then also b=!° = e. The conclusion is that, if v°> = e,

then x = b=2 = b? is the unique solution to the equations, whereas if b # e, then the
equations have no solutions. O
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2.1.3 Abelian groups

The groups in Examples 1, 2, 4 and 5 on page 58 above also satisfy the following axiom:
G4 (Commutativity axiom) For all a,b € G, a*xb=bxa.

On the other hand, the group in Example 3 does not satisfy G4 for any n > 2. For
example, when n = 2:

11 1 0] |21 2 1 1] |10 11
01 1 1) |11 1 2 |11 0 1"
This gives rise to the following natural definition.

Definition. A group (G, *) is said to be an abelian group’ if its law of composition is
commutative, that is, for all a,b € G, axb="bxa.

Examples.
1. The group (Z, +) of integers with addition is an abelian group.
2. The group (R*, x) of non-zero real numbers with multiplication is an abelian group.

3. Let m,n € N. The set of matrices R™*" of size m x n with entries in R with matrix
addition is an abelian group.

4. Let n € N. The set GL(n,R) with matrix multiplication is a group, but it is not an
abelian group if n > 2.

5. For any S, the group (P(S),A) is an abelian group.

6. The symmetric group S3 is not an abelian group. For instance, referring to the group
table given earlier, we see that ao f =9, but foa =¢ # .

We normally use additive notation when referring with abelian groups. We then
use a symbol such as ‘+’, ‘@’, ‘H’, etc., to denote the law of composition,
use a symbol such as 0, o, etc., to denote the identity element,
and denote the inverse of an element x by —z.

Furthermore, instead of writing a™ for a + a + - - - + a, we use the more natural-looking
notation m - a. As before, we extend it also to m = 0 by writing 0 - @ = 0 (where the 0
on the right-hand side is the identity element of the group) and to m < 0, where we still
write m - a instead of a™. In particular, in this notation we then have —z = (—1) - z.

This notation is nothing more than a new notation for a™ in the case of abelian
groups where additive notation is used. The laws of exponents look as follows in additive
notation:

m-a+n-a=(m+n)-a and m-(n-a)=(mn)-a.

Lafter the Norwegian mathematician Niels Henrik Abel (1802-1829).
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2.1.4 Subgroups

Definition. A subset H of a group G, with operation *, is called a subgroup of G if it
has the following properties:

H1 (Closure) If a,b € H, thenaxb e H.
H2 (Ildentity) e € H.
H3 (Inverses) If a € H, thena™' € H.

The three properties of a subgroup H ensure that (H, ) is itself a group, as we now
explain.

H1. This condition tells us that the law of composition * on the group G' can be used
to define a law of composition on H, namely, the function from H x H to H
given by (a,b) — a * b, which is called the induced law of composition. Since * is
associative, it follows that the induced law of composition is associative as well: for
all a,b,c € H, ax (bxc) = (axb)x*c.

H2. This shows that H, with the induced law of composition, has an identity element.
Indeed the identity element from G (which also belongs to H) serves as the identity
element also in H: for every a € H, axe =a = e * a.

H3. Finally this shows that every element in H possesses an inverse element in H. Of
course, since GG is a group, we already knew that a possesses an inverse element
a~! € G. But now H3 says that this inverse element is in H. Thus for all a € H,
da=' € Hsuchthataxa™ ' =e=a""'*a.

Thus the conditions H1, H2, H3 imply that the subset H, with the induced law of
composition, is a group. Thus, a subgroup is itself a group which sits in a larger group.

Examples.

1. The subset of even integers {2m | m € Z} is a subgroup of the group of integers Z
with addition. Indeed, the sum of even numbers is even (and so H1 holds), 0 is even
(and so H2 holds), and finally, given the even number 2m, —2m = 2(—m) is even as
well (and so H3 holds).

2. The group of integers with addition (Z,+) is a subgroup of the group of rational
numbers with addition (Q, +), which in turn is a subgroup of the group of real numbers
with addition (R, +).

3. If G is a group with identity e, then {e} and G are both subgroups of G.
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4. The subset of 2 x 2 symmetric matrices with real entries, namely

s 4l

is a subgroup of the set of all 2 x 2 matrices with real entries together with matrix
addition. Indeed, given any two symmetric matrices

a b da’b’
bod| ™y a|

a b n ad v | |a+d b+V
b d b d | | b+V d+d

is also symmetric, and so H1 holds. Clearly the identity element

o0

is symmetric, and so H2 also holds. Finally, the inverse (with respect to matrix
addition) of any symmetric matrix

a b

b d |’

EEl

which is also symmetric, and so H3 holds.

a,b,dER}

their sum

is the element

5. The subset of upper triangular invertible matrices,

UT(2,R) = {lg Z]

is a subgroup of the group GL(2,R) with matrix multiplication. Indeed, if

a,b,d € R and ad#O}

a b a b
then
a b a v | | ad abt+0bd
[0 dHo d/]_[o a | SUTR),
and so H1 holds. Clearly
10
[ 01 ] e UT(2,R),
and so H2 also holds. Finally,
-1
a b a b i _ b
. — a ad
if lo d]GUT(Q,R),then [0 d] _[O f ]EUT(Q,R).
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2.1.5 The order of an element of a group

Definitions. Let G be a group and suppose that a € G.
1. If there exists an m € N such that a™ = e, then a is said to have finite order.
2. If a has finite order, then the order of a, denoted by ord(a), is

ord(a) =min{m € N | a™ =e}.

3. If a does not have finite order, then a is said to have infinite order.
Examples.
1. The element —1 has order 2 in the group of non-zero real numbers with multiplication.

2. The element 2 has infinite order in the group of integers with addition.
0 01

3. The element | 1 0 0 | is an element of order 3 in the group GL(3,R).
010

We now prove that given any element from a group, the set of its powers forms a
subgroup of the group.

Theorem 2.1.3. Suppose that (G,*) is a group and a € G. Let (a) = {a™ | n € Z}.
Then:

1. {(a) is a subgroup of G. Moreover, {a) is the smallest subgroup of G containing a.

2. If a is an element with finite order m, then {a) = {e,a,a® a3, ..., a™ '}.

Proof.

1. We prove that H1, H2, H3 hold.
H1. Given m,n € Z, clearly m +n € Z and so a™ x a" = a™*" € (a).
H2. e =a° € (a).
H3. For any m € Z, —m € Z and so (a™) ' =a '™ =a™™ € (a).
So (a) is a subgroup of G.
Conversely, if H is any subgroup of GG containing the element a, then:

(a) a” =e € H by H2.
(b) Since a € H, so is a * a = a® by H1, and similarly a3, a?,... are all in H.
(c) By H3, all the inverses a™" = (a™)~! are also in H.

So H includes all the elements a™, for n € Z, in other words (a) C H.
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2. Clearly {e,a,a? a3, ...,a™ '} C (a). Conversely, if n € Z, then there exist integers ¢
and r, such that 0 <r<m—1,andn=qg-m+r. So

a"=att" =a"" xa" = (") *xa" = (e)?xa’

—exa" =a" €{ea,dd®, ... ,a" '} O

Example. The element [1] in the group Zs with addition modulo 5 has finite order, since
Hel]el]el]e[1] =10,
and the subgroup ([1]) = {[0], [1], [2], [3], [4]} is in fact the whole group. O
The above example motivates the following definition.

Definition. A group G is said to be a cyclic group if there exists an element a € G
such that G = (a). Such an element a is then called a generator of the group G.

2.1.6 Homomorphisms and isomorphisms

The study of algebra is not just about structures with algebraic operations on them, but
also about functions between such structures, that in an obvious sense “respect” the
algebraic operations. The following definition illustrates this idea in the case of groups.

Definition. Let (G, *) and (G',*") be groups. A homomorphism ¢: G — G’ is a
function such that
for all a,b € G, ¢(ax*b) = p(a)+" ¢b).

Examples.

1. Let G be R with addition, and G’ the set of positive reals with multiplication. The
exponential function from G to G’, given by z + 2%, is a homomorphism. Indeed, we
have 2*1¥ = 272¥ for all real z,y.

2. Let G be the group GL(2,R) with matrix multiplication, and G’ be the group of non-
zero real numbers with multiplication. Then the determinant function det: G — G’ is a
homomorphism, since for all 2x 2 real matrices A, B we have det(AB) = det(A) det(B).

3. Let G be the group C|0, 1] of continuous functions on the interval [0, 1] with addition,
and G’ be the group R with addition. Then the function f > f (%) is a homomorphism.

Indeed, if f, g are continuous functions on the interval [0,1], then (f + ¢) (%) =
f (%) + g (%), by the definition of f + g¢.

4. If G is a group, then the identity map ¢: G — G defined by «¢(a) = a for all a € G,
and the trivial map ¢: G — G defined by ((a) = e for all a € G are homomorphisms.

