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Chapter 2

Real numbers and their properties

Real numbers and functions of real numbers form an integral part of mathematics. Cer-
tainly all students in the sciences receive basic training in these ideas, normally in the form
of courses on calculus and differential equations. In this chapter we establish the basic
properties of the set of real numbers and of functions defined on this set. In particular,
using the construction of the integers in Section 1.4 as a starting point, we define the set
of real numbers, thus providing a fairly firm basis on which to develop the main ideas in
these volumes. We follow this by discussing various structural properties of the set of real
numbers. These cover both algebraic properties (Section 2.2.1) and topological properties
(Section 2.5). After this, we discuss important ideas like continuity and differentiability of
real-valued functions of a real variable.

Do | need to read this chapter? Yes you do, unless you already know its contents. While
the construction of the real numbers in Section 2.1 is perhaps a little bit of an extravagance, it
does set the stage for the remainder of the material. Moreover, the material in the remainder
of the chapter is, in some ways, the backbone of the mathematical presentation. We say this
for two reasons.

1. The technical material concerning the structure of the real numbers is, very simply,
assumed knowledge for reading everything else in the series.

2. The ideas introduced in this chapter will similarly reappear constantly throughout the
volumes in the series. But here, many of these ideas are given their most concrete presen-
tation and, as such, afford the inexperienced reader the opportunity to gain familiarity
with useful techniques (e.g., the € — ¢ formalism) in a setting where they presumably
possess some degree of comfort. This will be crucial when we discuss more abstract ideas
in Chapters 5, II-2, and 1I-3, to name a few. °
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Section 2.1

Construction of the real numbers

In this section we undertake to define the set of real numbers, using as our starting point
the set Z of integers constructed in Section 1.4. The construction begins by building the
rational numbers, which are defined, loosely speaking, as fractions of integers. We know from
our school days that every real number can be arbitrarily well approximated by a rational
number, e.g., using a decimal expansion. We use this intuitive idea as our basis for defining
the set of real numbers from the set of rational numbers.

Do | need to read this section? If you feel comfortable with your understanding of what
a real number is, then this section is optional reading. However, it is worth noting that in
Section 2.1.2 we first use the € — ¢ formalism that is so important in the analysis featured
in this series. Readers unfamiliar /uncomfortable with this idea may find this section a good
place to get comfortable with this idea. It is also worth mentioning at this point that the
€ — 0 formalism is one with which it is difficult to become fully comfortable. Indeed, PhD
theses have been written on the topic of how difficult it is for students to fully assimilate
this idea. We shall not adopt any unusual pedagogical strategies to address this matter.
However, students are well-advised to spend some time understanding ¢ — ¢ language, and
instructors are well-advised to appreciate the difficulty students have in coming to grips with
it. °

2.1.1 Construction of the rational numbers

The set of rational numbers is, roughly, the set of fractions of integers. However, we
do not know what a fraction is. To define the set of rational numbers, we introduce an
equivalence relation ~ in Z x N by

(J1, k1) ~ (Jo, ko) <= J1-ko=j2 k1.

We leave to the reader the straightforward verification that this is an equivalence relation.
Using this relation we define the rational numbers as follows.

Definition (Rational numbers) A rational number is an element of (Z x N)/ ~. The set
of rational numbers is denoted by Q. °

Notation (Notation for rationals) For the rational number [(j, k)] we shall typically write
1, reflecting the usual fraction notation. We shall also often write a typical rational number
s “q” when we do not care which equivalence class it comes from. We shall denote by 0

and 1 the rational numbers [(0,1)] and [(1, 1)], respectively .

The set of rational numbers has many of the properties of integers. For example, one
can define addition and multiplication for rational numbers, as well as a total order in the
set of rationals. However, there is an important construction that can be made for rational
numbers that cannot generally be made for integers, namely that of division. Let us see how
this is done.

Definition (Addition, multiplication, and division in Q) Define the operations of addition,
multiplication, and division in Q by
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(i) [Grs k)] + [(G2, k2)] = [(1 - ko + Gz - Koy Ky - Ka2)],
(i)) [(J1, k1)) - [(J2 k2)] = [(J1 - J2, k1 - k2)], and
(i) [(J1, k1)]/ (2, k2)] = [(J1 - k2, k1 - J2)] (we will also write {8;2] for [(j1, k1)]/[(jo, k2)]),

respectively, where [(j1, k1)], [(J2, k2)] € Q and where, in the definition of division, we require
that jo # 0. We will sometimes omit the “-” when in multiplication. .

We leave to the reader as Exercise 2.1.1 the straightforward task of showing that these
definitions are independent of choice of representatives in Z x N. We also leave to the reader
the assertion that, with respect to Notation 2.1.2, the operations of addition, multiplication,
and division of rational numbers assume the familiar form:

J1, J2  Jicketde-kr g1 Jo JicJe B ke

Bk Rk kR hk 2 kg

For the operation of division, it is convenient to introduce a new concept. Given [(7, k)] € Q
with j # 0, we define [(j ,k)] '€ Q by [(k,j)]. With this notation, division then can be
written as [(j1, k1)]/[(J2, k2)] = [(j1, k1)] - [(jo, k2)]~*. Thus division is really just multiplica-
tion, as we already knew. Also, if ¢ € Q and if k¥ € Ny, then we define ¢* € Q inductively
by ¢° =1 and ¢*" = ¢* - ¢. The rational number ¢* is the kth power of q.

Let us verify that the operations above satisfy the expected properties. Note that there
are now some new properties, since we have the operation of division, or multiplicative
inversion, to account for. As we did for integers, we shall write —¢q for —1 - q.

2.1.4 Proposition (Properties of addition and multiplication in Q) Addition and multiplication
in Q satisfy the following rules:

(i) 1 + 92 =+ a1, Q1,92 € Q (commutativity of addition);

(i) (a1 +d2) + a3 = qi + (g2 +d3), a1, 2,93 € Q (associativity of addition);
(i) q+0=q, q € Q (additive identity);

(iv) a+ (—q) =0, q € Q (additive inverse);

(v) d1-d2 = da2 - q1, 1,92 € Q (commutativity of multiplication);

(vi) (a1-d2) a3 =qi - (a2 d3), d1, 92, a3 € Q (associativity of multiplication);
(vii) q-1=q, q € Q (multiplicative identity );
(vii) q-q ' =1,q€ Q\ {0} (multiplicative inverse);

(ix) v-(q1+q2) =r-q1 +1-q, 1,q1,q2 € Q (distributivity ),

(x) 4 - g =g, q € Q, ki, ke € No.
Moreover, if we define iz: Z — Q by iz(k) = [(k,1)], then addition and multiplication in Q
agrees with that in Z.:

iz (k1) +iz(ke) = iz(ks + ko), iz(ky) -iz(ke) = iz(ks - ko).

Proof All of these properties follow directly from the definitions of addition and multiplication,
using Proposition 1.4.19. |

Just as we can naturally think of Ny as being a subset of Z, so too can we think of Z as
a subset of Q. Moreover, we shall very often do so without making explicit reference to the
map iz.

Next we consider on Q the extension of the partial order < and the strict partial order <.
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2.1.5 Proposition (Order on Q) On Q define two relations < and < by

[(jhkl)] < [(J27k2)} < jl . k2 < kl ‘jQ;
(k)] < [(2.k2)] = Ji-ke <k ]2

Then < is a total order and < 1is the corresponding strict partial order.

Proof First let us show that the relations defined make sense, in that they are independent
of choice of representative. Thus we suppose that [(j1,k1)] = [(j1,k1)] and that [(j2,ke)] =
[(42, k2)]. Then

(1, k)] < [(J2, k2)]

J1-ke < k1-j2

g1-kogo ko gioki <ki-jo-jo-ki-gika

(v ko) - (j1-jo - ky ko) < (Jo - k1) - (j1- j2 - K1 - ko)
g1 ko < jo ki

1117

This shows that the definition of < is independent of representative. Of course, a similar
argument holds for <.

That < is a partial order, and that < is its corresponding strict partial order, follow from
a straightforward checking of the definitions, so we leave this to the reader.

Thus we only need to check that < is a total order. Let [(j1, k1)], [(J2, k2)] € Q. Then, by
the Trichotomy Law for Z, either j; - ko < k1 - jo, k1 - jo < j1 - ko, or j1 - ko = k1 - jo. But this
directly implies that either [(j1,k1)] < [(j2, k2)], [(J2, k2)] < [(j1, k1)), or [(j1,k1)] = [(j2, k2)],
respectively. |
The total order on Q allows a classification of rational numbers as follows.

2.1.6 Definition (Positive and negative rational numbers) A rational number ¢ € Q is:
(i) positive if 0 < ¢;
(ii) megative if ¢ < 0;
(iii) nonnegative if 0 < g;
(iv) monpositive if ¢ < 0.
The set of positive rational numbers is denoted by Q- and the set of nonnegative rational
numbers is denoted by Q. °

As we did with natural numbers and integers, we isolate the Trichotomy Law.

2.1.7 Corollary (Trichotomy Law for Q) For q,r € Q, exactly one of the following possibilities
holds:

(i) a<r;
(i) v <q;
(i) q =r.
The following result records the relationship between the order on Q and the arithmetic
operations.

2.1.8 Proposition (Relation between addition and multiplication and <) For q,r,s € Q, the
following statements hold:

(i) if q<rthen q+s<r+s;
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(i) if <t andif s>0thens-q<s-r;
(iii) if q<randif s<O0thens-r<s-q;
(iv) if 0 <q,r then 0 < q-1;
(v) if q <r and if either
(a) 0 < q,r or
(b) q,r <0,
then 171 < q7!.
Proof (i) Write ¢ = [(jq, kq)|, 7 = [(Jr, kr)], and s = [(js, ks)]. Since g < r, jq - kr < jr - kq.
Therefore,
Jg - K kS < Gr < Kg - K
= g ke k2 s kg ke ks <jrokgo k24 jo kg Ky ks,
using Proposition 1.4.22. This last inequality is easily seen to be equivalent to ¢ + s < r + s.

(ii) Write g = [(4q, kg)], 7 = [(Jr, kr)], and s = [(Js, ks)]. Since s > 0 it follows that j; > 0.
Since ¢ < r it follows that j, - k. < j, - k4. From Proposition 1.4.22 we then have

jq'jS'jS'kSSjT'kq'jS'ksv

which is equivalent to s - g < s-r by definition of multiplication.

(iii) The result here follows, as does (ii), from Proposition 1.4.22, but now using the fact
that js < 0.

(iv) This is a straightforward application of the definition of multiplication and <.

(v) This follows directly from the definition of <. [

The final piece of structure we discuss for rational numbers is the extension of the absolute
value function defined for integers.

2.1.9 Definition (Rational absolute value function) The absolute value function on Q is the
map from Q to Q>o, denoted by ¢ — |q|, defined by

q, 0<q,
|Q| = 07 q= 07 4
—q, q<O0.

The absolute value function on Q has properties like that on Z.

2.1.10 Proposition (Properties of absolute value on Q) The following statements hold:
(i) la > 0 for all q € Q;
(ii) |a| = 0 if and only if q = 0;
(iii) |r-al = [r| - [al for all v,q € Q;
(iv) |r+q| < |r| +]q| for all r,q € Q (triangle inequality);
(v) a7t =1al™" for all ¢ € Q\ {0}.
Proof Parts (i), (ii), and (v), follow directly from the definition, and part (iii) follows in the

same manner as the analogous statement in Proposition 1.4.24. Thus we have only to prove
part (iv). We consider various cases.

L |r| <1ql:
(a) 0>r,q: Since |r+¢q| =7+ ¢, and |r| = r and |g| = g, this follows directly.
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(b) 7 <0,0<q: Let r = [(jr, kr)] and g = [(jq, kg)]. Then r < 0 gives j, <0 and 0 < ¢
gives j, > 0. We now have

|7"+q| _ jr'kg+qu'kr — ‘jr'kg+qu‘kr|
r g r g
. ol g+ L - &
_ el Rq g - Rr
’r| + |q| - kr . kq .
Therefore,
_ ’jr ) kq +jq ) kr‘
‘r + q‘ - kr . kq
< ’]r’ i kq + Uq| <k
- ky - kg
= [r|+lal,
where we have used Proposition 2.1.8.
(€) roq < 0: Here |r+g| = |—r+ (—q)| = |~(r+ )| = —(r + q), and |r| = —r and
|g| = —q, so the result follows immediately.
2. |g| < |r|: This argument is the same as above, swapping r and q. |

2.1.11 Remark Having been quite fussy about how we arrived at the set of integers and the set
of rational numbers, and about characterising their important properties, we shall now use
standard facts about these, some of which we may not have proved, but which can easily
be proved using the definitions of Z and Q. Some of the arithmetic properties of Z and Q
that we use without comment are in fact proved in Section 4.2 in the more general setting
of rings. However, we anticipate that most readers will not balk at the instances where we
use unproved properties of integers and rational numbers. °

2.1.2 Construction of the real numbers from the rational numbers

Now we use the rational numbers as the building block for the real numbers. The idea
of this construction, which was originally due to Cauchy!, is the intuitive idea that the
rational numbers may be used to approximate well a real number. For example, we learn
in school that any real number is expressible as a decimal expansion. However, any finite
length decimal expansion (and even some infinite length decimal expansions) is a rational
number. So one could define real numbers as a limit of decimal expansions in some way.
The problem is that there may be multiple decimal expansions giving rise to the same real
number. For example, the decimal expansions 1.0000 and 0.9999. .. represent the same real
number. The way one gets around this potential problem is to use equivalence classes, of
course. But equivalence classes of what? This is where we begin the presentation, proper.

2.1.12 Definition (Cauchy sequence, convergent sequence) Let {¢;};en be a sequence in Q. The

sequence:
(i) is a Cauchy sequence if, for each € € Q-, there exists N € N such that |¢; — ¢x| < €
for 7,k > N;
(i) converges to qp if, for each € € Q-¢, there exists N € N such that |g; — go| < € for
Jj=>N.

!The French mathematician Augustin Louis Cauchy (1789-1857) worked in the areas of complex function
theory, partial differential equations, and analysis. His collected works span twenty-seven volumes.
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(iii) is bounded if there exists M € Q- such that |¢;| < M for each j € N. o
The set of Cauchy sequences in Q is denoted by CS(Q). A sequence converging to go has qo
as its limat. °

The idea of a Cauchy sequence is that the terms in the sequence can be made arbitrarily
close as we get to the tail of the sequence. A convergent sequence, however, gets closer and
closer to its limit as we get to the tail of the sequence. Our instinct is probably that there
is a relationship between these two ideas. One thing that is true is the following.