Thus a homomorphism is a function between two groups that respects the law of
composition. In the next theorem we show that it preserves the identity element and the
inverses of elements as well.
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Theorem 2.1.4. Let G be a group with identity e and G’ be a group with identity €'. If
v: G — G is a homomorphism, then:

1. p(e) =¢.
2. If a € G, then (p(a))™t = p(a™).

Proof. We have
e+ ple) = ple) = plexe) = ple) + p(e),
and so cancelling ¢(e) on both sides, we obtain €’ = p(e). Next,

-1

pla™h) + p(a) = pla™" xa) = p(e) = e

and similarly,
/

¢ =p(e) = plaxa’) =pla) ¥ pla™).

Thus p(a™') * p(a) = € = ¢(a) ¥ p(a™'), and by the uniqueness of the inverse of ¢(a)
in G, we obtain (p(a))™' = p(a™). O

Every group homomorphism ¢ determines two important subgroups: its image and its
kernel.

Definitions. Let G, G’ be groups and let ¢: G — G’ be a group homomorphism.

1. The kernel of o is the set ker(p) = {a € G | p(a) = €'}.

2. The image of ¢ is the set im(p) = {a’ € G’ | Ja € G such that p(a) = a'}.
Using Theorem 2.1.4, we now prove the following result.

Theorem 2.1.5. Let G, G’ be groups and let o: G — G’ be a group homomorphism.
Then:

1. ker(y) is a subgroup of G.
2. im(y) is a subgroup of G'.

Proof. If a, b belong to ker(y), then ¢(a xb) = p(a) ¥ ¢(b) = € ' ¢ = €', and so H1
holds. Moreover, as ¢(e) = €', e € ker(¢) and so H2 holds too. Finally, H3 holds, since if
a € ker(p), then p(a™') = (p(a))™ = ()7 = ¢, and so a™' € ker(¢). Hence ker(yp) is
a subgroup of G.

We now also check that im(¢p) is a subgroup of G'. If @/, 0’ belong to im(y), then there
exist elements a,b in G such that ¢(a) = o’ and ¢(b) = b'. Consequently, ¢(a * b) =
o(a) ¥ o(b) = a’ " b/, and so there exists an element in G, namely a % b, such that
plaxb) =a' «' V', that is, a’ ' b’ € im(yp). Thus H1 holds. Since p(e) = ¢, it follows that
e’ € im(p). Finally, if ' € im(¢p), then there exists an a € G such that ¢(a) = d/, and so
a = (¢(a))™ = p(a!). Hence a'~! € im(p), and H3 holds. So im(yp) is a subgroup
of G'. O

70



2.1 Groups

Examples.

1.

Let G be R with addition, and G’ be the set of positive reals with multiplication. The
exponential function from G to G’, given by z + 2%, is a homomorphism with kernel
the trivial subgroup comprising the element 0, and the image is the whole group of
positive reals with multiplication, since it can be shown that given any y > 0, there
exists a unique real number (called the logarithm of y to the base 2, denoted by log, y)
such that y = 2'°&29,

. Let G be the group GL(2,R) with matrix multiplication, and G’ be the group of non-

zero real numbers with multiplication. Then the determinant function det: G — G’
is a homomorphism. Its kernel is the set of all invertible matrices with determinant
equal to 1, and we denote this subgroup by SL(2,R), and it is called the special
linear group:

SL(2,R) = {A € GL(2,R) | det(A) = 1}.
The image of this homomorphism is the whole group of non-zero reals: indeed, given
any real number a not equal to zero, we have that

A::[l Ol carem),

0 a

and det(A) =1-a—0-0=a.

Let G be the group C0, 1] of continuous functions on the interval [0, 1] with addition,
and G’ be the group R with addition. Then the function f — f (%) is a homomorphism,
and its kernel is the set of all continuous functions on the interval [0, 1] that have
a root at 3 (for instance the straight line f(z) = z — § belongs to the kernel). The
image is the set of all real numbers, since given any a € R, the constant function
f(z) = a for all x € [0, 1] is continuous, and f (%) = a.

In Example 1 above, the homomorphism between the two groups was also bijective.

We give a special name to such homomorphisms.

Definition. Let G,G’ be groups. A homomorphism ¢: G — G’ is said to be an iso-
morphism if it is bijective.

Examples.

1.

. Let G be the subgroup of GL(2,R) comprising all matrices of the form [ 1

Let G be R with addition, and G’ be the set of positive reals with multiplication. The
exponential function from G to G', given by x — 2%, is an isomorphism.

If G is a group, then the identity function ¢: G — G defined by t(a) = a for all a € G
is an isomorphism.

x
0 1}
where x € R. Let G’ be the group R with addition. Then the function from G to G’,

. 1 z . . .
given by [ 01 ] — x, is an isomorphism.
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Isomorphisms are important because their existence between two groups means that
the two groups are essentially the “same”; in the sense that as far as algebraic properties
go, there is no real difference between them.

Definition. Two groups G and G’ are called isomorphic if there exists an isomorphism
p0:G—G.

2.1.7 Cosets and Lagrange’s theorem

The main purpose of this final section on group theory is to establish perhaps the most
important result on the topic, Lagrange’s Theorem. This states that, if H is a subgroup
of a finite group, then the order of H divides the order of G. One consequence, very
useful in itself, is that the order of any element of a finite group divides the order of the

group.
We start by developing a key tool in the proof of Lagrange’s Theorem.

Definition. Given a subgroup H of a group G, define the relation R on G by
aRb if b=axh for some he H. (2.1)
Then R is an equivalence relation:
E1l (Reflexivity). For alla € G, a Ra since e € H and a = a *e.

E2 (Symmetry). For all a,b in G, if a R b, then there exists a h € H such that b = axh
and so b* h™! = a. Since H is a subgroup, and h € H, it follows that h=! € H.
Thus b R a.

E3 (Transitivity). For all a,b,cin G, if a R b and b R ¢, then there exist elements hy, hy
in H such that b = axhy and ¢ = bxhy. Hence we obtain ¢ = bxhy = (a*hy)*hy =
a * (hy % hy). Since hy,hy € H and H is a subgroup, it follows that hy x hy € H,
and so a R c.

Definition. Let H be a subgroup of a group G, and let R be the equivalence relation
given by (2.1). If a € G, then the equivalence class of a, namely the set

{reG|aRz}={re€G|3heH suchthatt =axh} ={axh|he H},
is called a left coset of H, and is denoted by a x H.

We know that the equivalence classes of an equivalence relation partition the set. Recall
that by a partition of a set S, we mean a subdivision of the set S into nonoverlapping
subsets:
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Hence we obtain the following result:

Corollary 2.1.6. Let H be a subgroup of a group GG. Then the left cosets of H partition
the group G.

Remarks.

1.

The notation a * H denotes a certain subset of G. As with any equivalence relation,
different notations may represent the same subset. In fact, we know that a * H is the
unique left coset containing a, and so

axH=bxHiff a Rb.

Corollary 2.1.6 says that if a * H and b H have an element in common then they are
equal.

. Indeed, the following are all equivalent:

aRb; DRa; axH=bxH; ac€bxH;, becaxH.

One can also define the relation R’ on G by a R’ b if b = h * a for some h € H. The
associated equivalence classes are called right cosets.

Examples.

1.

Consider the group (Z¢®) of integers modulo 6, with addition modulo 6, and let H be
the subgroup ([2]) = {[0], [2], [4]}. The left cosets, which we now denote by a & H are

0@ H=[2&H=[4]®H = {[0],[2],[4]}, and
e H=[3eH=>5aH={1],3],[5]

Note that the cosets {[0], [2], [4]} and {[1], [3],[5]} form a partition of G:

G = {0}, (1], [2], [3], [4], [51} = {101, [2], [4]} L {[1], [3], [3]},
and {[0], (2], [4]} N {[1], [3], [5]} = 0.
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2. Consider the group (Z,+), and let H be the subgroup of even numbers {2m | m € Z}.
The left cosets, which we now denote by a + H are

o= A+ H=-24H=0+H
={2m|meZy={ ..,—4,-2,0,2,4,...}
=94+ H=4+H=6+H=---,

and

= 34+ H=—14H=1+H
—(om+1|meZy=1{...,-3,-1,1,3,...}

Note that the cosets {...,—4,-2,0,2,4,...} and {...,—3,—1,1,3,...} do indeed
partition the set of all integers.

Note that in Example 1 above, there are only two distinct cosets, and
|G| =6 =3-2=|H|- (number of cosets of H).

In particular the order of H (namely 3) divides the order of G' (namely 6). This is not a
coincidence. We now prove an important result concerning the order of a group G and
the number of cosets of a subgroup H, due to Lagrange?.

Theorem 2.1.7 (Lagrange’s Theorem). Let H be a subgroup of a finite group G. Then
the order of H divides the order of G.

Proof. We claim that, for any a € G, the function ¢ from the subgroup H to the coset
ax H, given by ¢(h) = ax h, for h € H, is a bijection. Indeed, it is a surjection by
definition of the coset a * H; to see that it is an injection, we note that ¢(h) = ¢(h') =
axh=axh'"=h=~n.