Proposition (Convergent sequences are Cauchy) If a sequence {q;}jen converges to qo,
then it is a Cauchy sequence.

Proof Let € € Qs and choose N € N such that |g; — go| < € for j > N. Then, for j, k > N
we have

9 — akl = lg; — a0 — 4j + g0l = g — qol +lax — | <5+ 5 =¢,
using the triangle inequality of Proposition 2.1.10. |

Cauchy sequences have the property of being bounded.

Proposition (Cauchy sequences are bounded) If {q;}en is a Cauchy sequence, then it is
bounded.

Proof Choose N € N such that |¢; — gx| < 1 for j,k € Q. Then take My to be the largest of
the nonnegative rational numbers |q1], ..., |¢n|. Then, for j > N we have, using the triangle
inequality,

451 =g —an +an| < lgj —an| + [an] <1+ M,

giving the result by taking M = My + 1. |
The question as to whether the converse of this is true is now the obvious one.

Example (Nonconvergent Cauchy sequences in Q exist) If one already knows the real
numbers exist, it is somewhat easy to come up with Cauchy sequences in Q. However, to
fabricate one “out of thin air” is not so easy.
For k € N, since 2k + 5 > k + 4, it follows that 22*+5 — 2k+4 > (. Let m;, be the smallest
nonnegative integer for which
mi > 22k+5 o 2k+4‘ (2‘1)

The following contains a useful property of my.

Lemma mi < 22<+5,
Proof TFirst we show that my, < 2¥*3. Suppose that m; > 253, Then

(mk . 1)2 > (2k+3 o 1)2 _ 22k+6 o 2k)+4 + 1= 2(22k+5 o 2k+4) + 1) > 22k+5 . 2k‘+47

which contradicts the definition of my.
Now suppose that m7 > 2255 Then

(mk _ 1)2 — m% _ ka + 1 > 22]{?"1‘5 _ 2k’+4 + 1 > 22k+5 _ 2]{2+47
again contradicting the definition of my. |

Now define g, = 545.

Lemma {qy }xen is a Cauchy sequence.
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Proof By Lemma 1 we have

2 2%-+5
2 My 2 _
Uk = 52k+a < 92k+4 2, keN,

and by (2.1) we have

2 2k+5 k+4
2 2 1
=k > — —2-_—, keN.
22k+4 22k+4 22k+4 2k
Summarising, we have
1
2—ﬁ§q,§§2, keN. (2.2)
Then, for j,k € N we have
1 2 1 2 1 2 o_ 1
2—27§Qk§272—§§qk§2 == —gﬁq]—qkﬁﬁ-
Next we have, from (2.1),
2 2k+5 k+4
9 My 2 2 B 1
Uk = 52k+a = 92k+4  92k+4 e ok’ keN,

from which we deduce that q,% > 1, which itself implies that ¢ > 1. Next, using this fact and
(qj — qr)? = (¢; + qx)(g; — qx) we have
1 1 1

2JQj+q1€_qj =9

—WSQj—QkSWa J.k €N, (2-3)

95 + qk

Now let € € Qs and choose N € N such that QN% < e. Then we immediately have |g; — g| <
€, j,k > N, using (2.3). |

The following result gives the character of the limit of the sequence {gi}ren, were it to
be convergent.

3 Lemma If qq is the limit for the sequence {qy fxen, then qf = 2.
Proof We claim that if {qx}ren converges to go, then {qf }ren converges to ¢3. Let M € Qs
satisfy |qix| < M for all k € N, this being possible by Proposition 2.1.14. Now let € € Q¢ and

take N € N such that .

g — qQo| < —/——.
19 = ol < 37T

Then
9t — 43| = gk — qol |ax + 90| < €,

giving our claim.
Finally, we prove the lemma by proving that {g3 }ren converges to 2. Indeed, let € € Q=g
and note that, if N € N is chosen to satisfy 2%\, < €. Then, using (2.2), we have

1
27<€, kZN,

lgi — 2| <
as desired. [ |

Finally, we have the following result, which is contained in the mathematical works of
Euclid.

4 Lemma There exists no qo € Q such that o2 = 2.
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Proof Suppose that ¢& = [(jo, ko)] and further suppose that there is no integer m such that
qo = [(mjo, mko)]. We then have

B=3=2 = j5=2k;.

Thus j2 is even, and then so too is jo (why?). Therefore, jo = 2jo and so

o 455 2 %2
Ww="73=2 = ky=2j
k
0
which implies that k2, and hence kg is also even. This contradicts our assumption that there
is no integer m such that go = [(mgjo, mko)]. |
With these steps, we have constructed a Cauchy sequence that does not converge. °

Having shown that there are Cauchy sequences that do not converge, the idea is now to
define a real number to be, essentially, that which a nonconvergent Cauchy sequence would
converge to if only it could. First we need to allow for the possibility, realised in practice,
that different Cauchy sequences may converge to the same limit.

Definition (Equivalent Cauchy sequences) Two sequences {g;}jen, {r;}jeq € CS(Q) are
equivalent if the sequence {q; — 7;}jen converges to zero. We write {¢;}jen ~ {7;}jen if
the two sequences are equivalent. °

We should verify that this notion of equivalence of Cauchy sequences is indeed an equiv-
alence relation.

Proposition The relation ~ defined in CS(Q) is an equivalence relation.

Proof 1t is clear that the relation ~ is reflexive and symmetric. To prove transitivity, suppose
that {g;}jen ~ {rj}jen and that {r;};en ~ {s;}jen. For € € Q5 let N € N satisfy

laj —rjl < g Irj—sjl <5 G=N.
Then, using the triangle inequality,
g5 = sil = lgj —rj+rj—sil <lgj =l +1rj —s5l <e, 2N,
showing that {g;}jen ~ {s;}jen. [ |
We are now prepared to define the set of real numbers.

Definition (Real numbers) A real number is an element of CS(Q)/ ~. The set of real
numbers is denoted by R. °

The definition encodes, in a precise way, our intuition about what a real number is. In
the next section we shall examine some of the properties of the set R.

Let us give the notation we will use for real numbers, since clearly we do not wish to
write these explicitly as equivalence classes of Cauchy sequences.

Notation (Notation for reals) We shall frequently write a typical element in R as “z”. We
shall denote by 0 and 1 the rational numbers associated with the Cauchy sequences {0};en

and {1}]€N [ ]
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2.1.1

2.1.2

2.1.3

2.14

Exercises

Show that the definitions of addition, multiplication, and division of rational numbers
in Definition 2.1.3 are independent of representative.

Prove the Binomial Theorem which states that, for z,y € R and k € N,

k
(x+y)" = By aly",

=0
where N
k\ a ! . .
Bpi=1.] =, JkeN) 5 <k,
. <J> A= g
are the binomzal coefficients, and k! =1-2----- k is the factorial of k. We take

the convention that 0! = 1.

Show that the order and absolute value on Q agree with those on Z. That is to say,
show the following:

(a) for j,k € Z, j < k if and only if iz(j) < iz(k);

(b) for k € Z, |k| = |iz(k)|.

(Note that we see clearly here the abuse of notation that follows from using < for

both the order on Z and Q and from using |-| as the absolute value both on Z and Q.
It is expected that the reader can understand where the notational abuse occurs.)

Show that the set of rational numbers is countable using an argument along the
following lines.

1. Construct a doubly infinite grid in the plane with a point at each integer coor-
dinate. Note that every rational number ¢ = > is represented by the grid point
(n,m).

2. Start at the “centre” of the grid with the rational number 0 being assigned to
the grid point (0,0), and construct a spiral which passes through each grid point.

Note that this spiral should hit every grid point exactly once.

3. Use this spiral to infer the existence of a bijection from Q to N.

The following exercise leads you through Cantor’s famous “diagonal argument” for showing
that the set of real numbers is uncountable.

2.1.5

Fill in the gaps in the following construction, justifying all steps.
1. Let {z;},en be a countable subset of (0, 1).

2. Construct a doubly infinite table for which the kth column of the jth row contains
the kth term in the decimal expansion for ;.

3. Construct z € (0,1) by declaring the kth term in the decimal expansion for Z to
be different from the kth term in the decimal expansion for zy.

4. Show that Z is not an element of the sequence {x;},en.

Hint: Be careful to understand that the a real number might have different
decimal expansions.
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Section 2.2

Properties of the set of real numbers

In this section we present some of the well known properties as the real numbers, both
algebraic and (referring ahead to the language of Chapter 1I-2) topological.

Do | need to read this section? Many of the properties given in Sections 2.2.1, 2.2.2
and 2.2.3 will be well known to any student with a high school education. However, these
may be of value as a starting point in understanding some of the abstract material in Chap-
ters 4 and 5. Similarly, the material in Section 2.2.4 is “obvious.” However, since this
material will be assumed knowledge, it might be best for the reader to at least skim the
section, to make sure there is nothing new in it for them. .

2.2.1 Algebraic properties of R

In this section we define addition, multiplication, order, and absolute value for R, mirror-
ing the presentation for Q in Section 2.1.1. Here, however, the definitions and verifications
are not just trivialities, as they are for Q.

First we define addition and multiplication. We do this by defining these operations first
on elements of CS(Q), and then showing that the operations depend only on equivalence
class. The following is the key step in doing this.

Proposition (Addition, multiplication, and division of Cauchy sequences) Let
{dj}ien, {ri}ien € CS(Q). Then the following statements hold.

(i) The sequence {q; +1j}jen is a Cauchy sequence which we denote by {q;}ien + {rj}ien-
(ii) The sequence {q; - 1j}ien is a Cauchy sequence which we denote by {q;}ien - {1 }en-

(iii) If, for all j € N, q; # 0 and if the sequence {q;}jen does not converge to 0, then
{qj_l}jeN is a Cauchy sequence.

Furthermore, if {Q;}jen, {Tj}jen € CS(Q) satisfy
{dtien ~ {aihjen,  {Tihjen ~ {Fj}jen,
then
(iv) {d}jen + {Titien = {qi}ien + {rj}jen,
(v) {a}ien - {Ti}ien = {dj}jen - {rj}tjen, and
(vi) if, for all j € N, q;,q; # 0 and if the sequences {q;}ien, {d;}jen do not converge to 0,
then {d; tien ~ {qj}jen.
Proof (i) Let € € Q-0 and let N € N have the property that |¢; — g/, |r; — | < § for all
7,k > N. Then, using the triangle inequality,
(g +r5) = (ae + )l < lgj —al +|rj —rel =€, j,k=N.

(i) Let M € Qs have the property that |g;|,|r;| < M for all j € N. For € € Qs let
N € N have the property that |¢j —qx|,|r; — x| < 537 for all j,k > N. Then, using the
triangle inequality,

(g5 - 75) — (g - )| = lgj(rj — ri) — melae — @i)| < lgjllrj — rel+Irellay — a5l <€, 4,k > N.
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(iii) We claim that if {g;};en satisfies the conditions stated, then there exists § € Qg such
that |gx| > d. Indeed, since {g;} en does not converge to zero, choose € € Q¢ such that, for
all N € N, there exists j > N for which |g;| > e. Next take N € N such that |¢; — qx| < § for
4,k > N. Then there exists N > N such that lay| > €. For any j > N we then have

laj| = lag = (a5 = a)) = llag| = lag —gjll Zz €= 5 = 5,
where we have used Exercise 2.2.6. The claim follows by taking ¢ to be the smallest of the
numbers 5, | ..., lav |-
Now let € € Qs and choose N € N such that |¢; — ¢x| < 8¢ for j,k > N. Then

2
-1_ 1 9 — 95 ‘ 07¢ :
|qj qk ‘ Qij 52 9 .77 -
(iv) For € € Qs let N € N have the property that |¢; — g;|,|7; — 7;| < 5. Then, using the
triangle inequality,

(g +75) — (e + 1) <105 —a| + 17 — 76| <€,  j,k>N.

(v) Let M € Qs have the property that |g;|,|r;| < M for all j € N. Then, for e € Qxo,
take N € N such that [7; — 74|, (G — qx| < 557 for j,k > N. We then use the triangle inequality
to give

(G5 - 75) = (aw - re)| = 1G5 (75 — i) —relae — @5)| <€, j,k=N.

(vi) Let § € Qxq satisfy |q;|,|Gj| > 6 for all j € N. Then, for € € Qs, choose N € N such

that |g; — qj| < 0%€ for j > N. Then we have

P —q; 5%
LU <55  j=N

~—1 —1
q;, —4q; = ~ ) - )
‘ J J ’ 4;4; 52

so completing the proof. |

The requirement, in parts (iii) and (vi), that the sequence {g;},en have no zero elements
is not really a restriction, as is the requirement that the sequence not converge to zero. The
reason for this is that, as we showed in the proof, if the sequence does not converge to zero,
then there exists € € Qs and N € N such that |g;| > € for j > N. Thus the tail of the
sequence is guaranteed to have no zero elements, and the tail of the sequence is all that
matters for the equivalence class.

Now that we have shown how to add and multiply Cauchy sequences in Q, and that
this addition and multiplication depends only on equivalence classes under the notion of
equivalence given in Definition 2.1.16, we can easily define addition and multiplication in R.

Definition (Addition, multiplication, and division in R) Define the operations of addition,
multiplication, and division in R by

() Haitjen] + Uritien] = [astjen + {ri}jen],
(i) Hastjen] - Uritien] = askjen - {rj}jen],
(ii)) [{a}jen]/[{r;}ien] = {aj/ri}jen + {r;}jen],
respectively, where, in the definition of division, we require that the sequence {r;},en have

no zero elements, and that it not converge to 0. We will sometimes omit the “” when in
multiplication. °
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Similarly to what we have done previously with Z and Q, we let —z = [{—1};en] - z. For
z € R\ {0}, we also denote by ™! the real number corresponding to a Cauchy sequence
{4, ier, where 2 = [{q;}jen].

As with integers and rational numbers, we can define powers of real numbers. For
z € R\ {0} and k € Ny we define 2* € R inductively by 2° = 1 and 2*" = 2% - 2. As usual,
we call 2% the kth power of x. For k € Z \ Ny, we take 2% = (x7%)~!. For real numbers,
the notion of the power of a number can be extended. Let us show how this is done. In the
statement of the result, we use the notion of positive real numbers which are not defined
until Definition 2.2.8. Also, in our proof, we refer ahead to properties of R that are not
considered until Section 2.3. However, it is convenient to state the construction here.

Proposition (x!/%) For x € Ry and k € N, there exists a unique y € Rq such that y* = x.
We denote the number y by x'/¥.

Proof Let S, = {yE]R\ e <3:}. Since x > 0, 0 € S so S # (. We next claim that

max{1,z} is an upper bound for S,. First suppose that < 1. Then, for y € S, y* <z < 1,
and so 1 is an upper bound for S,. If x > 1 and y € S;, then we claim that y < x. Indeed,
if y > 2 then y* > 2% > z, and so y € S,. This shows that S, is upper bounded by z in this
case. Now we know that S, has a least upper bound by Theorem 2.3.6. Let y denote this least
upper bound.

We shall now show that y* = z. Suppose that y* # x. From Corollary 2.2.9 we have
Yk <z or vk > .

Suppose first that y* < x. Then, for e > 0 we have

(y + e)k =+ ak,lyekfl + -4 alykfle + yk

for some numbers ay,...,ar_1 (these are the binomial coefficients of Exercise 2.1.2). If e < 1
then €® < ¢ for k € N. Therefore, if ¢ < 1 we have

(y+ e)k <e(l+ag1y+- -+ alykﬂ) I yk.

. . —yF
NOW? if e < mll’l{l, 1+ak71;+'z'{+0«ay
upper bound for S;.

Now suppose that y* > z. Then, for € > 0, we have

—}, then (y 4 €)* < z, contradicting the fact that y is an

(y—of = (D" + (D) lapaye"™ 4+ —arg e+ o

The sum on the right involves terms that are positive and negative. This sum will be greater
than the corresponding sum with the positive terms involving powers of € removed. That is to
say,

1

(y — e)k >yF —ayF e —agyf 3l

For € < 1 we again gave € < e for k € N. Therefore

(y—F >y* — (a1 +azy* P+ e

k

Thus, if € < min{1, alyk—liagzk—3+---} we have (y — €)* > z, contradicting the fact that y is the

least upper bound for S;.
We are forced to conclude that y* = z, so giving the result. |

If € Rygand ¢ =1 € Q with j € Z and k € N, we define 27 = (z/*)7.

Let us record the basic properties of addition and multiplication, mirroring analogous
results for Q. The properties all follow easily from the similar properties for QQ, along with
Proposition 2.2.1 and the definition of addition and multiplication in R.
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2.2.4 Proposition (Properties of addition and multiplication in R) Addition and multiplication
in R satisfy the following rules:
(i) x1+ X0 =X+ X1, X1,X2 € R (commutativity of addition);
(i) (x1 4+ x2) +x3 = x1 + (X2 + X3), X1,X2,X3 € R (@associativity of addition);
(i) x+ 0 =x, t € R (additive identity );
(iv) x+ (—x) =0, x € R (additive inverse);
(v) X1 -Xo = Xg - X1, X1,Xg € R (commutativity of multiplication);
(vi) (x1-%2) X3 =xX1-(Xg-X3), X1,X2,X3 € R (@assoctativity of multiplication);
(vii) x-1 =x, x € R (multiplicative identity);
(vii) x -x 1 =1, x € R\ {0} (multiplicative inverse);
(ix) y-(x1+X2) =y X1 +y-Xo, ¥,X1,Xo € R (distributivity );
(x) xk1.xke = xkitke v e Rk, ky € Np.
Moreover, if we define ig: Q — R by ig(q) = [{d}jen], then addition and multiplication in
R agrees with that in Q:

ig(d1) +ig(a2) = iglar + a2), igld1) -ig(az) = ig(ar - a2).

As we have done in the past with Z C Q, we will often regard Q as a subset of R without
making explicit mention of the inclusion ig. Note that this also allows us to think of both
Ny and Z as subsets of R, since Ny is regarded as a subset of Z, and since Z C Q. Of course,
this is nothing surprising. Indeed, perhaps the more surprising thing is that it is not actually
the case that the definitions do not precisely give Ny C Z C Q C R!

Now is probably a good time to mention that an element of R that is not in the image of
ig is called #rrational. Also, one can show that the set Q of rational numbers is countable
(Exercise 2.1.4), but that the set R of real numbers is uncountable (Exercise 2.1.5). Note
that it follows that the set of irrational numbers is uncountable, since an uncountable set
cannot be a union of two countable sets.

2.2.2 The total order on R

Next we define in R a natural total order. To do so requires a little work. The approach
we take is this. On the set CS(Q) of Cauchy sequences in Q we define a partial order that
is not a total order. We then show that, for any two Cauchy sequences, in each equivalence
class in CS(Q) with respect to the equivalence relation of Definition 2.1.16, there exists
representatives that can be compared using the order. In this way, while the order on the
set of Cauchy sequences is not a total order, there is induced a total order on the set of
equivalence classes.

First we define the partial order on the set of Cauchy sequences.

2.2.5 Definition (Partial order on CS(Q)) The partial order < on CS(Q) is defined by
{gtjen 2 {rjljen &= @ <7 jeN .

This partial order is clearly not a total order. For example, the Cauchy sequences {%} jEN

and {(_Tnj}jeN are not comparable with respect to this order. However, what is true is
that equivalence classes of Cauchy sequences are comparable. We refer the reader to Def-
inition 2.1.16 for the definition of the equivalence relation we denote by ~ in the following
result.
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2.2.6 Proposition Let {qj}ien, {rj}ien € CS(Q) and suppose that {q;}ien # {rj}tien. The following
two statements hold:

(i) There exists {q;}ien, {Tj}en € CS(Q) such that
(a) {Qi}jen ~ {qitjen and {Fj}jen ~ {rj}jen, and
(b) either {q;tien < {Tj}ien or {Tj}jen < {dj}ien-
(i) There does not exist {q;}ien, {Tj tiens {Tj Hen {Tj }ien € CS(Q) such that
(a) {Gi}ien ~ {i}jen ~ {di}jen and {Fi}jen ~ {Ti}jen ~ {rj}jen, and
(b) one of the following two statements holds:
I {d}en < A{Tj}jen and {T3}jen < {j}jen;
I {%;Hew < {di}ien and {Gj}jen < {Tj}jen.
Proof (i) We begin with a useful lemma.
1 Lemma With the given hypotheses, there exists 6 € Q¢ and N € N such that |q; —rj| > 0 for
all j > N.

Proof Since {q; — 7;}en does not converge to zero, choose € € Qg such that, for all N € N,
there exists j > N such that |¢; — rj| > €. Now take N € N such that |g; — qx|, |rx — x| < §
for j,k > N. Then, by our assumption about ¢, there exists N > N such that lay — | > e
Then, for any j > N, we have

DN

g =il =gy —75%) — (a5 —7rx) — (@ =) = |lag — 5l = (g5 —r5) — (g5 —75)|| = €=

The lemma follows by taking § = 5. v

Now take N and § as in the lemma. Then take N € N such that |q¢; — qx|,|r; — r&| < %
for j,k > N. Then, using the triangle inequality,

(qj — i) — (g —7m)] <6, 4, k>N.

Now take K to be the larger of N and N. We then have either qx —TK >0 or T —qi > 9.
First suppose that gx —rx > 0 and let j > K. Either ¢; —r; > 6 or 7; — ¢; > 6. If the latter,
then

g —r; <=6 = (¢j—rr)— (g —rK) < 26,
contradicting the definition of K. Therefore, we must have g; —r; > 0 for all j > K. A similar
argument when rx — gx > 6 shows that r; —q; > d for all j > K. For j € N we then define

~ 9K, .7<K7 ~ TK, .7<K7
q; =

. Ty = . )
qj, ]ZK> Tj, ]ZK7

and we note that the sequences {§;} en and {7;};en satisfy the required conditions.
(ii) Suppose that

1. {gj}jen # {rj}jen,

2. {Gjtjen ~{d@j}tien ~ {gj}jen,

3. {7j}jen ~ {7j}jen ~ {rj}jen, and

4. {Gj}jen = {7j}jen.
From the previous part of the proof we know that there exists 6 € Q<9 and N € N such that
§; —7; > 6 for j > N. Then take N € N such that |g; — g;|, |; — 7| < § for j > N. This
implies that for j > N we have

(G —75) — (@ — 75)| < &
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Therefore, )
(@ —75) > (G —7)— 5,  j=N.
If additionally 5 > N, then we have

= = ) )
(qj—rj)>(5—§:§.

This shows the impossibility of {7;}jen < {g;}jen. A similar argument shows that {7} en <
{Gj}jen bars the possibility that {g;}jen < {7j};en. [ |

Using the preceding result, the following definition then makes sense.

2.2.7 Definition (Order on R) The total order on R is defined by x < y if and only if there exists
{qj}jen, {rj}jen € CS(Q) such that
() @ = [{g;}jen] and y = [{r;}en] and
(i) {g;}jen = {rj}jen. .
Note that we have used the symbol “<” for the total order on Z, @, and R. This is
justified since, if we think of Z C Q C R, then the various total orders agree (Exercises 2.1.3

and 2.2.4).
We have the usual language and notation we associate with various kinds of numbers.

2.2.8 Definition (Positive and negative real numbers) A real number z is:
(i) positive if 0 < z;
(i) negative if x < 0;
(iii) monnegative if 0 < x;
(iv) monpositive if z < 0.

The set of positive real numbers is denoted by R.g, the set of nonnegative real numbers
is denoted by R, the set of negative real numbers is denoted by R.y, and the set of
nonpositive real numbers is denoted by R<y. o

Now is a convenient moment to introduce some simple notation and concepts that are

associated with the natural total order on R. The stignum function is the map sign: R —
{—1,0, 1} defined by

-1, <0,
sign(z) =40, 2=0,
1, x> 0.

For z € R, [z] is the ceiling of x which is the smallest integer greater than or equal to
x. Similarly, |x| is the floor of x which is the largest integer less than or equal to x. If
S C R is a finite set, then both sup S and inf S are elements of S. In this case we denote
max S = sup S and min § = inf S.

A consequence of our definition of order is the following extension of the Trichotomy Law
to R.

2.2.9 Corollary (Trichotomy Law for R) For x,y € R, ezactly one of the following possibilities
holds:

() x <y;
(i) y < x;
(i) x =1y.
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2.2.10 Remark (Trichotomy Law and Axiom of Choice) tinish

As with integers and rational numbers, addition and multiplication of real numbers satisfy
the expected properties with respect to the total order.

2.2.11 Proposition (Relation between addition and multiplication and <) For x,y,z € R, the
following statements hold:

(i) if x <y then x+z<y-+z
(i) if x<y andif z>0 then z-x <7z-Yy;
(i) if x <y and if z <0 then z-y <z-Xx;
(iv) if 0 <x,y then 0 <x-y;
(v) if x <y and if either

(a) 0 <x,y or

(b) x,y <0,

then y=' < x 1.

Proof These statements all follow from the similar statements for Q, along with Proposi-
tion 2.2.6. We leave the straightforward verifications to the reader as Exercise 2.2.3. |

2.2.3 The absolute value function on R

In this section we generalise the absolute value function on Q. As we shall see in sub-
sequent sections, this absolute value function is essential for providing much of the useful
structure of the set of real numbers.

The definition of the absolute value is given as usual.

2.2.12 Definition (Real absolute value function) The absolute value function on R is the map
from R to Rs¢, denoted by x +— |z|, defined by

x, 0<ux,
[z| =40, =0,
—z, £<0.0
Note that we have used the symbol “|-|” for the absolute values on Z, Q, and R. This

is justified since, if we think of Z C Q C R, then the various absolute value functions agree
(Exercises 2.1.3 and 2.2.4).

The real absolute value function has the expected properties. The proof of the following
result is straightforward, and so omitted.

2.2.13 Proposition (Properties of absolute value on R) The following statements hold:
(i) |x| >0 for all x € R;
(ii) x| =0 if and only if x=0;
(iii) |x-y|=1|x| - |y] for all x,y € R;
(iv) |x+y| < [x|+ |y| for all x,y € R (triangle inequality );
(v) |x7!| = x| for all x € R\ {0}.
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2.2.4 Properties of Q as a subset of R

In this section we give some seemingly obvious, and indeed not difficult to prove, prop-
erties of the rational numbers as a subset of the real numbers.

The first property bears the name of Archimedes,? but Archimedes actually attributes
this to Eudoxus.® In any case, it is an Ancient Greek property.

Proposition (Archimedean property of R) Let € € R.y. Then, for any x € R there exists

k € N such that k- € > x.
Proof Let {q;}jen and {e;j};en be Cauchy sequences in Q such that z = [{g;};en] and € =
[{e;}jen]. By Proposition 2.1.14 there exists M € Ry such that |¢;| < M for all j € N, and
by Proposition 2.2.6 we may suppose that e; > 0 for j € N, for some 6 € Q>9. Let £ € N
satisfy k > 2L (why is this possible?). Then we have

M+1

J

k-ej > 0=M+1>gq;+1, JjeN.

Now consider the sequence {k - e; — ¢;j}jen. This is a Cauchy sequence by Proposition 2.2.1
since it is a sum of products of Cauchy sequences. Moreover, our computations show that
each term in the sequence is larger than 1. Also, this Cauchy sequence has the property that
[{k-ej — qj}jen] = k- € — . This shows that k- € — z € Ry, so giving the result. [

The Archimedean property roughly says that there are no real numbers which are greater
all rational numbers. The next result says that no real numbers that are smaller than all
rational numbers.

Proposition If € > R.q then there exists q € Qs such that q < e.
Proof Since e ! > 0 let &k € N satisfy k-1 > e ! by Proposition 2.2.14. Then taking
g=k1 € Qs gives ¢ < e. [ ]

Using the preceding two results, it is then easy to see that arbitrarily near any real
number lies a rational number.

Proposition (Real numbers are well approximated by rational numbers 1) If x € R and
if € € Ryg, then there exists q € Q such that |x — q| < e.
Proof 1If x = 0 then the result follows by taking ¢ = 0. Let us next suppose that z > 0. If
x < € then the result follows by taking ¢ = 0, so we assume that z > €. Let § € Q¢ satisfy
& < € by Proposition 2.2.15. Then use Proposition 2.2.14 to choose k € N to satisfy k- § > x.
Moreover, since z > 0, we will assume that k is the smallest such number. Since x > €, k > 2.
Thus (k—1)- < x since k is the smallest natural number for which k-6 > z. Now we compute

0<z—(k—-1)-0<k-0—(k—-1)-6=0d<e

It is now easy to check that the result holds by taking ¢ = (k — 1) - 6. The situation when
x < 0 is easily shown to follow from the situation when z > 0. |

2 Archimedes of Syracuse (287 BC-212 BC) was a Greek mathematician and physicist (although in that
era such classifications of scientific aptitude were less rigid than they are today). Much of his mathematical
work was in the area of geometry, but many of Archimedes’ best known achievements were in physics (e.g., the
Archimedean Principle in fluid mechanics). The story goes that when the Romans captured Syracuse in 212
BC, Archimedes was discovered working on some mathematical problem, and struck down in the act by a
Roman soldier.