Consequently, each coset a x H has the same number of elements as H does.

Since G is the union of the cosets of H, and since these cosets do not overlap, we
obtain the counting formula

|G| = |H| - (number of cosets of H).
In particular, |H| divides |G]|. O

Corollary 2.1.8. Let G be a finite group and let a € G. Then the order’ of a divides
the order of G. Moreover, al®l = e.

Proof. Let a have order m. Recall that (a) is a subgroup of G, so Theorem 2.1.3
implies that |(a)| = m divides |G|, and so |G| = m - k for some k € N. Thus also
alfl = g™k = (a™)k = ek =e. O

2Joseph Louis Lagrange (1736-1813)
3By Exercise 26, every element in a finite group has a finite order.
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The following theorem characterises all groups whose order is a prime number.

Corollary 2.1.9. If G is a group with prime order p, then G is cyclic, and G = {(a) for
every a € G\ {e}.

Proof. If a # e, then a has order > 1, say m. Since m divides p, and p is prime, it
follows that m = p. As G itself has order p, it now follows that G = (a), and so G is
cyclic. O

2.1.8 Exercises

1. For each of the following definitions for a * b and a given set, determine which of the
axioms GO, G1, G2, G3 are satisfied by a * b. In which cases do we obtain a group?

a) a—zbonthesetZ. i) a4+ b — ab on the set R.
b) \/C‘Lf‘ on the set Q. j) méx{a, b} on the set N.
k) min{a,b} on the set Z.
¢) a— b on the set Z.
d) |a — b| on the set NU {0}. ) a+bonR.
e) —ab on the set Q. m) a+b on [0, 00).
f) —ab on the set Q \ {0}. n) abon {2" |n € Z}.
g) a+b+1 on the set R. 0) AU B on P(S) where S is any set.
h) a+ 2b+ 4 on the set R. p) AN B on P(S) where S is any set.

2. Consider the set

=5

Show that S with the operation of matrix multiplication forms a group.

a,bERanda2—|—627ﬁ0}.

3. a) Show that the set Zg of integers modulo 6, with addition modulo 6 is a group.
Write down its group table.

b) Is Zg with multiplication modulo 6 also a group? If, instead, we consider the set

Z§ of non-zero integers modulo 6, then is Zg a group with multiplication modulo
67

¢) Let m be an integer such that m > 2, and let Z;, denote the set of non-zero
integers modulo m. Prove that Z;, is a group with multiplication modulo m iff m
is a prime number.

HiINT: If m is a prime number, then any r € {1,...,m — 1} is coprime to m, and
so there exist integers s and ¢ such that sm + tr = 1.
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4.
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Let (G, *) be a group.
a) Show that if a,b,c € G are such that a xb = a * ¢, then b = c.

b) Show that if a,b € G, then the equation a * = b has a unique solution. Explain
why this implies that every row of a group table (of a finite group) contains each
element of the group exactly once.

c¢) Show that if a,b € G, then (axb)™' =b"'xat.

Let (G, ) be a group and a € G.
a) Show that, for all n € N, " = a x ™. Use induction.
b) Show that, for all n € Z, " = a"! x a.

¢) Show that, for any m € Z and n € N, a™ x a™ = a™*". Use induction on n, with
m fixed.

d) Show that, for any m € Z and n € N, a™ x a~"™ = ™ ". Use the previous part.
e) Deduce that a™ *x a™ = ™" for any m,n € Z.
Let GG be a group with identity element e, and let a and b be elements of G. For each

of the following pairs of equations, find all solutions x, and determine conditions on a
and b for there to be any solutions to the equations.

a) z%a = bz and ax = xa.
b) ar? =band 2 =e.
1

¢) (waz)® = bxr and z%a = (xa)™ L.

Let a and b be elements of a group (G, *). Show that (a xb)? = a?>xb* iff axb=bx*a.
Give an example of a group (G, %) and two elements a, b € G such that (axb)? # a?xb%.
Determine if the following statements are TRUE or FALSE: Give reasons for your
answers in each case.

In any group G with identity element e,

a) for any r € G, if 22 = ¢ then z = e.

b) for any z € G, if 2* = z then = = e.

c) for any z € G there exists y € G such that r = y2.

d) for any z,y € G there exists z € G such that y = zz.

Prove the following statements for any group G with identity element e:
a) For all a,b,c € G, if abc = e then cab = e and bca = e.

b) Suppose that a =a!, b=>0"" and ¢ = ¢! (that is, each of a, b and c is its own
inverse). For all a,b,c € G, if ab = ¢ then bc = a and ca = b.

c) Foralla e G,a=a'iff a®* =e.



10.

11.

12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.
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a) Show that in any group, the inverse of the inverse of any element is itself.

b) Let (G, *) be a finite group with identity element e. Show that if the order of G
is even, then there exists an element x € G such that x # e and 27! = x. (That
is, in a group of even order there always exists an element other than the identity
which is its own inverse.)

HINT: Use 10a) to show that there is an even number of elements that are not

their own inverses.

Show that the general linear group GL(3,R) with matrix multiplication is not an
abelian group.

Prove that a group G is abelian iff (ab)™' = a~'b! for all a,b € G.

Prove that a group G is abelian iff (ab)? = a?b? for all a,b € G.

Show that S5 is abelian. Show that S,, is non-abelian for all n > 3.

How can you tell whether a finite group is abelian by looking at its group table?

Determine if the following statements are TRUE or FALSE. Give reasons for your
answers in each case.

a) The nonnegative integers form a subgroup of Z with addition.

b) The odd integers form a subgroup of Z with addition.

¢) The set {4k | k € Z} is a subgroup of Z with addition.

d) If G is abelian and H is a subgroup of GG, then H is abelian.

e) If H and K are subgroups of G and H C K, then H is a subgroup of K.

Does there exist an infinite group with a finite subgroup?

Show that the set H = {2" | n € Z} is a subgroup of the group (0, c0) of positive real
numbers with multiplication.

For n € N, show that the set H = {a € S,, | «(1) = 1} is a subgroup of (S, o).

Show that the set H = {z € R | sinz € Q and cosz € Q} is a subgroup of the group
(R, +) of real numbers with addition.

You may use any properties of the sine and cosine functions that you know (or can
look up).

Let S and T be sets such that S C T. Note that then P(S) C P(T), that is, every
subset of S is also a subset of 7. Show that P(S) is a subgroup of the group (P(T'), A).

a) Let (G,+) be an abelian group. Show that the set H = {z € G | z = —z} (that
is, the set of all elements of G that are inverses of themselves) is a subgroup of G.

b) Show that the set H = {0 € S5 | § = 6~} is not a subgroup of (S3, o).
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23.

24.

25.

26.

27.

28.

29.
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a) Show that, if H and K are subgroups of a group G, then H N K is also a subgroup
of G.

b) Consider the group of integers Z with addition. Suppose that H is the subgroup of
Z, comprising multiples of 4, and let K be the subgroup of Z comprising multiples
of 6. What is H N K?

c) If H and K are subgroups of a group G, is H U K necessarily a subgroup of G?7 If
true, give a proof. If false, provide a counterexample.

Let C[0, 1] denote the group comprising the set of continuous functions on the interval
0, 1] with addition of functions defined pointwise: if f, g belong to C0, 1], then for
all x € [0,1], (f+ g)(z) = f(x) + g(z). Prove that each of the following subsets of
C'0, 1] are subgroups of C|0, 1].

a) Hy={feclo1]]|f(}) =0}

b) The set Hy of all polynomial functions, that is: the set of all functions p: [0,1] — R

such that there exists an n € NU {0} and real numbers ag, a1, as, . . ., a, such that
p(x) = ag + a1x + asx® + - - + a2, for all x € [0, 1].

¢) Hy = {f € C[0.1] | Vo € [0,1] (1 —2) = —f(2)}.

Let G be a group. The centre of G istheset Z(G) ={z € G |Va € G, zxa=ax*z}.
a) Show that Z(G) is not empty.

b) If G is abelian, then determine Z(G).

¢) Show that Z(G) is a subgroup of G.

d) If G is the group GL(2,R) with matrix multiplication, then determine Z(G).

. 11 10
HinT: Consider A = 01 , B = ll 1

satisfy both ZA = AZ and ZB = BZ?

]. Which elements Z of GL(2,R)

If G is a finite group, then show that every element in the group has finite order,
which is at most equal to |G].

HiINT: If a € G, then consider the set S = {e,a,a? a%, ...,al%}, and use the pigeon-
hole principle.

Determine the order of [ _1 (1] ] in the group GL(2,R).

Determine the orders of all the elements of the following groups:
a) the group Zg with addition modulo 6.
b) the symmetric group Sj.
c¢) the group (P(S), ).
Let H be a subgroup of a group (G, *), and let h be an element of H. Is it necessarily

true that the order of h in (H,x) is the same as the order of h in (G, *)? Justify your
answer, by means of a proof or a counterexample.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

2.1 Groups

Prove that in any group (G, *), and for any a,b in G, the orders of a x b and b * a are
the same. (Note that it is not given that (G, ) is abelian.)