3Eudoxus of Cnidus (408 BC-355 BC) was a Greek mathematician and astronomer. His mathematical
work was concerned with geometry and numbers.
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The following stronger result is also useful, and can be proved along the same lines as
Proposition 2.2.16, using the Archimedean property of R. The reader is asked to do this as
Exercise 2.2.2.

Corollary (Real numbers are well approximated by rational numbers Il) If x,y € R with
x <y, then there exists q € Q such that x < q<y.

One can also show that irrational numbers have the same property.

Proposition (Real numbers are well approximated by rational numbers) If x € R and if
€ € Ry, then there exists y € R\ Q such that |x —y| < e.

Proof By Corollary 2.2.17 choose ¢q1,q2 € Q such that x — € < ¢1 < ¢ <  + €. Then the

number
q2 — q1

Yy=4q /2
is irrational and satisfies ¢1 < y < ¢a. Therefore, z —e <y < x +¢€, or |z —y| < e. |

2.2.5 The extended real line

It is sometimes convenient to be able to talk about the concept of “infinity” in a somewhat
precise way. We do so by using the following idea.

Definition (Extended real line) The extended real line is the set RU{—o0} U {00}, and
we denote this set by R. .

Note that in this definition the symbols “—oc0” and “oc0” are to simply be thought of
as labels given to the elements of the singletons {—oo} and {oo}. That they somehow
correspond to our ideas of what “infinity” means is a consequence of placing some additional
structure on R, as we now describe.

First we define “arithmetic” in R. We can also define some rules for arithmetic in R.

Definition (Addition and multiplication in R) For z,y € R, define

w—‘l—y? x7y€R7
00, reR, y=o00, orx =00, y € R,
T4y =q09, r =1y =00,

—00, x=-00,yERorxzelR, y=—o0,

—00, T=yY=—00.
The operations co + (—o0) and (—oo) + oo are undefined. Also define

x-y, x)?/GRa

00, r € Ry, y=o00, or x =00, y € Ry,
00, reRoy, y=—o0, or z = —00, y € R,
) oo, T=Y=00, Or T =Yy = —00,
Y= —00, T €Ryy, y=—00, or x = —00, y € Ry,

—00, LL’ER<O,QZOO,OI'.T:OO,Q€R<Q,

—00, T =00, Yy = —000r T =—00, Yy =00,

0, =0,y € {—o0,00} or x € {—o0,00}, y=0.e
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Remarks

1. The above definitions of addition and multiplication on R do not make this a field.
Thus, in some sense, the operations are simply notation, since they do not have the
usual properties we associate with addition and multiplication.

2. Note we do allow multiplication between 0 and —oo and oo. This convention is not
universally agreed upon, but it will be useful for us to do adopt this convention in
Chapter II-1. °

Definition (Order on R) For z,y € R, write

=y, or
r,y €ER, <y, or
r<y <= reR, y=o0, or

r=—-00, y€R, or

r = —00, Yy = OQ. ®

This is readily verified to be a total order on R, with —oo being the least element and
oo being the greatest element of R. As with R, we have the notation

R>0:{JZER’J]>O}, EZOZ{ZL’GR‘ZEZO}.
Finally, we can extend the absolute value on R to R.

Definition (Extended real absolute value function) The extended real absolute func-
tion is the map from R to Rsg, denoted by = + |z|, and defined by

|z|, =z €R,

|:L‘| = OO’ 'ZL] - m?
00, T = —00.e
Exercises

221 Let g € Q\ {0} and z € R\ Q. Show the following:
(a) ¢+ x is irrational;
(b) gz is irrational;
(c) % is irrational;
(d) £ is irrational.
2.2.2 Prove Corollary 2.2.17.
2.2.3 Prove Proposition 2.2.11.
2.2.4 Show that the order and absolute value on R agree with those on Q. That is to say,
show the following:
(a) for q,r € Q, ¢ < rif and only if ig(q) < ig(r);
(b) for g € Q, [q| = lig(q)l
(Note that we see clearly here the abuse of notation that follows from using < for

both the order on Z and Q and from using |-| as the absolute value both on Z and Q.
It is expected that the reader can understand where the notational abuse occurs.)

2.2.5 Do the following:



24 2 Real numbers and their properties 06/10/2005

(a) show that if z € Ry satisfies # < 1, then 2% < z for each k € N satisfying k > 2;
(b) show that if z € R.q satisfies > 1, then x¥ > x for each k € N satisfying k > 2.
2.2.6 Show that, for t,s € R, ||t| —|s|| < |t — s|.
2.2.7 Show that if s,t € R satisfy s < ¢, then there exists ¢ € Q such that s < ¢ < t.
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Section 2.3

Sequences in R

In our construction of the real numbers, sequences played a key role, inasmuch as Cauchy
sequences of rational numbers were integral to our definition of real numbers. In this section
we study sequences of real numbers. In particular, in Theorem 2.3.4 we prove the result,
absolutely fundamental in analysis, that R is “complete,” meaning that Cauchy sequences
of real numbers converge.

Do | need to read this section? If you do not already know the material in this section,
then it ought to be read. It is also worth the reader spending some time over the idea that
Cauchy sequences of real numbers converge, as compared to rational numbers where this is
not the case. The same idea will arise in more abstract settings in Chapter II-3, and so it
will pay to understand it well in the simplest case. °

2.3.1 Definitions and properties of sequences

In this section we consider the extension to R of some of the ideas considered in Sec-
tion 2.1.2 concerning sequences in Q. As we shall see, it is via sequences, and other equivalent
properties, that the nature of the difference between @Q and R is spelled out quite clearly.

We begin with definitions, generalising in a trivial way the similar definitions for Q.

Definition (Cauchy sequence, convergent sequence, bounded sequence, monotone se-
quence) Let {z;};en be a sequence in R. The sequence:

(i) is a Cauchy sequence if, for each € € R, there exists N € N such that |x; — z4| <€
for 7,k > N;

(i) converges to sy if, for each € € R, there exists N € N such that |z; — s¢| < € for

Jj=N;

diverges if it does not converge to any element in R;

is bounded abowve if there exists M € R such that z; < M for each j € N;

is bounded below if there exists M € R such that x; > M for each j € N;

is bounded if there exists M € R such that |z;| < M for each j € N;

is monotonically increasing if v, > x; for j € N;

is strictly monotonically increasing if x;., > z; for j € N;

is monotonically decreasing if x;;, < x; for j € N;

is strictly monotonically decreasing if x;,, < x; for j € N. °

Associated with the notion of convergence is the notion of a limit. We also, for conve-

nience, wish to allow sequences with infinite limits. This makes for some rather subtle use
of language, so the reader should pay attention to this.

Definition (Limit of a sequence) Let {z;};en be a sequence.

(i) If {x;}jen converges to sp, then the sequence has sy as a limit, and we write
liquoo X; = Sp.



26 2 Real numbers and their properties 06/10/2005

i) If, for every > 0, there exists N € N such that z; > resp. rp < — or

i) If, f M > 0, th ists N € N such that z; > M M) fi
j > N, then the sequence diverges to oo (resp. diverges to —oo), and we write
lim;_,o x; = 00 (resp. lim;_,o z; = —00);

(iii) If lim; o z; € R, then the limit of the sequence {z,};en exists.

v e limit of the sequence {x;};cy does not exist, does not diverge to oo, or does no

iv) If the limit of th i}ien d t exist, d t di t d t
diverge to —oo, then the sequence is oscillatory. °

The reader can prove in Exercise 2.3.1 that limits, if they exist, are unique.

That convergent sequences are Cauchy, and that Cauchy sequences are bounded follows
in exactly the same manner as the analogous results, stated as Propositions 2.1.13 and 2.1.14,
for Q. Let us state the result here for reference.

2.3.3 Proposition (Cauchy sequences are bounded) If {x;}ien is a Cauchy sequence in R, then
it 15 bounded.

Moreover, what is true for R, and that is not true for Q, is that every Cauchy sequence
converges.

2.3.4 Theorem (Cauchy sequences in R converge) If {x;}ien is a Cauchy sequence in R then
there exists sg € R such that {x;}jen converges to sg.
Proof For j € N choose ¢; € Qs such that |z; — ¢;| < %, this being possible by Proposi-
tion 2.2.16. For € > 0 let Ny € N satisfy |z; — 2| < § for j,k > N;. By Proposition 2.2.14 let
Ny € N satisfy Ny -1 > 4e~!, and let N be the larger of N; and Ny. Then, for j,k > N, we
have

a5 — arl = laj — x5+ xj — xp +ap — ] <oy —g5| + oy — x| + oy — @ < 5+ 5+ <e

Thus {g;};jen is a Cauchy sequence, and so we define so = [{¢;};en]-
Now we show that {g;}jen converges to so. Let € > 0 and take N € N such that |g; — qx| <
5, J,k > N, and rewrite this as
S<qG—qte §<-—qt+qte J. k> N. (2.4)
For jo > N consider the sequence {q; — gj, + €}jen. This is a Cauchy sequence by Propo-
sition 2.2.1. Moreover, by Proposition 2.2.6, [{g¢; — qj, + €}jen] > 0, using the first of the
inequalities in (2.4). Thus we have x — ¢;, + € > 0, or

—€ < T — gjo, Jjo = N.
Arguing similarly, but using the second of the inequalities (2.4), we determine that
T — gjo <€, Jo = N.

This gives |sg — ¢j| < € for j > N, so showing that {¢;};en converges to sg.

Finally, we show that {z;};en converges to sg. Let € > 0 and take N; € N such that
|so — qj| < § for j > Ni. Also choose Nj € N such that N -1 > 2¢~! by Proposition 2.2.14. If
N is the larger of N; and N, then we have

|s0 — ;] = [s0 — g +q; — x5 < [s0 —qj] + a5 — x| < §+ ] <e,
for j > N, so giving the result. |

2.3.5 Remark (Completeness of R) The property of R that Cauchy sequences are convergent
gives, in the more general setting of Section 11-2.1.6, R the property of being complete.
Completeness is an extremely important concept in analysis. °
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2.3.2 Some properties equivalent to the completeness of R

Using the fact that Cauchy sequences converge, it is easy to prove two other important
features of R, both of which seem obvious intuitively.

2.3.6 Theorem (Bounded subsets of R have a least upper bound) If S C R is nonempty and
possesses an upper bound with respect to the standard total order <, then S possesses a least
upper bound with respect to the same total order.

Proof Since S has an upper bound, there exists y € R such that x < y for all z € S. Now
choose some z € S. We then define two sequences {z;}jen and {y;};en recursively as follows:

1. define z; = x and y; = y;

2. suppose that x; and y; have been defined;

3. if there exists z € S with %(xj +y;) < z < yj, take xj41 = z and yj41 = y;;

4. if there is no z € S with 3 (z; +y;) < 2z < y;, take zj11 = 2; and y;11 = 3(z; +y;).

A lemma characterises these sequences.

1 Lemma The sequences {xj}jen and {yj}jen have the following properties:

(i) x; €8 forjeN;

(i) xj41 > xj forjeN;

(iii) yj is an upper bound for S for j € N;

(iv) yi+1 <yj forjeN;

(v) 0<yj—x; < 55(y —x) forj € N.
Proof We prove the result by induction on j. The result is obviously true for = 0. Now
suppose the result true for j € {1,...,k}.

First take the case where there exists z € S with %(ajk +yk) < z < yg, so that xp1 = 2

and yx11 = yi. Clearly 1 € S and yri1 > yx. Since yr > xx by the induction hypotheses,

%(:L“k + yr) > xf giving xx41 = z > x. By the induction hypotheses, yi11 is an upper bound
for S. By definition of xy 1 and yx1,

Yktl — Tpt1 =Yg —2 >0
and
Ykl — Tha1 =Yk — 2 = Yk — 5 Uk — Tk) = 5(Yr — =),

giving yp11 — Tpr1 < #(y — z) by the induction hypotheses.

Now we take the case where there is no z € S with %(l‘] +y;) < z < yj, so that x4 =
and yr41 = %(xk + yg). Clearly zj11 > xp and xpyq € S. If ygp1 were not an upper bound for
S, then there exists a € S such that a > yr11. By the induction hypotheses, y; is an upper
bound for S so a < yi. But this means that %(yk + 1) < a < yg, contradicting our assumption
concerning the nonexistence of z € S with %(SU] +y;) < z <y;. Thus ygy; is an upper bound
for S. Since x; < yi by the induction hypotheses,

Yer1 = 35Uk + 2) < Y-

Also
1
Yk+1 — Th+1 = §(yk — T)

by the induction hypotheses. This completes the proof. v
The following lemma records a useful fact about the sequences {z;};en and {y;};en.

2 Lemma Let {x;j}jen and {y;j}jen be sequences in R satisfying:
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(i) xj41 > x5, j € N;
(i) yir1 < vy, J €N;
(iii) the sequence {y; — Xj}jen converges to 0.
Then {xj}jen and {yj}jen converge, and converge to the same limit.

Proof First we claim that z; < y;, for all j,k € N. Indeed, suppose not. Then there exists
J,k € N such that z; > y;. If IV is the larger of j and k, then we have yny < yp < z; < N
This implies that

xm_ymzxj_ymzxj_yk>07 mZN,

which contradicts the fact that {y; — z;};en converges to zero.
Now, for € > 0 let N € N satisfy |y; — x;| < e for j > N, or, simply, y; —x; < € for j > N.
Now let j,k > N, and suppose that 57 > k. Then

0<zj—a, <z —yr <e

Similarly, if j < k we have 0 < z, — x; < €. In other words, |x; — x| < € for j,k > N.
Thus {z;}en is a Cauchy sequence. In like manner one shows that {y;},en is also a Cauchy
sequence. Therefore, by Theorem 2.3.4, these sequences converge, and let us denote their
limits by s and to, respectively. However, since {z;};en and {y;};en are equivalent Cauchy
sequences in the sense of Definition 2.1.16, it follows that sg = t¢. v

Using Lemma 1 we easily verify that the sequences {z;}cn and {y;};en satisfy the hy-
potheses of Lemma 2. Therefore these sequences converge to a common limit, which we denote
by s. We claim that s is a least upper bound for S. First we show that it is an upper bound.
Suppose that there is x € S such that > s and define € = x — 5. Since {y;} en converges to
s, there exists N € N such that |s — y;| < e for j > N. Then, for j > N,

Yy, —s<e=1x— 5,

implying that y; < x, and so contradicting Lemma 1.

Finally, we need to show that s is a least upper bound. To see this, let b be an upper
bound for S and suppose that b < s. Define e = s —b, and choose N € N such that [s — ;| < e
for j > N. Then

s—z;<e=s5—Db,
implying that b < x; for j > N. This contradicts the fact, from Lemma 1, that z; € S and
that b is an upper bound for S. [ |

As we shall explain more fully in Aside 2.3.8, the least upper bound property of the real
numbers as stated in the preceding theorem is actually equivalent to the completeness of R.
In fact, the least upper bound property forms the basis for an alternative definition of the
real numbers using Dedekind cuts.* Here the idea is that one defines a real number as
being a splitting of the rational numbers into two halves, one corresponding to the rational
numbers less than the real number one is defining, and the other corresponding to the
rational numbers greater than the real number one is defining. Historically, Dedekind cuts
provided the first rigorous construction of the real numbers. We refer to for the details of this
construction. We also comment, as we discuss in Aside 2.3.8, that any construction of the
real numbers with the property of completeness, or an equivalent, will produce something
that is “essentially” the real numbers as we have defined them.

Another consequence of Theorem 2.3.4 is the following.

4After Julius Wihelm Richard Dedekind (1831-1916), the German mathematician, did work in the areas
of analysis, ring theory, and set theory. His rigorous mathematical style has had a strong influence on modern
mathematical presentation.
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Theorem (Bounded, monotonically increasing sequences in R converge) If {x;}ien is a

bounded, monotonically increasing sequence in R, then it converges.
Proof The subset {z;}jen of R has an upper bound, since it is bounded. By Theorem 2.3.6
let b be the least upper bound for this set. We claim that {x;};en converges to b. Indeed, let
e > 0. We claim that there exists some N € N such that b — xxny < € since b is a least upper
bound. Indeed, if there is no such N, then b > z; + € for all j € N and so b — § is an upper
bound for {z;}en that is smaller than b. Now, with N chosen so that b — xny < €, the fact
that {z;}en is monotonically increasing implies that |b — x| < € for j > NN, as desired. |

It turns out that Theorems 2.3.4, 2.3.6 and 2.3.7 are equivalent. But to make sense of this
requires one to step outside the concrete representation we have given for the real numbers
to a more axiomatic one. This can be skipped, so we present it as an aside.

Aside (Complete ordered fields) An ordered field is a field F (see Definition 4.3.1 for the
definition of a field) equipped with a total order satisfying the conditions

l.ifz<ythenx+z<y+zforxy zelF and
2. if 0<z,y then 0 <z -y.

Note that in an ordered field, or in any field, one can define the absolute value exactly as
we have done for Z, Q, and R (although it will not generally have all the properties that
the absolute value has in these special cases). There are many examples of ordered fields,
of which Q and R are two that we have seen. However, if one adds to the conditions for
an ordered field an additional condition, then this turns out to essentially uniquely specify
the set of real numbers. (We say “essentially” since the uniqueness is up to a bijection that
preserves the field structure as well as the order.) This additional structure comes in various
forms, of which three are as stated in Theorems 2.3.4, 2.3.6 and 2.3.7. To be precise, we
have the following theorem.

Theorem If F is an ordered field, then the following statements are equivalent:
(i) every Cauchy sequence converges;
(i) each set possessing an upper bound possesses a least upper bound;

(iii) each bounded, monotonically increasing sequence converges.

We have almost proved this theorem with our arguments above. To see this, note that
in the proof of Theorem 2.3.6 we use the fact that Cauchy sequences converge. Moreover,
the argument can easily be adapted from the special case of R to a general ordered field.
This gives the implication (i) == (ii) in the theorem above. In like manner, the proof of
Theorem 2.3.7 gives the implication (ii) = (iii), since the proof is again easily seen to be
valid for a general ordered field. The argument for the implication (iii) = (i) is outlined in
Exercise 2.3.6. An ordered field satisfying any one of the three equivalent conditions (i), (ii),
and (iii) is called a complete ordered field. Thus there is essentially only one complete
ordered field, and it is R. '

2.3.3 Tests for convergence of sequences

There is generally no algorithmic way, other than checking the definition, to ascertain
when a sequence converges. However, there are a few simple results that are often useful,
and here we state some of these.

Proposition (Squeezing Principle) Let {xj}ien, {yjlien, and {zi}jen be sequences in R
satisfying
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(i) x; <z <yj forall j € N and
Then limj_. z; = a.

Proof Let ¢ > 0 and let N1, N2 € N have the property that [z; —a| < § for j > Ny and
ly; — af < §. Then, for j > max{Ny, Na},

[z —yjl = o —at+a—y| <|zj—al+]y; —al <5,
using the triangle inequality. Then, for j > max{Ny, N2}, we have
[zj —al = |zj —wj +aj — o] <[z — x|+ |zj — o <y; — x|+ |wj —af =€
again using the triangle inequality. |
The next test for convergence of a series is sometimes useful.

2.3.10 Proposition (Ratio Test for sequences) Let {x;}ien be a sequence in R for which
Xj+1

S = a. If a <1 then the sequence {Xj}jen converges to 0, and if o > 1 then the
J

limj_m
sequence {X;}jen diverges.
Proof For o < 1, define 3 = %(a +1). Then a < 8 < 1. Now take N € N such that

.
=5 = o] <i=a), >N

T
This implies that
xj+1’
Ay Yl
Now, for j > N, ‘

|25 < Blaja] < B |wja| <o < BNV oy

Clearly the sequence {z;} en converges to 0 if and only if the sequence obtained by replacing
the first NV terms by 0 also converges to 0. If this latter sequence is denoted by {y;}; en, then

we have .
N :
0<y; < Wﬁj
The sequence {%ﬁj }jen converges to 0 since § < 1, and so this part of the result follows
from the Squeezing Principle.

For a > 1, there exists N € N such that, for all j > N, z; # 0. Consider the sequence
{y;}jen which is 0 for the first N terms, and satisfies y; = xj_l for the remaining terms. We
then have ‘%\ < a™! < 1, and so, from the first part of the proof, the sequence {y;};en
converges to 0. Thus the sequence {|y;|}jen converges to oo, which prohibits the sequence
{y;}jen from converging. [

In Exercise 2.3.4 the reader can explore the various possibilities for the ratio test when
im0 | 22 = 1.

2.3.4 lim sup and lim inf

Associated with the least upper bound property of R is a useful notion that weakens the
usual idea of convergence. We recall from Definition 1.5.11 the notation sup S and inf S for
the least upper bound and greatest lower bound, respectively, associated to a partial order.
In order for us to make a sensible definition, we first prove a simple result.
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2.3.11 Proposition For any sequence {x;}ien in R, the limits
Jim (sup {x; | j=N}),  Jim (inf {x;| j=N})

exist, diverge to oo, or diverge to —oo.
Proof Note that the sequences {sup{xz; | j > N}}nen and {inf{x; | j > N}}yen in R are
monotonically decreasing and monotonically increasing, respectively, with respect to the natu-
ral order on R. Moreover, note that a monotonically increasing sequence in R is either bounded
by some element of R, or it is not. If the sequence is upper bounded by some element of R, then
by Theorem 2.3.7 it either converges or is the sequence {—00}jen. If it is not bounded by some
element in R, then either it diverges to oo, or it is the sequence {00} jen (this second case can-
not arise in the specific case of the monotonically increasing sequence {sup {z; | j > N}}nen.
In all cases, the limit limy_,oo(sup {z; | j > N}) exists or diverges to oco. A similar argument
for holds for imy_,oo(inf {z; | j > N}). |

2.3.12 Definition (lim sup and lim inf) For a sequence {z,};en in R denote
liﬁgpxj = ]\}Elloo(sup{xj | j> N}),
liminfz; = A}iinoo(inf{xj | j> N}) .

J]—00

Before we get to characterising limsup and lim inf, we give some examples to illustrate
all the cases that can arise.

2.3.13 Examples (lim sup and lim inf)
1. Consider the sequence {r; = (—1)7};en. Here we have limsup, . z; = 1 and
liminf; . 2; = —1.

Consider the sequence {r; = j}jen. Here limsup, ., z; = liminf; .., = oo.

3. Consider the sequence {r; = —j}jen. Here limsup,_  x; = liminf; . = —oc0.
Define
j, J even,
[I)j = .
0, J odd.
We then have limsup;_,,, ¥; = oo and liminf; .. z; = 0.
5. Define
—7, J even,
Ij = .
0, 7 odd.
We then have limsup,_,, ; =0 and liminf; ., = —oc.
6. Define
7 j even,
Tj = .
—7, 7 odd.
We then have limsup;_,, ¥; = oo and liminf; .., = —oc. °

There are many ways to characterise lim sup and lim inf, and we shall indicate but a few
of these.

2.3.14 Proposition (Characterisation of lim sup) For a sequence {xj}ieny in R and a € R, the
following statements are equivalent:
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(i) a = limsup;_, x;;
(i) o =1inf {sup{x; | j >k} | ke N},
(iii) for each € > 0 the following statements hold:
(a) there exists N € N such that x; < o+ € for all j > N;
(b) for an infinite number of j € N it holds that x; > o — €.

Proof (i) <= (ii) Let y, =sup{x; | j > k} and note that the sequence {y }ren is monoton-
ically decreasing. Therefore, the sequence {yx }ren converges if and only if it is lower bounded.
Moreover, if it converges, it converges to inf{yy }ren. Putting this all together gives the desired
implications.

(i) = (iii) Let yx be as in the preceding part of the proof. Since limy_ . yx = «, for
each € > 0 there exists N € N such that |y, —a| < € for K > N. In particular, yy < o + €.
Therefore, x; < a+ € for all j > N, so (iiia) holds. We also claim that, for every ¢ > 0 and
for every N € N, there exists j > N such that z; > yy — €. Indeed, if z; < yy — € for every
J > N, then this contradicts the definition of yy. Since yy > o we have z; > yv —e > o — ¢
for some j. Since N is arbitrary, (iiib) holds.

(iii) = (i) Condition (iiia) means that there exists N € N such that y; < « + € for all
k > N. Condition (iiib) implies that yx > « — € for all £ € N. Combining these conclusions
shows that limyg_ . yr = «, as desired. |

The corresponding result for liminf is the following. The proof follows in the same
manner as the result for lim sup.

2.3.15 Proposition (Characterisation of liminf) For a sequence {xj}ieny in R and o € R, the
following statements are equivalent:

(i) a =liminf;_ . x;;
(i) o =sup {inf{x; | j>k}| ke N};
(iii) for each € > 0 the following statements hold:
(a) there exists N € N such that x; > a — € for all j > N;
(b) for an infinite number of j € N it holds that x; < o + €.

Finally, we characterise the relationship between lim sup, lim inf, and lim.

2.3.16 Proposition (Relationship between lim sup, liminf, and lim) For a sequence {X;}jen
and sog € R, the following statements are equivalent:
(I) llmj_,oo Xy = Sp;
(i) limsup;_, . xj = liminfj_, xj = so.
Proof (i) = (ii) Let € > 0 and take N € N such that |z; — so| < € for all j > N. Then
xj < 5o+ € and x; > sp — € for all 5 > N. The current implication now follows from
Propositions 2.3.14 and 2.3.15.
(i) = (i) Let ¢ > 0. By Propositions 2.3.14 and 2.3.15 there exists Ny, N2 € N such that
xj —sg < € for j > Ny and so — zj < € for j > Ny. Thus |z; — so| < € for j > max{Ni, Na},
giving this implication. |

2.3.5 Multiple sequences

It will be sometimes useful for us to be able to consider sequences indexed, not by a single
index, but by multiple indices. We consider the case here of two indices, and extensions to
more indices are done by induction.
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2.3.17 Definition (Double sequence) A double sequence in R is a family of elements of R

indexed by N x N. We denote a double sequence by {x;x};ren, where x4 is the image of
(7,k) e Nx Nin R. °

It is not a prior: obvious what it might mean for a double sequence to converge, so we
should carefully say what this means.

2.3.18 Definition (Convergence of double sequences) Let so € R. A double sequence {z i} ren:

(i) converges to so, and we write lim; ;. j; = so, if, for each € > 0, there exists N € N
such that sy — ;x| < € for j,k > N;

(ii) has sg as a limit if it converges to so.

(iii) is convergent if it converges to some member of R;
(iv)

(v)

diverges if it does not converge;

diverges to oo (resp. diverges to —oo), and we write lim;; .oz = 00
(resp. lim; o0 xjp = —00) if, for each M > 0, there exists N € N such that z;, > M
(resp. z;, < —M) for j, k > N;

(vi) has a limit that exists if lim; . z;; € R;

(vii) is oscillatory if the limit of the sequence does not exist, does not diverge to oo, or

does not diverge to —oc. °

Note that the definition of convergence requires that one check both indices at the same
time. Indeed, if one thinks, as it is useful to do, of a double sequence as assigning a real
number to each point in an infinite grid defined by the set N x N, convergence means that
the values on the grid can be made arbitrarily small outside a sufficiently large square (see
Figure 2.1). It is useful, however, to have means of computing limits of double sequences by

Figure 2.1 Convergence of a double sequence: by choosing the
square large enough, the values at the unshaded grid points
can be arbitrarily close to the limit

computing limits of sequences in the usual sense. Our next results are devoted to this.

2.3.19 Proposition (Computation of limits of double sequences 1) Suppose that for the double
sequence {Xjx}jxen it holds that

(i) the double sequence is convergent and

(ii) for each j € N, the limit limy_, Xjic exists.
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Then the limit im;_ o (limy_~ Xjx) exists and is equal to lim; o Xjk.
Proof Let sy = lim; ;oo 2 and denote s; = limy_.oc Tk, J € N. For € > 0 take NV € N such
that |z, — so| < § for j,k > N. Also take N; € N such that |z, —s;| < § for k¥ > N;. Next
take j > N and let k& > max{N, N;}. We then have

|sj = sol = [sj — @ + x50 — s < |sj — @jel + |50 — s0 <e,
using the triangle inequality. |
Proposition (Computation of limits of double sequences Il) Suppose that for the double
sequence {Xjx}jxen it holds that
(i) the double sequence is convergent,
(ii) for each j € N, the limit limy_, x;c exists, and
(iii) for each k € N, the limit lim;_.o X exists.