Is the group of integers with addition cyclic? What is a generator of this group? Is it
unique?

Show that any cyclic group is abelian. Give an example of an abelian group that is
not cyclic.

Define ¢ : (R,+) — (C,x) by ¢(x) = €* = cosx + isinx. Show that ¢ is a
homomorphism, and find its kernel and image. You may use any properties you know
about the function x s €'.

a) Let G,G’,G" be groups and let ¢: G — G’ and ¢: G' — G” be group homomor-
phisms. Prove that the composition ¢pop: G — G” defined by (Y og)(a) = ¥(p(a)),
a € G is a group homomorphism.

b) Describe the kernel of 9 o .

Let ¢: G — G’ be a homomorphism from a group G with identity element e to a
group G’. Show that ¢ is an injection iff ker(¢) = {e}.

Let G be a group and let a be an element of G. Prove that the function from Z to
(a), given by m +— a™, is a homomorphism from the group (Z,+) to G. What is the
image of this homomorphism? What is the kernel of the homomorphism: (a) if a has
finite order m, (b) if a has infinite order.

Show that the function ¢(n) = 2n is an isomorphism from (Z, +) to its subgroup of
even integers {2k | k € Z}.

Let G be the group defined on R with law of composition a *b = a + b+ 1. Show that
G and (R, +) are isomorphic.

HINT: Try ¢(z) = 2 + 1.

Let G be the group defined on R\ {—1} with law of composition a *b = a + b — ab.
Show that G is isomorphic to the group R\ {0} with multiplication.

HINT: Try p(x) =1 — .

A subgroup N of a group G is called a normal subgroup if for every a € N and

every b € G, then b* ax b~ € N. Prove that if G, G’ are groups and p: G — G’ is a
homomorphism, then ker(p) is a normal subgroup of G.

Show that the function from G to G given by a + a™*

abelian.

is an isomorphism iff G is

Let G, G’ be groups and let ¢: G — G’ be an isomorphism. Prove that the inverse
function p~': G’ — G is also an isomorphism.
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2 Algebra

43. a) Let G and G’ be isomorphic groups with isomorphism ¢: G — G'.
i) Show that for any a € GG, a has the same order as ¢(a) in G'.
ii) Show that if G is finite, then G’ is also finite and |G| = |G’|.
iii) Show that if G is abelian, then G’ is also abelian.
b) Use 43a) to show that (Zg, +) and S3 are not isomorphic.
c) Use 43a) to show that (Z4,+) and P({1,2}) are not isomorphic.
44. Let (G, *) be a group. Define a new law of composition o on G by aob = b*a. (Thus

if (G, ) is abelian, o is exactly the same as %, but we are not assuming that (G, %) is
abelian.)

a) Show that (G, o) is a group.
b) Show that the groups (G, *) and (G, o) are isomorphic.
HINT: Try a + o~ for an isomorphism.

45. Determine if the following statements are TRUE or FALSE. Give reasons for your
answers in each case.

a) If H is a subgroup of G and a,b € G are such that a # b, then (ax H)N(bx H) = ().

b) If H is a subgroup of G and a € G is such that a * H has 4 elements, then H has
4 elements.

c¢) If H is a subgroup of a finite group G, then for any a € G, the left coset a * H has
the same number of elements as the right coset H * a.

d) All groups of order 7 are isomorphic to (Z7,+).
e) All groups of order 6 are isomorphic to (Zg, +).
f) The group S, does not have an element of order 13.
g) The group S, does not have an element of order 24.

h) The group S4 does not have an element of order 12.

e=qo 1)

is a group with matrix multiplication.

b) Show that
z 0
{5 7]

] of G can be represented by the point (z,y) in the right

46. a) Verify that

x,yERandx>O}

xERandx>O}

is a subgroup of G.

Ty
0 1
half-plane {(z,y) | z,y € R and > 0}. Draw the partitions of the right half-plane
into left and into right cosets of H.

¢) An element
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2.1 Groups

47. Let

e=1li

(a) Show that G is closed under matrix multiplication, with the addition and multi-
plication carried out in Zs.

a,b€Z5anda7é0}.

(b) Find the inverse of the matrix l “

0 alil ] in (G,®), where ® denotes matrix

multiplication as in (a).
You may assume without further proof that (G, ®) is a group.
(c) What is the order of G7

(d) Let H be the subset of G consisting of the diagonal matrices. Show that H is a
subgroup of G.

21

(e) Letm:[0 5

1 . Find all the elements of the left coset m ® H.

48. Let H and K be subgroups of a group G of orders 3 and 5 respectively. Prove that
HNK ={e}.

49. a) Let p be a prime, and let (Z;, ®) be the group of non-zero integers modulo p, with
multiplication modulo p. Show that, if a is an integer such that a is not divisible
by p, then [a]P~1 = [1].

b) Prove Fermat’s little theorem: for any integer a, a”? = a (mod p).

HINT: If a € Z is not divisible by p, then [a] # [0], and so by part (49a) above,
[a]P~! = [1]. Hence p | (aP~! — 1), and so p | (aP — a).

¢) Show that 7 divides 222255 + 55552222,
HINT: Note that 2222 = 7 - 317 + 3, so that in Z;, [2222%555] = [3]5°5°. Now use
the fact that [3]® = [1] to conclude that [2222555%] = [35]. Now simplify [55552%2?]
in a similar fashion.
50. Sample Exam Question. 2012 Q7.
(a) Let G =R\ {0}, and for each a,b € G define a x b = —ab.
(i) Show that (G, *) is an Abelian group.
(ii) Define the function ¢ : (G,*) — (G, *) by
x

p(r) = m

Show that ¢ is a homomorphism. Determine ker(y) and im(¢p).

(iii) Give an example of an infinite subgroup of (G, %) not equal to G, and an
example of a finite subgroup of (G, x) of order greater than 1.

(b) Let G be a group, and a an element of G.
(i) State the definition of the order of a.

81



2 Algebra

(ii) Show that, if the order of a is m?, then the order of a™ is m.

(iii) Suppose that the order of G is 25. Use (ii) and the theorem of Lagrange to
show that G contains an element of order 5.

2.2 Vector spaces

In this section we introduce our second important example of an algebraic structure,
called a vector space. Roughly speaking it is a set of elements, called “vectors”. Any two
vectors can be “added”, resulting in a new vector, and any vector can be multiplied by
an element from R so as to give a new vector. The precise definition is given in the next
subsection.

2.2.1 Definition of a vector space

Definition. A vector space V is a set together with two functions, +: V xV — V,
called vector addition, and -: R x V — V', called scalar multiplication, such that
(V,+) is an abelian group, and the following hold:

V1. ForallveV,1-v=w.

V2. Foralla,f €R and allv eV, a-(f-v) = (af) - v.

V3. Foralla,f eR and allveV, (a+p) - v=a-v+[-v.

V4. Foralla € R and all vy,v2 €V, a- (v1 +v3) = - v1 + - vs.

V3 and V4 are called the distributive laws. The elements of a vector space are called
vectors.

We observe that since (V, +) is an abelian group, a vector space also has the following
properties built into its definition: (note the use of additive notation)

G1. For all vy,v9,v3 € V|, v1 + (v3 + v3) = (v1 + v3) + 3.

G2. There exists an element o € V (called the' zero vector) such that for all v € V,
v+o=v=0+w".

G3. For every v € V, there exists a unique® element in V, denoted by —wv, such that
v+ (—v)=0=—-v+w.

A. For all vi,v5 € V, v1 + vy = v3 + v.

Examples.

4Since there is a unique identity element in a group, the zero vector is unique!
5In a group, every element has a unique inverse!
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2.2 Vector spaces

1. Let m,n € N, and consider the set R™*™ of m x n matrices having real entries. It
is easy to check that R™*"  with matrix addition, is an abelian group: we omit the
verification of G1, G2, G3 and A. Define scalar multiplication as follows: if & € R and

a1
A=
Am1
then
aan
a-A=
alm1

A1n
mxn
c R™™

(67057

A

Then o - A € R™*" and moreover V1, V2, V3, V4 are satisfied:

V1. If A e R™™ then clearly

a Q1n layy lai,
1-A=1 : =
Am1 Gmn lam lamn
an A1n
=| L =A
am1 Amn
V2. For all a, 5 € R and all A € R™*",
aii Q1n Ba
a-(B-A)=a-|p- : = a- :
m1 - Gmn Bam1
a(fay) aBain) (aB)an
a(Bam) (Bamn) (aB)am:
an Q1n
=(af)-| = (ap) - A
Am1 Amn

Baln

5amn
(aﬁ)aln

(aB)amn

(2.2)
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2 Algebra

V3. For all a, 5 € R and all A € R™*",

a1
(@+p) - A=(a+p)-
am1
[ (Oé -+ 6)(111

L (O{ + B)aml

[ aay + Bay

aam1 + Baml

A1n

amn

(o + B)ary,

(o + By

(810579 + Baln

aayy ... Qaip ﬁan
= + .
| Q1 o Qg Bam
a1 ... Qin a1
= - + -
Ami -+ Qmn A
=a-A+p- A
V4. For all @ € R and all A, B € R™*",
a1 ...0Q1, bi1
a-(A+B)=a- + |
Ami - - A, b1
[ a1 b .G+ by,
| Am1 T bm1 - Gt D

[ a(a11 + bn)

| a(amy + bm1)

aapy + Oébu

Q1 + by

aanq O T0ATY
| Q1 - Qg
a1 -Q1p

= o .
Am1 - Amn
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ﬁaln

Bamn

A1n

amn

b

ccafar, + biy)

(@ + bin)

..aaq, + aby,

Qo + O

_|_

Oébll

Oébml

bll

+ -

bml

.. .Oébln

by,

b
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2.2 Vector spaces
=a-A+a-B.

Hence R™*" is a vector space with matrix addition and with scalar multiplication
defined by (2.2). If n = 1, then we denote the vector space of column vectors R™*!
by R™.

. Let a, b be real numbers with a < b. The set C|a, b] of continuous functions on the
interval [a, b] with addition of functions is an abelian group. Let scalar multiplication
be defined as follows:

if o € Rand f € Cla,b], then (a- f)(z) = af(zx), x € [a,bl. (2.3)

(We say that scalar multiplication, and addition, are defined “pointwise”) Then
a- f € Cla,b], and moreover V1, V2, V3, V4 are satisfied:

V1. Let f € C[a,b]. For all x € [a, ], we have

(1-f)(x) = 1f(z) = f(x),

andsol-f=/f.
V2. Let a, f € R and f € Cla,b]. For all z € [a, b], we have

(a- (8- f))x) =a(B- f)z)
(B (x))
= (af)f(x)

((aB) - f)(x),

(07
(07

and so (o~ (8- f) = (af) - f.
V3. Let o, 5 € R and f € Cla,b]. For all z € [a,b], we have

((a+5)- f)(x) = (a+ B)f(x)

andso (a+p)-f=a-f+3-f.
V4. Let a € R and f,g € Cla,b]. For all x € [a,b], we have

(- (f+9)(z)=alf+g)()
= a(f(x) + g(z))
= af(r) + ag(z)
= (a- f)(x) + (- g)(z)
=(a-f+a-g)(z),

andsoa-(f+g)=a-f+a-g.
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2 Algebra
Hence Cfa,b] with addition and scalar multiplication is a vector space, called the
vector space of continuous functions on [a, b].
We now prove a few elementary properties of vector spaces.
Theorem 2.2.1. Let V' be a vector space. Then the following hold:
1. ForallveV,0-v=o.
2. Foralla e R, a-0=o.
3. IfveV, then (1) -v=—v.
Proof. 1. To see this, we use the distributive law to write
0-v+0-v=(04+0)-v=0-wv.
Now add —(0 - v) on both sides, to obtain 0 - v = o.
2. Similarly, « -0+ a-0=a-(0+0) =« -0, and hence o - 0 = 0.
3. Finally, we have

v+ (-1)-v=1-v+(—1) v (since 1 - v = v)
= (1+ (-1)) - v (distributive law)
=0-v (since 1 4+ (—1) =0)
= 0 (since 0-v = 0),
and so v+ (—1)-v=0=(—1) - v+ v. Hence (—1) - v is an inverse of v. But the

inverse of an element from a group is unique, and so (—1) - v = —w. O]

2.2.2 Subspaces and linear combinations

Definition. Let V' be a vector space. A subset U is called a subspace of V' if
S1. o€ U.

S2. If vi,vy, € U, then v1 + vy € U.

S3. IfvelU and a € R, then a-v € U.

Subspaces of a vector space are analogous to subgroups of a group in the sense that
a subspace of a vector space is itself a vector space with the same addition and scalar
multiplication as with V' (this is easy to check). So a subspace is really a smaller vector
space sitting inside a larger vector space.
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2.2 Vector spaces

Examples.

1. If V is a vector space, then the subset U comprising only the zero vector, namely
U = {o}, is a subspace of V.
Also, the entire vector space, that is U = V| is a subspace of V.
If a subspace U of V' is neither {0} nor V| then it is called a proper subspace of V.

2. Consider the vector space R?*? with matrix addition and scalar multiplication defined
by (2.2). Then the set of upper triangular matrices

a b
Ul—{lo d] a,b,deR}
is a subspace of R?*2,
Also, the set of symmetric matrices
a b
UQ—{lb d] a,b,dER}

is a subspace of R?*2,
3. Let a,b € R and a < b. Consider the set of all polynomial functions

dn € NU {0} and

ag, a1, Az, ..., a, € R such that

p(r) = ag + a1x + agx® + - - + apa™
for all z € [a, D]

Pla,b] =< p: [a,b] = R

Then U = Pla, b] is a subspace of the vector space C|a, b] with addition of functions
and scalar multiplication defined by (2.3).

Definitions. Let V' be a vector space.

1. If vy,...,v, are vectors in V and aq,...,q, belong to R, then the vector ay - v +
<o 4y, - vy, s called a linear combination of the vectors vy, ..., v,.

2. Let S be a non-empty subset of a vector space V.. The span of S, denoted by lin(S),
is defined as the set of all possible linear combinations® of vectors from S':

lin(S)={a;-v1+--+a, v, | nEN, v,...,0, €S, ay,...,a, € R}.

We also define the span of the empty set as lin(()) = {o}.

6Note that although S might be infinite, a linear combination, by definition, is always a linear
combination of a finite set of vectors from S.
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2 Algebra

Examples.

1. Let m € N. Any vector in the vector space R™ is a linear combination of the vectors

1 0 0
0 1 0
€1 = . , €2 = . y ey € = .
0 0 1
Hence lin({ej, es...,e,}) = R™.

2. Let a,b € R with a < b. Any polynomial p on the interval [a, b] is a linear combination
of the functions from the set S = {1,z,2?% ... }. Hence lin(S) = Pla, ] in the vector
space C|a, b].

The span of a set of vectors turns out to be a special subspace of the vector space.

Theorem 2.2.2. Let V' be a vector space and S be a subset of V.. Then lin(S) is a
subspace of V', and moreover 1in(S) is the smallest subspace of V' that contains S.

Proof. The result is true in the case where S = (), as lin(()) = {o} is the smallest
subspace of V.

Suppose that S is non-empty, and take any v € S. Then o = 0-v € lin(S). If
u, v € lin(S), then we know that

u=0o; U+ -Fa, u,andv =71 -v1 4+ B U

for some vectors wq,...,u,,v1,...,v, € .S and scalars aq,...,a,, 51,..., 0, € R. Con-
sequently,

u+v=01 U+ Fay U, + P10+ + By - vy € lin(S).

Finally, if v € lin(S), then we know that v = ay-v1+- - -+, - v, for some vy,...,v, € S
and scalars aq,...,qa, € R, and so for any 5 € R, we have

ﬁ-v:ﬁ-(&l"lh‘i""‘i‘&n'vn)
:ﬁ-(al'vl)"‘"“"ﬁ'(an'vn)
= (Boy) -v1 + - + (Bag) - v, € lin(S).

So lin(S) satisfies S1,52,S3, and so it is a subspace of V. Moreover, if v € S, then
v=1-v€lin(Y), and so S C lin(S). Thus lin(S) contains S.

If U is another subspace that contains the vectors from S, then from S2 and S3 it
follows that all linear combinations of vectors from S belong to U, and so lin(S) C U.

Hence lin(S) is the smallest subspace of V' containing S. O
Definitions. Let V' be a vector space, and suppose that vy,. .., v, are vectors that belong
to V.

1. The vectors vy, ..., v, are called linearly dependent if the following condition holds:
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2.2 Vector spaces

Jay, ..., a, € R such that” (ay,ag, ..., a,) # (0,0,...,0) and ay - vy +- -+
ay, - v, = o.

An arbitrary subset S of vectors from V' is said to be a linearly dependent set if
there exists a non-empty finite set of dependent vectors from S.

2. The wvectors vy,...,v, are called linearly independent if they are not linearly
dependent, that is,

Vay,...,a, R, ifay v+ 4+a, v, =0, thena; =+ =a, = 0.

An arbitrary subset S of vectors from V' is said to be a linearly independent set if
every non-empty finite set of vectors from S is an independent set of vectors.

Examples.

1. Let V be a vector space. Then any finite set of vectors from V' containing the zero
vector is linearly dependent. Indeed if vy,...,v, € V and v, = o, then

O-vy4+---4+0-vp1+1-v.4+0-vp41+---+0-v, =0.