Then the limits lm; o (limy oo X5c) and limg oo (limj xj) ezist and are equal to
hmj’kﬂoo Xjk-
Proof This follows from two applications of Proposition 2.3.19. |

Let us give some examples that illustrate the idea of convergence of a double sequence.

Examples (Double sequences)

1. It is easy to check that the double sequence {jﬁ}j,keN converges to 0. Indeed, for € > 0,
if we take N € N such that ﬁ < ¢, it follows that ]ﬁ < efor j k> N.

2. The double sequence {;]ﬂ} jken does not converge. Tq see this we should find € > Osuch
that, for any N € N, there exists j,k > N for which ]jﬂ > €. Take e = % and let V € N,
Then, if j,k > N satisfy j > 2k, we have Ji—k > €.
Note that for this sequence, the limits lim;_, ., j]ﬂ and limg_, o ]]ﬂ exist for each fixed k
and 7, respectively. This cautions about trying to use these limits to infer convergence
of the double sequence.

3. The double sequence {(_Tl)j}j,keN is easily seen to converge to 0. However, the limit
(=1

lim;_., *—*- does not exist for any fixed k. Therefore, one needs condition (ii) in Propo-
sition 2.3.19 and conditions (ii) and (jii) in Proposition 2.3.20 in order for the results to
be valid. °

2.3.6 Algebraic operations on sequences

It is of frequent interest to add, multiply, or divide sequences and series. In such cases,
one would like to ensure that convergence of the sequences or series is sufficient to ensure
convergence of the sum, product, or quotient. In this section we address this matter.

Proposition (Algebraic operations on sequences) Let {x;}ien and {yj}ien be sequences
converging to sy and to, respectively, and let o € R. Then the following statements hold:

i) the sequence {ax;}ien converges to asy;

S 9
(i) the sequence {x;+ yj}jen converges to sy + to;
(iii) the sequence {x;y;}ien converges to soto;

iv) if, for all j € N, yv; # 0 and if sy # 0, then the sequence {2 }ien converges to 2.
j y; to
J
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Proof (i) Let € > 0 and choose N € N such that |z; — so| < ra7- Then, for j > N,
laxj — aso| = |af |xj — so| < e.
(ii) Let € > 0 and take Ny, N2 € N such that
|z —sol <5, J =N, ly; —to] <5, J=No.
Then, for j > max{Ny, N2},
|2+ yj = (s +to)| < |zj = sol +[yj —to| = ¢,

using the triangle inequality.
(iii) Let € > 0 and define Ny, N2, N3 € N such that

lzj—sol <1,  j=Ni, = |zj|<lsol+1,  j=>DN,
€

;i — So| < =, ) > No,

sl < gy 12
€

F—to| < =————, | > No.

|Z/J ol 2(’30‘+1) J = N2

Then, for j > max{Ny, No, N3},

|xjyj — 80t0| = |1‘jyj — l’jto + l’jto — 80t0|
= |z;(y; — to) + toz; — s0)|
< |@;lly; —to| + [tol |z; — sol

< (Isol + 1) + (ol + D gy

€
2(|sol + 1)

(iv) It suffices using part (iii) to consider the case where z; = 1, j € N. For € > 0 take
Ni.Ns € N such that

o]

yi—tol <55 =N = yl>5 =M,
2
to|” €
gy — to] < | 2‘ T\

Then, for j > max{Ny, Na},

1Lt Mofe2 1,

yi o yjto 2 ltol [to]
as desired. .

As we saw in the statement of Proposition 2.2.1, the restriction in part (iv) that y; # 0
for all j € N is not a real restriction. The salient restriction is that the sequence {y;};en not
converge to 0.

2.3.7 Convergence using more general index sets

Improve this

Up to this point in this section we have talked about convergence of sequences. However,
in practice it is often useful to take limits of more general objects where the index set is
not N, but a subset of R. This will be particularly useful when considering the relationships
between limits and functions. Therefore, in this section we indicate how one can do this. As
we shall see, this more general notion of convergence can be reduced to standard convergence
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of sequences. We comment that the setup in this section can be generalised by the notion
of a net, and we refer the reader to for details.

We shall introduce a slight logical inconsistency in our presentation at this point by
supposing the reader to be familiar with the notion of an interval, and the notation used for
intervals. For the (presumably few) readers not familiar with this, we refer to Section 2.5.1,
and particularly Example 2.5.3.

Our objective is to understand what is meant by an expression like lim,_., ¢(a), where
¢: A — Ris amap from a subset A of R to R. We will be interested in subsets A of a rather
specific form. Specifically, we will be interested in sets A having one of the following forms:

1. A is an interval that is unbounded on the left and equipped with the partial order
=2

2. A is an interval unbounded on the right and equipped with the partial order < = <;

3. A is an interval not containing a, but for which inf A = a, and equipped with the
partial order < = >;

4. A is an interval not containing a, but for which sup A = a, and equipped with the
partial order <X = <;

5. A is the union of two intervals I; and I,., neither of which contains a, but which satisfy
sup [; = a and inf I, = a, and equipped with the partial order < defined by = =< y if
[z —al < |y —al.

In Figure 2.2 we depict the various sets A that we consider.

to —o0 to oo

a
O
O

Q0

Figure 2.2 The five kinds of R-directed sets

Let us give a definition that encodes the preceding constructions.

Definition (R-directed set) A pair (A, <) of the form of one of the preceding five cases is
a R-directed set. °

The language here mirrors the more general notion of a directed set that will be intro-
duced in . Note that, like (N, <), a R-directed set has the property that it is a partially
ordered set with no upper bound. We next wish to generalise to R-directed sets the idea of
a sequence.

Definition (R-net) Let (A, <) be a R-directed set and let S be a set. A R-met in S on
(A, =) isamap ¢: A — R. o

The idea is a clear generalisation of a sequence, which is just a map whose domain is N.
The final part of the generalisation concerns convergence of R-nets. This is a straightforward
generalisation of convergence of sequences.

what?
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2.3.25 Definition (Convergence in R-nets) Let (A, <) be a R-directed set and let sy € R. A net
¢: A — Rin R defined on (A4, <):
(i) converges to sy, and we write limgea ¢(x) = s, if, for any € > 0 there exists y € A
such that |¢p(x) — so| < € for y < z;
(ii) has s¢ as a limit if it converges to so;

)
(iii)
(iv)
(v)

is convergent if it converges to some member of R;

diverges if it does not converge;

diverges to oo (resp. diverges to —oo), and we write limgcy d(x) = o0
(resp. limgea ¢(x) = —o0) if, for each M > 0, there exists y € A such that ¢(x) > M
(resp. ¢(x) < —M) for y < x;

(vi) has a limit that exists if lim,cs € R;

(vii) is oscillatory of the limit of the sequence does not exist, does not diverge to oo, or
does not diverge to —oo. °

Now we come to the real point of this discussion which is to make precise some familiar
notation. For the five sorts of R-directed sets listed above, we introduce the following
notation, where the order here follows the order above.

If : A — Ris a R-net in R of the first sort, then we write lim, ., ¢(x) for lim,ec4 ¢(x).
If : A — Ris aR-net in R of the second sort, then we write lim,_.., ¢(x) for lim,ec4 ¢(x).
If : A — R is a R-net in R of the third sort, then we write lim, |, ¢(x) for lim,ec4 ¢(x).
If : A — R is a R-net in R of the first sort, then we write lim,, ¢(z) for lim,ea ¢(z).

If p: A — R is a R-net in R of the first sort, then we write lim,_., ¢(z) for lim,e 4 ¢(z).
It will also be convenient to adopt language that will allow for either of the possibilities
limyqq ¢(z), lim, |, ¢(x), or lim,_,, ¢(x), depending on the character of the set A in question.
For example, if a = 0, then we might have A = [—b,0) (in which case we would want
lim,1o ¢(x)), we might have A = (0,b] (in which case we would want lim, o ¢(z)), or we

might have A = [—b,0) U (0, b] (in which case we would want lim, o ¢(z). To allow for any
of these possibilities, we shall adopt the following notation.

ok W=

2.3.26 Notation (Limit in an interval) Let / C R be an interval, let ¢: I — R be a map, and let
a € I. We define lim,_,,, ¢(z) by

(i) lim,—,q () = limyy, ¢(2) if a =sup !,
(i) lim, o ¢(z) = lim, |, ¢(z) if a = inf I, and
(iii) lim,_,,, ¢(x) = lim,_,, ¢(z) otherwise. .
We expect that most readers will be familiar with this notation, but here we merely give

it a precise meaning. Let us also give the notation a precise characterisation in terms of
limits of sequences.

2.3.27 Proposition (Convergence in R-nets in terms of sequences) Let (A, <) be a R-directed
set and let ¢: A — R be a R-net in R on (A, =X). Then, depending on which of the five
forms is taken by A, one of the following five statements holds.

(i) For (A, =) of the first sort, the following statements are equivalent:
(a) limy .o P(X) = so;
(b) lim;_.o P(x3) = so for every sequence {X;}tien in A satisfying lim; . x; = —o0.

(ii) For (A, =X) of the second sort, the following statements are equivalent:
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(a) limy o @(x) = s,
(b) lim;_,o ¢(x;) = so for every sequence {x;}tien in A satisfying lim;_.., x; = oo.

(iii) For (A, =) of the third sort, the following statements are equivalent:
(a) limy |, ¢(x) = sp;
(b) lim;_.o. ¢(x;) = so for every sequence {X;}ien in A satisfying lim;_. x; = a.

(iv) For (A, =) of the first sort, the following statements are equivalent:

(a) limypa ¢(x) = so;
(b) lim;_.o ¢(x3) = so for every sequence {X;j}ien in A satisfying lim; .. x; = a.

(v) For (A, =) of the first sort, the following statements are equivalent:

(a) limy ., &(X) = so;

(b) limj_ ¢(x;) = so for every sequence {x;}jen in A satisfying lim;_. x; = a.
Proof These are all proved in essentially the same way, so let us prove just, say, the fourth
part.

First suppose that lim,|, ¢(x) = so, and let {z;},en be a sequence in A converging to a.
Let € > 0 and choose y € A such that |¢(x) — so| < € whenever y < z. Then there exists N € N
such that y < x; for all j € N. Clearly, |¢(x;) — so| < €, so giving convergence of {¢(x;)} en
to s for every sequence {z;};cn in A converging to a.

Now let {z;}jcn be a sequence in A converging to a, and suppose that {¢(z;)}jen does
not converge to sg. Then there exists € > 0 such that, for any N € N, there exists j > N
for which |¢(z;) — so| > €. Therefore, for any § > 0 there exists z € B(d,a) N A such that
|¢(x) — so| > €. This clearly prohibits having lim,, ¢(x) = so. [ |

Y

is replaced with “diver-
7 We leave the precise

Of course, similar conclusions hold when “convergence to sy’
convergence to —oo,” or “oscillatory.

PR EN14

gence,” “convergence to oo,
statements to the reader.
Let us give some examples to illustrate that this is all really nothing new.

bR

2.3.28 Examples (Convergence in nets)

1. Consider the R-directed set ([0, 00), <) and the corresponding R-net ¢ defined by ¢(z) =
L. This R-net then converges to 0. Let us verify this using the formal definition of

1422
convergence of a R-net. For ¢ > 0 choose y > 0 such that y? = % > %— 1. Then, ify < z,
we have ]
—0| < < €,
‘ 1+ 22 ‘ 1442

giving convergence to lim, .., ¢(z) = 0 as stated.

2. Next consider the R-directed set ((0,1],>) and the corresponding R-net ¢ defined by
¢(x) = sinl. We claim that this R-net converges to 0. To see this, let ¢ > 0 and let

y < € with y > 0. Then we have, for y > z,
‘xsin%—0’2x§y<e,

giving lim, | ¢(z) = 0 as desired.

3. Consider the R-directed set ([0,00), <) and the associated R-net ¢ defined by ¢(z) = z.
In this case we have lim, ., ¢(x) = occ.

4. Consider the R-directed set ([0,00), <) and the associated R-net ¢ defined by ¢(x) =
zsinz. In this case, due to the oscillatory nature of sin, lim, ., ¢(x) does not exist, nor
does it diverge to either oo or —oc.
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5. Take the R-directed set (A =R\ {0}, <) where < is defined by <y if |z| < |y|]. In A
define the R-net ¢ by ¢(z) = z. Clearly, lim, o ¢(x) = 0. o

There are also generalisations of lim sup and lim inf to nets. We let (A4, <) be a R-directed
set and let ¢: A — R be a R-net in R defined on this R-directed set. We write

limesAup o(x) = ;lrier%(sup {o(y) | =z =y})

and
liminf ¢(z) = lim(inf {¢(y) | = =y}).

These allow us to talk of limits in cases where limits in the usual sense to not exist. Let us
consider this via an example.

Example We consider the R-directed set ([0,00),<) and let ¢ be the R-net defined by
¢(x) = ™" +sinz.” We claim that lim sup,c(g ) #(z) = 1 and that lim inf,ef o0y ¢(2) = —1.
Let us prove the first claim, and leave the second as an exercise. Let € > 0 and take y > Ine.
We then have

sup{fe @ +sinz | y<az}=sup{e *+1| y<z}<1l+e

as desired. °

Exercises
2.3.1 Show that if {z;};ey is a sequence in R and if lim; . z; = zo and lim;_,. x; = x,
then xy = zJ,.
2.3.2 Answer the following questions:

(a) find a subset S C Q that possesses an upper bound in @, but which has no least
element;

(b) find a bounded monotonic sequence in Q that does not converge in Q.
2.3.3 For A, B C R, show that

sup{z+y| €A, ye€ B} <supA+supB

and
inf{z+y| x€A, ye B} >supA+supB
2.3.4 Do the following.

(a) Find a sequence {z;};en for which lim;_.|“*| = 1 and which converges in R.

zj

(b) Find a sequence {x;};en for which lim;_.|“2| = 1 and which diverges to cc.
J

(c) Find a sequence {x;};en for which lim;_..|*2| = 1 and which diverges to —oo.
J

(d) Find a sequence {x;};en for which lim; .|***| =1 and which is oscillatory.

2.35

In the next exercise you will show that the property that a bounded, monotonically increasing
sequence converges implies that Cauchy sequences converge. This completes the argument

needed to prove the theorem stated in Aside 2.3.8 concerning characterisations of complete
ordered fields.

SWe have not yet defined e~ or sinx. The reader who is unable to go on without knowing what these
functions really are can skip ahead to Section 3.10.

simple exercise on
limits
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2.3.6 Assume that every bounded, monotonically increasing sequence in R converges, and
using this show that every Cauchy sequence in R converges using an argument as
follows.