2. The vectors

1 0 0

0 1 0
€ = . , €2 = . y ey € =

0 0 1

are linearly independent in R™. Indeed if o1 - €1 + €2+ -+ 4+ a,, - €, = 0, then

1 0 0
(03] 0 1 . 0
= Q- : +a2. : +._|_am 0 — ,
O 0 0 1 0

and so a; = -+ = a,, = 0.

3. Let a,b € Rwith a < b. The functions 1, z on the interval [a, b] are linearly independent.
Indeed, if for all x € [a,b], a1+ -2z = 0(z), then in particular, we have

a+ fa=0and o+ fb=0,
and since a # b, it follows that o = 5 = 0.

4. Tt follows from the definition that the empty set is not linearly dependent, since it
does not contain a non-empty subset. Thus the empty set is a linearly independent
subset of any vector space.

"Note that (a1, a,...,a,) # (0,0,...,0) iff not all of ay,...,q, are equal to 0, that is, iff at least
one of them is non-zero.
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2 Algebra

2.2.3 Basis of a vector space

Definition. Let V' be a vector space. Then a set B of vectors is said to be a basis of V
if

Bl1. lin(B) =V, and

B2. B is linearly independent.

Examples.

1. The vectors

1 0 0

0 1 0
€ = . , €2 = . y cees €y =

0 0 1

form a basis of R™.
2. The empty set () is a basis of the subspace {0} of any vector space.

Theorem 2.2.3. Let V be a vector space and B be a basis of V' such that B has n
elements. Then for any linearly independent set S of m < n wectors there exists a subset
B’ C B of n — m wvectors such that S U B’ is also a basis of V.

Proof. We use induction on m > 0.

The case m = 0 is simple: S = () and for B’ we take the whole of B. Then
SUB' =0UB = B, a basis of V.

Now assume as induction hypothesis that m € N is fixed, then for any linearly
independent set S; of m — 1 < n vectors there exists a subset B C B of n — (m — 1)
vectors such that Sy U Bj is a basis of V.

We have to prove that for any linearly independent set S of m < n vectors there exists
a subset B’ C B of n —m vectors such that S U B’ is also a basis of V.

Write S = {vy,...,v,}. Toapply the induction hypothesis we choose S1 = {v1,...,Vpm_1} =
S\{vm}. Then S contains m — 1 vectors, and because m < n, alsom—1<n—1<mn, so
we may apply the induction hypothesis to obtain a subset B} C B of n—(m—1) = n—m+1
vectors such that Sy U By is a basis of V. Write B} = {u1, ..., Up_m+1}-

We now want to remove a vector from Bj to obtain the required B’, that is, such that
S U B’ will end up as a basis. Since

Sl U Bi = {’Ul, V2,...,Up_1,U1, U2, ... ,’U,n,erl}
is a basis, there exist numbers
ap, 0, ..., am—l;ﬁla 627 s aﬂn—m—i—l eR
such that

Upm = 0q01 + QU2 + -+ - + Uy 1Ume1 + S1ug + foto + -+ + BrmpiUn—pmi1. (2.4)
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2.2 Vector spaces
Suppose that ; = By = -+ = 1 = 0. Then v, = V1 + AVy + -+ + A1V 1,
which can be rewritten as
Q11 + QU + - -+ QU1 — Uy = O,

which implies that S = {vy,vs,...,v,,} is linearly dependent, a contradiction.
Therefore, some 3; # 0. We may then write u; as a linear combination of vy, vy, ..., vy
and the remaining w;, i # j, as follows:
Bjuj = -0V — " — Qp_1VUpm—1 + Uy

—frug — - — 5j—1uj71 - 6j+1uj+1 — = Brm 1 Un—met1,

which gives

a7 Qm—1 1 51
uj:—fvl—---— . 'Um_1+7"vm—f.’ll,1—...
5] J BJ 6] (2 5)
B, B P,
8 B f;

Now remove u; from Bj to obtain B’ = B} \ {u;}. Then B’ contains n — m vectors. It
remains to prove that S U B’ is a basis of V. For this we have to show that

1. lin(SUB’) =V, and
2. SU B is linearly independent.

First we show that lin(SU B’) = V. Let v € V. Since S; U B} is a basis, there exist
)\1, ce )\m_l,/Jq, ey Mpn—m+1 € R such that

v = )\11)1 + -+ )\mfllvmfl + iU+ F et 1 Un—met 1 -

Use (2.5) to eliminate w; in the right-hand side. It is not necessary to calculate this
explicitly; it is sufficient to know that this will give v as a linear combination of
Vi, .oy U, UL, - - ., U1 €xcept for w;, and then we may conclude that v € lin(SUB’).

Thus we have shown that V' C lin(S U B’). The opposite inclusion lin(SU B") C V is
obvious. Thus lin(SU B’) = V.

Next we show that S U B’ is a linearly independent set. To do this, write o as a linear
combination of the vectors in S U B’
0 =701+ "+ YmUp + 011 + -+ 01U

(2.6)
+0j 1+ F O 1 Un—mt1 -

We may eliminate wv,, by using (2.4):

0="mv1+ -+ (a1 + -+ U1Vt + Srr + -+ B 1 Un—mt1)
+our + 6o + 0%+ F O 1 Ut
= (71 + Ym@1)v1 + (Y2 + Ym@2)V2 + ++ + (Ym—1 + Vi Qm—1)Vm_1
+ (Vb1 + d)ur + (YmbB2 + 0)2)uz + - + (YmBj—1 + 1)U
+ YmBijw; + (YmBjr1 + 6j11)Ujp1 + -+ O 1 Un—mp-
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Since {v1, ..., Vm_1,U1, ..., Up_myi1} = S1UDBJ is a basis, all the coefficients in the latter
linear combination equal 0:

Y1 + Ymay =0, Yo + Ymaa =0, ... Ym—1 + YmQm-1 = 0,

YmB1 + 01 =0, YmB2 + 02 =0, ... YmBj—1+ 051 =0,
YmBj = 0,

YmBj1 + 0j41 = 0, e YmPr—-m+1 + On—ms1 = 0.

Since f; # 0 it follows that v, = 0. It then follows that all

fyl:...:f‘)/m_]-:():dl:..-: J_1:5J+1:---:5n_m+1.

Thus all the coefficients in (2.6) are equal to 0, which shows that S U B’ is linearly
independent.
It follows that S U B’ is a basis, and the induction step is complete. O

Corollary 2.2.4. Let V' be a vector space and B be a basis of V such that B has n
elements. Then any linearly independent set S of n vectors is also a basis of V.

Proof. This corollary follows from Theorem 2.2.3 by taking m = n. Then B’ =
because it has n —m =n —n = 0 elements and S U B’ = S is a basis of V. [

Given a vector space, there are of course many bases. However, the next result says
that the cardinality of the basis is unique for any given vector space.

Corollary 2.2.5. If a vector space V' has a basis with n elements, then every basis of V'
has the same number of elements.

Proof. Suppose that B is a basis of V' with n elements and suppose that B’ is another
basis of V.

Let B’ have more than n elements. Then take any n distinct elements vy, .. ., v, from B’.
From the previous corollary, it follows that these span V', and so if v € B'\{vy,...,v,}, it
can be written as a linear combination of {vy, ..., v, }, which contradicts the independence
of B'.

If B’ has fewer than n elements, then by interchanging the roles of B and B’ and
proceeding as above, we once again arrive at a contradiction. 0

The above result motivates the following natural definitions.

Definitions. Let V' be a vector space.

1. If there exists a basis B of V' such that B has n elements, then n is called the
dimension of V, and it is denoted by dim(V').

2. If a vector space has a basis with a finite number of elements, then it is called a finite
dimensional vector space.

3. If a vector space is not finite dimensional, then it is called an infinite dimensional
vector space.

Examples.
1. It follows from Example 1 on p. 90 that dim(R™) = m.

2. Tt follows from Example 2 on p. 90 that dim({o}) = 0.
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2.2.4 Linear transformations

Definition. Let U,V be two vector spaces. A function T: U — V is called a linear
transformation if it satisfies the following two properties:

L1. For all Uy, U € U, T(u1 + ’U,2) = T(ul) + T(’U,Q)
L2. Forallue U, andalla € R, T(a-u) = a- T(u).

Just as group homomorphisms are functions that respect group operations, linear
transformations are functions that respect vector space operations.

Examples.

1. Let m,n € N. Let

A= : : e R™",

Then the function T4 : R” — R™ defined by

- -
Z A1k
1 a11T1 + -+ A1y 1
Ta = = : (2.7)
x 11 + ++ + Q@ "
n m mntn Z T
1
for all | : | € R" is a linear transformation from the vector space R" to the vector
Tn

space R™. Indeed, we have

T (1 1+
T N e ol =Tx :
Iy Yn Tn + Yn
Z are(Tr + Yi)
k=1

Zamk Tk + Y)
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for all

and so L1 holds. Moreover,

for all o« € R and all vectors

Z(amﬂﬁk + acyr)
k=1

Z(amkxkz + AmiYr)

r n n
Z 1Ty + Z A1kYk
k=1 k=1

iNgE

L k=1 _ L k=1
r n T r n
Z A1kTk Z a1kYk
k=1 k=1
: + :
n n
Z Amk T Z AmkYk
L k=1 _ L k=1 _
T hn
TA + TA ’
Tn Yn
T hn
Sl s | ERY
T Yn
r n
Z A1 Ty,
T axy i1
o =Ty : = :
T ar -
" " > ampoxy
L k=1
_ n : . -
Y ayay > anwk
k=1 k=1
: = - = Q- TA
n n
Q Z Amk T Z Amk T
L k=1 i L k=1 i
x
. | €RY,
T

and so L2 holds as well. Hence T is a linear transformation.

2. The function T': C[0,1] — R given by

94
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is a linear transformation from the vector space C[0, 1] to the vector space R. Indeed,

1(f+9)=(+0)(3) =1 (5) +9(3) =TU) +T(0)

for all f,¢g € C[0, 1], and so L1 holds. Furthermore,

Tl f) = () (5) =as (5) =aT()

forall « € Rand all f € C]0, 1], and so L2 holds too. Thus 7" is a linear transformation.

Just as in the case of homomorphisms between groups, there are two important subsets

associated with a linear transformation between vector spaces, whose definitions are
given below.

Definitions. Let U,V be vector spaces and T: U — V' a linear transformation.

1. The kernel of T is defined to be the set ker(T) = {u € U | T'(u) = oy}, where oy
denotes the zero vector of V.

2. The image of T is defined to be the set im(T) = {v € V | 3u € U such that T'(u) = v}.

Examples.

1. Let A € R™™ and let T4: R" — R™ be the linear transformation defined by (2.7).
The kernel of the linear transformation is the set of all vectors

x
x=1| ¢ | R

In
such that the system of linear equations

a1 + - +a1n:vn =0

Am1T1 + * + QpTp = 0

is simultaneously satisfied.

The range of T}y is the set of all vectors

n
y=1| : | €R”
Ym |
such that there exists a vector
al 1
r=| : | eR"
Ty |
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such that

a1y + -+ QipTn = U1

Am1T1 + -+ AmpTn = Ym-

2. The function T: C[0,1] — R given by T'f = f (%) for all f € C[0,1], is a linear
transformation from the vector space C0, 1] to the vector space R, with kernel equal
to the set of continuous functions on the interval [0, 1] that vanish at the point 5. The
range of T' is the whole vector space R.

Analogous to Theorem 2.1.5 for homomorphisms between groups, we now prove the
following result.

Theorem 2.2.6. Let U,V be vector spaces andT': U — V' a linear transformation. Then
1. ker(T) is a subspace of U.
2. im(T") is a subspace of V.

Proof. In each of the cases, we check that S1, S2, S3 hold.

Let oy, oy denote the zero vectors in the vector spaces U, V', respectively. It is easy to
check that ker(T') is a subspace of U. Indeed, as T'(oy) = T'(oy + ov) = T(oy) + T(ov),
it follows that T'(oy) = oy, and so oy € ker(T). Thus S1 holds. If uy,us belong to
ker(T'), then T'(uy + u2) = T(u1) + T'(u2) = oy + oy = oy, and so S2 holds as well.
Finally, S3 holds, since if « € R and u € ker(7T), then T(a-u) = o-T'(u) = a- oy = oy.
Hence ker(T') is a subspace of U.

We now also check that im(7') is a subspace of V. Since T'(oy) = oy, it follows that
oy € im(7T), and so S1 holds. If vy, vy belong to im(7'), then there exist elements wy, us
in U such that T'(u;) = vy and T'(uy) = vy. Consequently, T'(u; +us) = T(u1)+71(uz) =
v1+v3, and so there exists an element in U, namely w;+us, such that T'(u; +us) = v1+vs9,
that is, v + vy € im(7"). Thus S2 holds. Finally, if « € R and v € im(7'), then there
exists a w € U such that T'(u) = v, and so a-v = a-T(u) = T(a-u). Hence a-v € im(7T),
and S3 holds. So im(7") is a subspace of V. O

Definition. Let U,V be vector spaces and T: U — V' a linear transformation. Then

1. the nullity of T is defined to be the dimension of the kernel of T':

nullity(7') = dim(ker (7)),

2. and the rank of T is defined to be the dimension of the image of T':

rank(7") = dim(im(7)).

Our final result shows a connection between the nullity and the rank of a linear transfor-
mation.
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Theorem 2.2.7. Let U be a finite dimensional vector space, V' be a vector space, and
let T U — V be a linear transformation. Then:

nullity(7') + rank(7") = dim(U).

Proof. Let U be a vector space with dimension n and basis B, V' be a vector space,
and T: U — V be a linear transformation. By the previous theorem, ker(7) is a
subspace of U, thus it is finite dimensional (see Exercise 16), with dimension k < n. Let
S = {uy,us,...,u;} be a basis of ker(T"). By Theorem 2.2.3, there exists a subset B’ of
B with n — k elements such that S U B is a basis of U. Denote the elements of B’ by
V1, ..., Un_k. We are going to prove that W := {T'(vy),...,T(v,—x)} is a basis of im(7)
and, hence,

dim(ker(7")) + dim(im(7)) = k + (n — k) = n = dim(U).
First, we verify B2. Let aq,...,a,_1 € R be real numbers such that
ap-T(v1) 4+ ang - T(v,_g) = oy.
Using L1 and L2 we obtain
oy =a1 - T(v)+ - Fapi T(pp)=T(ag - v+ + Qp_g - Vpyp).

In other words, ag - v1 + -+ + ap_g - U, € ker(T). Since S is a basis of ker(T"), there
are real numbers (1, ..., 3, € R so that

@ V1t Qg Vg = S ur o+ B g

But wy,...,us, v1,...,v,_ are linearly independent vectors because S U B’ is a basis of
U, so we must have a1 = -+ = q,,_ = 1 = --- = 6. = 0. Hence, W is a set of linearly
independent vectors.
To see B1, let v be any vector in im(7"). So there is w € U such that T'(u) = v. Since
S'U B’ is a basis of U, there exist aq,...,an_, 51, .., 5k € R such that
u=01-u+- -+ 0 u,+a v+ Qg Uy
From this we obtain that
v="T(u)
=TG- -ur+ 4+ fe-up+ar- v+ + Q- Vyp)
=B T(ur) + -+ By T(ug) +ar - T(vi) + -+ apg - T(Vns).
Since S C ker(T), we have T'(u;) = --- = T(ug) = oy, therefore,
v=0-T(u)+- -+ B -T(up) +a1-T(v1) + -+ g - (Vi)
=bfi-oy+-+B-oy+ap-T(vr) +- -+ an g T(vng)
=a1-T(v)+ -+ an g T(v,_g) €linW.

Hence, im(7) = lin W. (Why?) O
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2.2.5 Exercises

1. a) Is the set of invertible 2 x 2 matrices having real entries with matrix addition and
with scalar multiplication defined by (2.2) a vector space?

b) Is the set of invertible 2 x 2 matrices having real entries with matrix multiplication
and with scalar multiplication defined by (2.2) a vector space?

2. Let V be a vector space. Prove that if & € R and v € V are such that a- v = o, then
either « = 0 or v = o.

HiNT: If a # 0, how can you manipulate the equation « - v = o?

3. Let U and V' be vector spaces, and define
UxV={(u,v) |uelUwveV}.

Show that U x V', with addition defined by (w1, v1) + (w2, v2) = (w1 + s, v1 + v2)
and scalar multiplication by « - (u,v) = (o - u, - v), is a vector space.

4. Consider the set R* of all sequences with addition defined as follows:
if (an)nen, (bn)nen € R then (an)nen + (bn)nen = (an + by )nen, (2.8)
and scalar multiplication defined as follows:
if @ € R and (a,)nen € R™, then a - (ay)neny = (@ )nen- (2.9)
Prove that R is a vector space with the above addition and scalar multiplication.
5. Show that a subspace of a vector space is itself a vector space.

6. Determine if the following statements are TRUE or FALSE. Give reasons for your
answers in each case.

a) The union of two subspaces of a vector space V' is a subspace of V.

b) The intersection of two subspaces of a vector space V' is a subspace of V.

1 1 0
c) | 2] €ln 31,1 in the vector space R3.
3 4 1
1 1 0
d) The vectors | 0 |,| 2 |, | 3 | are linearly independent in the vector space R3.
1 1 0
e) If vy, v9, v3, vy are linearly independent vectors, then vy, vs, v3 are linearly inde-
pendent.

f) If vy, vq, v3, vy are linearly dependent vectors, then vy, vo, v3 are linearly dependent.

g) If vy, vy are linearly independent, and vy, vy, v3 are linearly dependent, then v is
a linear combination of v; and wv,.
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h) If vy, vy are linearly dependent, then there is a real number a such that v; = aws.