1.
2.

Let {z;},en be a Cauchy sequence.

Let Iy = [a,b] be an interval that contains all elements of {z;},eny (why is this
possible?)

Split [a, b] into two equal length closed intervals, and argue that in at least one of
these there is an infinite number of points from the sequence. Call this interval
I, and let Ty, € {xj}jGN N 1.

. Repeat the process for I; to find an interval Is which contains an infinite number

of points from the sequence. Let x4, € {x;};en N Lo.

Carry on doing this to arrive at a sequence {w, }jen of points in R and a sequence
{L; }jen.

Argue that the sequence of left endpoints of the intervals {I,};ey is a bounded
monotonically increasing sequence, and that the sequence of right endpoints is a
bounded monotonically decreasing sequence. and so both converge.

Show that they converge to the same number, and that the sequence {xy, }jen
also converges to this limit.

Show that the sequence {z;};en converges to this limit.
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Section 2.4

Series in R

From a sequence {z;};cr in R, one can consider, in principle, the infinite sum »22, x;.
Of course, such a sum a priori makes no sense. However, as we shall see in Chapter Ill-2,
such infinite sums are important for characterising certain discrete-time signal spaces. In
this section we outline some of the principle properties of these sums.

Do | need to read this section? Most readers will probably have seen much of the material
in this section in their introductory calculus course. What might be new for some readers
is the fairly careful discussion in Theorem 2.4.5 of the difference between convergence and
absolute convergence of series. Since absolute convergence will be of importance to us, it
might be worth understanding in what ways it is different from convergence. The material
in Section 2.4.7 can be regarded as optional until it is needed during the course of reading
other material in the text. °

2.4.1 Definitions and properties of series

A series in R is an expression of the form
o
S=> =
J=1

where z; € R. Of course, a series is meaningless as an element of R unless it possesses
additional features. For example, if ; = 1, 7 € N, then the sum is infinite. Also, if
z; = (=1)7, j € N, then it is not clear what the sum is: perhaps it is 0 or perhaps it is
1. Therefore, we need some sort of condition placed on a series if it is to represent a real
number.

Definition (Convergence and absolute convergence of series) Let {z;},cy be a sequence
in R and consider the series o
=1

The corresponding sequence of partial sums is the sequence {Sk}ren defined by

k
j=1

Let sg € R. The series:
(i) converges to sg, and we write 2721 Tj = sp, if the sequence of partial sums converges
to Sp;
(i) has s as a limat if it converges to so;
(iii) is convergent if it converges to some member of R;
(iv) converges absolutely, or is absolutely convergent, if the series

e}

>l

j=1

converges,
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(v) converges conditionally, or is conditionally convergent, if it is convergent, but
not absolutely convergent;

(vi) diverges if it does not converge;
(vii) diverges to oo (resp. diverges to —oo), and we write 3252, x; = oo (resp. Y52, 7 =
—00), if the sequence of partial sums diverges to oo (resp. diverges to —oo);
(viii) has a limit that exists if lim; . z; € R;
(ix) is oscillatory if the sequence of partial sums is oscillatory. .

Let us consider some examples of series in R.

2.4.2 Examples (Series in R)

1. First we consider the geometric series 372, 277! for z € R. We claim that this series
converges if and only if |z| < 1. To prove this we claim that the sequence {Sk}ren of

partial sums is defined by
gkl
-l ot

k, r=1.

The conclusion is obvious for x = 1, so we can suppose that = # 1. The conclusion is
obvious for k = 1, so suppose it true for j € {1,... k}. Then

k41 1 — gl gkl opkd2 L) gkl k2
Sk41 = Z zl = gF = = ,
= 1—=x 1—2 1—=x
as desired. It is clear, then, that if x = 1 then the series diverges to oo. If z = —1 then

the series is directly checked to be oscillatory; the sequence of partial sumsis {1,0,1,... }.

For > 1 we have
1 — ghtl

lim S, = lim ——— = oo,
k—oo k—oo 1 —2x

showing that the series diverges to co in this case. For z < —1 it is easy to see that
the sequence of partial sums is oscillatory, but increasing in magnitude. This leaves the
case when |z| < 1. Here, since the sequence {z**1},cn converges to zero, the sequence of
partial sums also converges, and converges to ﬁ (We have used the results concerning
the swapping of limits with algebraic operations as described in Section 2.3.6.)

2. We claim that the series > 7%, % diverges to oo. To show that, we show that the sequence

{Sk}ren is not upper bounded. To show this, we shall show that S, > 1 + %k for
all £ € N. This is true directly when £ = 1. Next suppose that Sy > 1 + %j for
j€{l,...,k}. Then

1 1 1
SZIH-l:Szk+2k+1+2k+2+"'+ﬁ
> 1 1k 1 1
214 ok+ oo+ F
2k terms
1 2k 1
:1+§k+2k+1:1+§(k+1).

Thus the sequence of partial sums is indeed unbounded, and since it is monotonically
increasing, it diverges to oo, as we first claimed.
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3. We claim that the series S = 372, (_IJLH converges. To see this, we claim that, for any
m € N, we have
Sp <S8y < <S89 <891 <0 <53 <5

That Sy, < Sy < ... < S)y,, follows since Sop, — Sop_o = ﬁ — i > (0 for k € N. That
Som < Sopm—1 follows since Si,,—1 — Soym = ﬁ Finally, So,,-1 < -+ < 53 < 5 since
Sokp_1 — Sopy1 = i — ﬁ > 0 for k € N. Thus the sequences {Sa }ren and {Sox—1}ren
are monotonically increasing and monotonically decreasing, respectively, and their talks
are getting closer and closer together since lim,,, ..o So;_1 — Som = ﬁ = 0. By Lemma 2
from the proof of Theorem 2.3.6, it follows that the sequences {Sax }ren and {Saox_1}ren
converge and converge to the same limit. Therefore, the sequence {Si }reny converges as
well to the same limit. One can moreover show that the limit of the series is In 2, where

In denotes the natural logarithm.
Note that we have now shown that the series 3272, Pljiﬂ converges, but does not converge
absolutely; therefore, it is conditionally convergent.

4. We next consider the harmonic series 3272, j ~k for k € Ny. For k = 1 this agrees with

our example of part 2. We claim that this series converges if and only if £ > 1. We have
already considered the case of k = 1. For k < 1 we have ;7% > j~! for j € N. Therefore,

e e}

Y it =00,
j=1

J=1

showing that the series diverges to oco.

For k > 1 we note that the sequence of partial sums is monotonically increasing. Thus,
so show convergence of the series it suffices by Theorem 2.3.7 to show that the sequence
of partial sums is bounded above. Let N € N and take j € N such that N < 279 — 1.
Then the Nth partial sum satisfies

1 1 1
SNSSQj_lzl—i‘?‘f’?"‘""Fm
(L1 1 1 1 1
- *(w*%)*(@+'“+7k)+<<zj—1>k+“'+@j_m)
2 terms 4 terms 29—1 terms
2 4 271
<1+?+47+“'+W

1 1 \2 1\t
=gt () o ()

Now we note that the last expression on the right-hand side is bounded above by the sum

;‘;1(2’“*1)3'*1, which is a convergent geometric series as we saw in part 1. This shows
that Sy is bounded above by this sum for all N, so showing that the harmonic series
converges for k > 1.

5. The series Z;‘;l(—l)jﬂ does not converge, and also does not diverge to co or —oo.
Therefore, it is oscillatory. °

Let us next explore relationships between the various notions of convergence. First we
relate the notions of convergence and absolute convergence in the only possible way, given
j+1
that the series 37,4 % has been shown to be convergent, but not absolutely convergent.
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2.4.3 Proposition (Absolutely convergent series are convergent) If a series 221X 18 absolutely
convergent, then it is convergent.
Proof Denote

k k
Sk:ZZ‘j, Uk:Z’ij‘,
=1 i=1

and note that {ox}ren is a Cauchy sequence since the series Z;‘;l x; is absolutely convergent.
Thus let € > 0 and choose N € N such that |0 — 07| < € for k,1 > N. For m > k we then have

m m
s = skl = | D @[ < Y Jasl = lom — ol <,
j=k+1 j=k+1

where we have used Exercise 2.4.3. Thus, for m > k > N we have |s,, — si| < €, showing that
{sk}ren is a Cauchy sequence, and so convergent by Theorem 2.3.4. |

The following result is often useful.

2.4.4 Proposition (Swapping summation and absolute value) For a sequence {x;}ien, if the
series S = 321 X; is absolutely convergent, then

o
Xj S Z |Xj| .
=1 i=1
Proof Define
m m
S,,ln:’zxj, STQRZZLT}”, m € N.
j=1 j=1

By Exercise 2.4.3 we have S} < S2 for each m € N. Moreover, by Proposition 2.4.3 the
sequences {S! }nen and {52 },,en converge. It is then clear (why?) that

lim S! < lim S2
m—oo T mSoo T

which is the result. [ |

It is not immediately clear on a first encounter why the notion of absolute convergence
is useful. However, as we shall see in Chapter IlI-2, it is the notion of absolute convergence
that will be of most use to us in our characterisation of discrete signal spaces. The following
result indicates why mere convergence of a series is perhaps not as nice a notion as one would

improve proof like, and that absolute convergence is in some sense better behaved.

2.4.5 Theorem (Convergence and rearrangement of series) For a series S = 32, xj, the
following statements hold:

(i) if S is conditionally convergent then, for any sy € R, there ezists a bijection ¢: N — N
such that the series Sy = D21 Xg(j) converges 1o so;

(ii) if S is conditionally convergent then there exists a bijection ¢: N — N such that the
series Sy = 3721 Xg(j) diverges to 0o;

(iii) if S is conditionally convergent then there ezists a bijection ¢: N — N such that the
series Sy = 3721 Xg(j) diverges to —oo;

(iv) if S is conditionally convergent then there exists a bijection ¢: N — N such that the
limit of the partial sums for the series Sy = 33721 Xg(5) 15 oscillating;

(v) if S is absolutely convergent then, for any bijection ¢: N — N, the series S, =
221 Xg(j) converges to the same limit as the series S.
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Proof We shall be fairly “descriptive” concerning the first four parts of the proof. More
precise arguments can be tediously fabricated from the ideas given. We shall use the fact,
given as Exercise 2.4.1, that if a series is conditionally convergent, then the two series formed
by the positive terms and the negative terms diverge.

(i) First of all, rearrange the terms in the series so that the positive terms are arranged in
decreasing order, and the negative terms are arranged in increasing order. We suppose that
sg > 0, as a similar argument can be fabricated when sy < 0. Take as the first elements of
the rearranged sequence the enough of the first few positive terms in the sequence so that
their sum exceeds sg. As the next terms, take enough of the first few negative terms in the
series such that their sum, combined with the already chosen positive terms, is less than sg.
Now repeat this process. Because the series was initially rearranged so that the positive and
negative terms are in descending and ascending order, respectively, one can show that the
construction we have given yields a sequence of partial sums that starts greater than sg, then
monotonically decreases to a value less than sg, then monotonically increases to a value greater
than sg, and so on. Moreover, at the end of each step, the values get closer to sy since the
sequence of positive and negative terms both converge to zero. An argument like that used in
the proof of Proposition 2.3.9 can then be used to show that the resulting sequence of partial
sums converges to sq.

(ii) To get the suitable rearrangement, proceed as follows. Partition the negative terms
in the sequence into disjoint finite sets Sj_ , J € N. Now partition the positive terms in the
sequence as follows. Define Si™ to be the first Vi positive terms in the sequence, where Ny is
sufficiently large that the sum of the elements of Sf exceeds by at least 1 in absolute value the
sum of the elements from S; . This is possible since the series of positive terms in the sequence
diverges to co. Now define Sy by taking the next No positive terms in the sequence so that
the sum of the elements of S5 exceeds by at least 1 in absolute value the sum of the elements
from S5 . Continue in this way, defining S; , S5, .... The rearrangement of the terms in the
series is then made by taking the first collection of terms to be the elements of S7, the second
collection to be the elements of Sy, the third collection to be the elements of Sy, and so on.
One can verify that the resulting sequence of partial sums diverges to co.

(iii) The argument here is entirely similar to the previous case.

(iv) This result follows from part (i) in the following way. Choose an oscillating sequence
{y;j}jen. For y;, by part (i) one can find a finite number of terms from the original series
whose sum is as close as desired to y;. These will form the first terms in the rearranged series.
Next, the same argument can be applied to the remaining elements of the series to yield a
finite number of terms in the series that are as close as desired to y2. One carries on in this
way, noting that since the sequence {y;};ecn is oscillating, so too will be the sequence of partial
sums for the rearranged series.

(v) Let y; = wy(j) for j € N. Then define sequences {x;r}jeN, {x;}jeN, {y;.r}jeN, and

{y]_ }jeN by

x;r = max{x;,0}, T; = max{—xz;,0}, y;r = max{y;,0}, y; = max{—y;, 0}, j €N,

noting that |z;| = rnaux{nr:j_,w;-F

follows that the series

(e} o o0 o
St=Yoaf ST =Y, =Dl S;=Dy
j=1 j J=1 J=1

Jj=1

} and |y;| = max{yj_,y;'} for j € N. By Proposition 2.4.8 it

converge. We claim that for each k € N we have

o0
21y <2y

=1 =1
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To see this, we need only note that there exists N € N such that

{zii»7“‘7xz} C {yii»7"'7y7\}}'

With N having this property,

as desired. Therefore,

This then gives
[e e} o0 o0 o0 o0 o0
R + _ - _ + _ - .
Z%—Zyj Zyj —Z%‘ Z%‘ =>
j=1 j=1 j=1 j=1 j=1 j=1
as desired. ]

The theorem says, roughly, that absolute convergence is necessary and sufficient to ensure
that the limit of a series be independent of rearrangement of the terms in the series. Note
that the necessity portion of this statement, which is parts (i)-(iv) of the theorem, comes
in a rather dramatic form which suggests that conditional convergence behaves maximally
poorly with respect to rearrangement.

2.4.2 Tests for convergence of series

In this section we give some of the more popular tests for convergence of a series. It is
infeasible to expect an easily checkable general condition for convergence. However, in some
cases the tests we give here are sufficient.

First we make a simple general observation that is very often useful; it is merely a
reflection that the convergence of a series depends only on the tail of the series. We shall
often make use of this result without mention.