Let X and Y be two subspaces of a vector space V. Define the set X + Y to be
X+Y={z+y|lxecX yecY}.
Show that X + Y is a subspace of V.

Consider the space C[0, 7] of continuous functions on [0, 7], and the four functions
f1, f2, f3, f1, where f(z) = 1 (i.e., f1 is the constant function 1), fo(x) = cosz,
f3(x) = cos2x and fy(x) = cos® z.

a) Show that {f1, f2, f3, f1} is linearly dependent. You may use any properties of the
trigonometric functions that you know.

b) Show that {fi, fo, f3} is linearly independent.

HINT: If oy - fi + g - fo+ a3 fs = o, then oy fi(z) + aafa(z) + asfs(z) = 0 for
all x € [0, 1], and so in particular for z = 0, x = /2 and = = 7.

Let vy, v9,v3,v4 be linearly independent vectors in a vector space V. Let V| =
lin({vy, vy, v3}) and V5 = lin({ve, v3,v4}). Find Vi N V5, and justify your answer in
detail.

a) Prove that if ¢; and ¢, are distinct real numbers in R, then
. 1 1 2
({01 ) -

b) Prove that R? is not the union of a finite number of proper subspaces.

in the vector space R2.

HiINT: Consider the intersection of any proper subspace with the infinite subset

1
s={[1]]rex)
Let R* be the vector space of all sequences, with addition and scalar multiplication
defined by (2.8) and (2.9), respectively. We define the following subsets of R>:
a) > is the set of all bounded sequences.
b

)
c) ¢ is the set of all convergent sequences with limit 0.
)

d) coo = {(an)neny € R*® | IN € N such that ¥n > N, a, = 0}, is the set of all se-
quences that are eventually zero.

c is the set of all convergent sequences.

Prove that cog C ¢y C ¢ C > C R*°, and that each is a subspace of the next one.

Consider the vector space C[0, 1] with addition of functions and scalar multiplication
defined by (2.3). Let S(y1,y2) = {f € C[0,1] | f(0) =y, and f(1) = yo}. Show that
S(y1,ys2) is a subspace of C[0, 1] iff y; = 0 = ys.
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13. Consider the vector space C[—1, 1] with addition of functions and scalar multiplication
defined by (2.3).

a) Let S. be the set of all even functions in C[—1,1]:

Se={f e Cl=L1]|Vx € [-1,1] f(z) = f(-2)} .

Show that S, is a subspace of C[—1,1].
b) Is the set S, of odd functions, defined as follows, also a subspace of C[—1,1]7?

So={f € C[=L1] | Vo € [-11] f(==) = = f(2)}.

14. (x) Consider the vector space C0, 1], with the usual addition and scalar multiplication.
Show that the set S = {1,x,22 23, ...} of functions in C[0, 1] is linearly independent.
What is lin(5)?

HINT: In order to show that a function f in C]0, 1] is not equal to the zero function,
one approach is to try and show that there is some ¢ > 0 such that f(z) > 0 for all =
with 0 < x <.

15. Prove or disprove that

17717 1
B={|o|,|1],]1
ol o] |1

is a basis for R3.

16. Prove that if B is a basis of a finite-dimensional vector space V', then every element
v € V can be written as a unique linear combination of the vectors from B.

17. Let V be a vector space, and let U be a subspace of V' of dimension n. Let v be a
vector in V such that v ¢ U. Let W = {u+ kv | u € U,k € R}. Show that W is a
subspace of V' of dimension n + 1.

18. Is the following statement true or false? Justify your answer, by means of a proof or a
counterexample.
Let V' be a vector space of dimension 3. Let w,v,w be vectors in V such that neither
v nor w is in lin({wu}). Then {u,v,w} is a basis of V.

19. a) Suppose that S is a linearly independent set of vectors in a vector space V such
that lin(S) # V. Show that there is a vector v in V' such that S U {v} is linearly
independent.

b) Suppose U is an infinite-dimensional vector space. Show that, for each n € N, U
has an independent set with n elements.

c¢) Suppose that V' is a finite-dimensional vector space and that U is a subspace of V.
Show that U does not contain an independent set with more than dim(V") elements.
Deduce that U is finite-dimensional, and dim(U) < dim(V').

Show also that, if dim(U) = dim(V), then U = V.
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20. Show that C[0, 1] is infinite dimensional.
HINT: See Exercise 13.

21. a) (%) For k € N, let e;, denote the sequence with the k™ term equal to 1, and all
other terms equal to zero:

1 ifn=k,

= \Un JneN; h n —
ex = (an)nen, where a {0 .

and let B = {e, | k € N}. Prove that B is a basis for the vector space cqy,
comprising all sequences that are eventually zero.

b) (%) Is B ={ex | k € N} also a basis for the vector space R>*?

HiINT: Consider the constant sequence (1),en-

22. Find the kernel and image of the linear transformations T4 : R? — R?, where A € R?*?
is given by:

1 1]
a)A__o 1

11
b) A= 00

0 0
c) A= 00

Each vector 5 in R? represents a point in the plane. In each of the cases, draw a

picture of the subspaces ker(74) and im(74) in the plane.

23. Consider the vector space R? with matrix addition and the usual scalar multiplication
defined by (2.2). Define the function 7': R? — R? as follows:

0] .
| 2, | if zo # 0,
if[xl GRQ,thenT[%]:
) ) r 7
T i gy = 0.
_‘r2_

Show that T satisfies L2, but not L1, and hence it is not a linear transformation.

24. Let P[0, 1] denote the space of polynomial functions on [0, 1], with pointwise addition
and scalar multiplication. For a function p € P[0, 1], with p(z) = ag + a7 + axz® +
o+ a,x", define p*(z) = ay + agx + -+ - + ayz" L

Show that the function T": P[0, 1] — P]0, 1] given by T'(p) = p* is a linear transfor-
mation.
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25. Let ¢ denote the vector space of all convergent sequences. Consider the function
T: c— R given by
T<<an)n€N) = nh—>nolo Qp,.
a) Prove that T is a linear transformation from the vector space ¢ to the vector
space R.
b) What is the kernel of 77

c¢) Show that im(7") = R.
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26. Recall the definitions of the subspaces of even functions S, and odd functions .S, of
C[—1,1] in Exercise 12.
a) Define, for each function f € C[—1,1], the function f.: [-1,1] — R by
f(@) + f(==)

fe(x) = #, x € [—1, 1]

Show that f. € S, for each f € C[-1,1].
b) Define the function T': C[—1,1] — C[-1,1] by T(f) = f.. Show that T is a

linear transformation.

c¢) Find ker(7) and im(7T").

27. In this exercise, the associativity of matrix multiplication A(BC) = (AB)C' is proved
using linear transformations.

a) Show that for any linear transformation 7: R™ — R™ there is a unique m x n
matrix A such that T'(x) = Az for all z € R™.

HINT: If {ej,es,...,e,} is the standard basis of R", then explain why the only
possibility for A is

b) Let T7: R" — R™ and T5: R* — R” be linear transformations. Denote the matrices
corresponding to T} and 75 by A; and A,, respectively.

i) Show that the composition T} o Ty : R¥ — R™, which is defined (in the usual
way) by (Ty 0 Ty)(v) = T1(T3(v)) for all v € R¥, is also a linear transformation.
ii) Show that the matrix that corresponds to 77 o Ty is the product A;As,.
c) Let T1: R" - R™, Ty: R* — R™ and T3: R? — R” be linear transformations.
i) Show that (77 0 T3) o T3 and Tj o (T3 o T3) are the same transformations.
ii) Denote the matrices corresponding to 77, T; and T3 by A;, A, As, respectively.

Show that the matrix corresponding to (T} o Ty) o T3 is (A1 A3) Az and the
matrix corresponding to 77 o (T 0 T3) is A1(AzAs3).

Conclude that (A;Ay)As = A1(AyA3) for any m x n matrix Ay, n X k matrix
Ay and k X p matrix As.

d) Suppose that U, V and W are vector spaces, and that T': U — V and S: V — W
are linear transformations. Consider the composition R : U — W given by
R(u) = S(T(u)).

a) Show that R is a linear transformation.
b) Show that im(R) C im(S) and that ker(7') C ker(S). Deduce that r(R) <
min(r(S), r(T)).
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xam Question. 2010 Q8 (a) Define the following terms: linear transformation, kernel and image of a linear
transformation.

(b) Define what it means for vectors vy, vs, ... vy to be linearly independent.

Let V and W be two vector spaces, T': V' — W a linear transformation, and
v1, 0y, ...,V vectors in V. Suppose that T'(vy), T(vs),...,T(vy) are linearly
independent vectors in W.

Show that vy, v, ..., v, are linearly independent in V.

(c) Consider a vector space V with basis {vy,ve}. Let T : V' — V be a linear
transformation such that

T(v1) =v1 —vy; T(v1+v2) = vy — 1. (%)

Explain why there is a unique linear transformation that satisfies (*).
Find ker(T") and im(7).
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