Proposition (Convergence is unaffected by changing a finite number of terms) Let
i=1%j and 33°,yj be series in R and suppose that there exists K € Z and N € N such that
X; = yi+x for j > N. Then the following statements hold:

(i) the series 332, xj converges if and only if the series >332, yj converges;

(ii) the series 221Xy diverges if and only if the series 3°°) y; diverges;
(iii) the series 322, x; diverges to oo if and only if the series 322, y; diverges to oo;
(iv) the series 322, x; diverges to —oo if and only if the series 332, yj diverges to —oo.

The next convergence result is also a more or less obvious one.

Proposition (Sufficient condition for a series to diverge) If the sequence {x;}en does not
converge to zero, then the series 33°, Xj diverges.
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Proof Suppose that the series 3272, x; converges to so. Then, for € > 0 there exists N € N

such that
o0 oo
‘30— Z’<e = ‘\80|—’ZH<6,
j=N+1 Jj=N+1
where we have used Exercise 2.2.6. [ |

Note that Example 2.4.2-2 shows that the converse of this result is false. That is to say,
for a series to converge, it is not sufficient that the terms in the series go to zero. For this
reason, checking the convergence of a series numerically becomes something that must be
done carefully, since the blind use of the computer with a prescribed numerical accuracy will
suggest the false conclusion that a series converges if and only if the terms in the series go
to zero as the index goes to infinity.

Another more or less obvious result is the following.

2.4.8 Proposition (Comparison Test) Let {x;}ien and {y;}jen be sequences of nonnegative num-
bers for which there exists o € Ry satisfying y; < ox;, j € N. Then the following statements
hold:

(i) the series 3372, y; converges if the series Y72, X; converges;
(i) the series 322, x; diverges if the series 372,y diverges.
Proof We shall show that, if the series >72 z; converges, then the sequence {T} } xen of partial

sums for the series 3272, y; is a Cauchy sequence. Since the sequence {Sk}ken for D1 Ty s

convergent, it is Cauchy. Therefore, for € > 0 there exists N € N such that whenever k,m > N,
with k& > m without loss of generality,

k
Sp — Sm = Z z; < ea™ !
Jj=m+1

Then, for k,m > N with k£ > m we have

k k
T, — T, = Z ijOé Z T <€,

showing that {7} }ren is a Cauchy sequence, as desired.
The second statement is the contrapositive of the first. |

Now we can get to some less obvious results for convergence of series. The first result
concerns series where the terms alternate sign.

2.4.9 Proposition (Alternating Test) Let {x;}ien be a sequence in R satisfying
(i) x; >0 for j €N,
(ii) x541 <x; for j €N, and
Then the series 3272, (—=1)""x; converges.
Proof The proof is a straightforward generalisation of that given for Example 2.4.2-3, and
we leave for the reader the simple exercise of verifying that this is so. |

Our next result is one that is often useful.

2.4.10 Proposition (Ratio Test for sequences) Let {xj}jen be a sequence in R with 372, the
corresponding series. Then the following statements hold:
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(i) if lim SUD;_, o0 < 1, then the series converges absolutely;

(ii) if there exists N € N such that

Xj+1
j

Xj+1
Xj

> 1 for all j > N, then the series diverges.

Proof (i) By Proposition 2.3.14 there exists 3 € (0,1) and N € N such that ’%| < [ for

j > N. Then
el B e | et Il vy T Rl
TN N NTN41 Tj-1
implying that
[zN| o
25| < ﬁTﬁj-

Since 3 < 1, the geometric series Z;’il (37 converges. The result for o < 1 now follows by the
Comparison Test.

(i) The sequence {z;} ey cannot converge to 0 in this case, and so this part of the result
follows from Proposition 2.4.7. |

The following simpler test is often stated as the Ratio Test.

2.4.11 Corollary (Weaker version of the Ratio Test) If {x;}ien is a sequence in R for which

Xj+1

limj_>oo
a>1.

= «, then the series 32, x; converges absolutely if o < 1 and diverges if

Our next result has a similar character to the previous one.

2.4.12 Proposition (Root Test) Let {xj}jen be a sequence for which limsup;_, ., ]xj|1/j =a. Then
the series 3321 xj converges absolutely if o <1 and diverges if a > 1.
Proof First take a < 1 and define 5 = %(a + 1). Then, just as in the proof of Proposi-

tion 2.4.10, a < 8 < 1. By Proposition 2.3.14 there exists N € N such that \xj|1/j < (3 for
j > N. Thus |z;] < 37 for j > N. Note that DTN+ (39 converges by Example 2.4.2-1. Now
> 720 |zj| converges by the Comparison Test.

Next take a > 1. In this case we have lim; . |z;| # 0, and so we conclude divergence
from Proposition 2.4.7. n

The following obvious corollary is often stated as the Root Test.

2.4.13 Corollary (Weaker version of Root Test) Let {xj}jen be a sequence for which
lim;j_, \xj|1/J = a. Then the series 327, x; converges absolutely if a < 1 and diverges if
a>1.

The Ratio Test and the Root Test are related, as the following result indicates.

2.4.14 Proposition (Root Test implies Ratio Test) If {p;}icn, is a sequence in Ry then

lim inf Pi+l < liminf pjl/j
j—oe Py j—o0
limsuppjl/j < limsupM.
j—oo j—oo  Pj

i _

aj+1

In particular, for a sequence {a;}ien, if lmj_oo exists, then lim; . |a;l

aj+1

lim;_, oo
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Proof For the first inequality, let o = liminf;_ o, P2* ]'3_

Then, given M > 0, there exists N € N such that 2 s +L > M for j > N. Then we have

First consider the case where o = 0.

&‘:‘pN—H‘pN-H"“’pj ’>Mj—N, j>N.
PN 'DN+1 Pj-1
This gives
Dj > MNMJ j > N.

Thus pl/] > (AZ—N)l/jM. Since lim;_oo(pnB V)7 = 1 (cf. the definition of P, in Sec-

tion 3.10.3), we have liminf; pj/ 7 > M, giving the desired conclusion in this case, since M
is arbitrary. Next consider the case when a € Ry and let 3 < «. By Proposition 2.3.15 there
exists N € N such that pji > B for j > N. Performing just the same computation as above

gives p; > 39~ Npy for j > N. Therefore, pj/] (pNB_N)l/jﬂ. Since lirnjﬁoo(pNﬂ_N)l/j =1

we have liminf; pjl/ 7 > 3. The first inequality follows since 3 < « is arbitrary.
Pji+1

Now we prove the second inequality. Let o = limsup,_, e If o = oo then the second

inequality in the statement of the result is trivial. If & € Ryg then let 3 > a and note that
there exists N € N such that p;}—jl < B for j > N by Proposition 2.3.14. In particular, just as

in the proof of Proposition 2.4.10, p; < B~Npy for j > N. Therefore, p]/J (pNﬁ_N)l/jﬁ-

Since lim;j o (pn 3~ N)1/i =1 we then have liminf; o0 pjl/ 7 < B. the second inequality follows

since § > « is arbitrary.
The final assertion follows immediately from the two inequalities using Proposition 2.3.16.
|

In Exercises 2.4.6 and 2.4.7 the reader can explore the various possibilities for the ratio
test and root test when lim; o |“*| = 1 and lim;_ |xj\1/] = 1, respectively.

The final result we state in this section can be thought of as the summation version of
integration by parts.

2.4.15 Proposition (Abel’s® partial summation formula) For sequences {xj}ien and {y;}tien of
real numbers, denote

k
Sk = Z a;.
=1

Then
Z ajb = Sibxy1 — Z S i+1 —

—Skb1+ZSk— )(bit1 — by).

=1
Proof Let Sy =0 by convention. Since a; = S; —S;_1 we have

ZCL Z S *Sj 1 Z ZSj*lbj'
7=1 = j=1

6Niels Henrik Abel (1802-1829) was a Norwegian mathematician who worked in the area of analysis. An
important theorem of Abel, one that is worth knowing for people working in application areas, is a theorem
stating that there is no expression for the roots of a quintic polynomial in terms of the coefficients that
involves only the operations of addition, subtraction, multiplication, division and taking roots.
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Trivially,
> Sj1bj = Sibj41 — Spbui1.

This gives the first equality of the lemma. The second follows from a substitution of

n

bus1 = ) (bjs1 = bj) + b1
j=1

into the first equality. |
243 eand 7

In this section we consider two particular convergent series whose limits are among the
most important of “physical constants.”

. . > 1
2.4.16 Definition (e) e = E%ﬁ .
j:

Note that the series defining e indeed converges, for example, by the Ratio Test.
Another common representation of e as a limit is the following.

j+1
2.4.17 Proposition (Alternative representations of e) e = limjﬁoo(l + - ) = hm‘]_m(l + = )J :
Proof First note that if the limit lim; (1 + ) exists, then, by Proposition 2.3.22,

lim (1+ 1) = lim (14 1)1+ 1) = Jim (14 1)7.

Jj—00 j—00 Jj—00

Thus we will only prove that e = lim;_,o (1 + %)3
Let

=X g M- 0ep B0 p

be the kth partial sum of the series for e and the kth term in the proposed sequence for e. By
the Binomial Theorem (Exercise 2.1.2) we have

Lk oes (k) 1
§=0

Moreover, the exact form for the binomial coefficients can directly be seen to give

=S50 D005,

Each coefficient of %, j €{0,1,...,k} is then less than 1. Thus Ay < Sy for each k € Ny.
Therefore, limsup,,_,., Ar < limsup,_,,, Sg. For m < k the same computation gives

w3 - DD (-1,

Fixing m and letting k — oo gives

Thus liminfg_, o Ax > liminf,, .o Sy, which gives the result when combined with our previous
estimate lim supy,_, ., Ax < limsup;_, .. Sk. [
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It is interesting to note that the series representation of e allows us to conclude that e is
irrational.

2.4.18 Proposition (Irrationality of €) e € R\ Q.
Proof Suppose that e = % for [,m € N. We compute

(m —1)'l—m'e—m‘z Z + > @

which then gives
oo m

! o
j=mt1 I =0 J°

which implies that Z] o +1 ! € N. We then compute, using Example 2.4.2-1,

00 00 00 1 1
m+1 -
Z ' Z (m +1)7—m m+17 1--1 " m =1
j=m+1 ! =m+ j=1 m—+1

Thus Z;";m 11 Zn—,l € N, being an integer, must equal 1, and, moreover, m = 1. Thus we have

i

1
— = =1 = e=3.
J

Next let

=3 (5 7)

|
Jj=1 J:

noting that this series for a converges, and converges to a positive number since each term in
the series is positive. Then, using Example 2.4.2-1,

Thus e < 3, and we have arrived at a contradiction. |

Next we turn to the number 7. Perhaps the best description of 7 is that it is the ratio
of the circumference of a circle with the diameter of the circle. Indeed, the use of the Greek
letter “p” (i.e., w) has its origins in the word “perimeter.” However, to make sense of this
definition, one must be able to talk effectively about circles, what the circumference means,
etc. This is more trouble than it is worth for us at this point. Therefore, we give a more
analytic description of 7, albeit one that, at this point, is not very revealing of what the
reader probably already knows about it.

(—1)7
2.4.19 Definition (7)) 7™ = 432% e .

By the Alternating Test, this series representation for 7 converges.
We can also fairly easily show that 7 is irrational.

2.4.20 Proposition (Irrationality of ) 7 € R\ Q.
Proof 1In Section 3.10.4 we will give a definition of the trigonometric functions, sin and cos,
and prove that, on (0,7), sin is positive, and that sin0 = sinm = 0. We will also prove the
rules of differentiation for trigonometric functions necessary for the proof we now present.
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Note that if 7 is rational, then 72 is also rational. Therefore, it suffices to show that 72 is
irrational.
Let us suppose that 72 = % for I,m € N. For k € N define fi: [0,1] — R by

R (1 — z)k

fulw) =

noting that image(f) C [0, ;). It is also useful to write
1 2k )
fr(z) = o Z ¢,
j=k
where we observe that ¢, j € {k,k+1,...,2k} are integers. Define g;: [0,1] — R by
. k . . .
gelz) = k9 S0 (—1)im 2= 2 ()
§=0

A direct computation shows that
0)y=0, <k j>2k,

and that

- 4! .
flgj)(o) = 3% jei{kk+1,...,2k},

is an integer. Thus f and all of its derivatives take integer values at = 0, and therefore also
at © = 1 since fr(z) = fr(1 — x). One also verifies directly that g;(0) and gi(1) are integers.
Now we compute

d

@(gg(x) sinrx — 7y (x) cos mx) = (g (x) + wgx(x)) sin T

= mFr?* 2 (2) sin e = 721 f(x) sin e,

using the definition of g5, and the fact that 72 = % By the Fundamental Theorem of Calculus
we then have, after a calculation,

ik /01 f(z)sinmedr = gx(0) + gx(1) € N.

But we then have, since the integrand in the above integral is nonnegative,
k

1
0< ﬂ'lk/ f(z)sinTxdr < %
0 !

given the bounds on f;. Note that limg_, %k, = 0. Since the above computations hold for any

k, if we take k sufficiently large that ”k—l,k < 1, we arrive at a contradiction. [ |

2.4.4 Doubly infinite series

We shall frequently encounter series whose summation index runs not from 1 to oo, but

from —oo to co. Thus we call a collection {x;},cz of elements of R a doubly infinite
sequence in R, and a sum of the form )

[e.9]

72« Tj a doubly infinite series. A little care

need to be shown when defining convergence for such series, and here we give the appropriate
definitions.



2.4.21

2.4.22

2.4.23

06,/10,/2005 2.4 Series in R 53

Definition (Convergence and absolute convergence of doubly infinite series) Let {z,} ez
be a doubly infinite sequence and let S = 3222 x; be the corresponding doubly infinite
series. The sequence of single partial sums is the sequence {Sk}ren where

k
Sk: Z Zj,

j=—k
and the sequence of double partial sums is the double sequence {Sk,}rien defined by

l

(i) converges to sy if the double sequence of partial sums converges to sg;
) has sq as a limat if it converges to so;
(iii) is convergent if it converges to some element of R;

)

converges absolutely, or is absolutely convergent, if the double series

converges;

(v) converges conditionally, or is conditionally convergent, if it is convergent, but
not absolutely convergent;

(vi) diverges if it does not converge;

[e.e]

(vii) diverges to oo (resp. diverges to —oo), and we write }»22 _1; = o0
(resp. Yo T = —00), if the sequence of double partial sums diverges to oo (resp. di-
verges to —o0);

(viii) has a limit that exists if 372 x; € R;

(ix) is oscillatory if the limit of the double sequence of partial sums is oscillatory. o

Remark (Partial sums versus double partial sums) Note that the convergence of the se-
quence of partial sums is not a very helpful notion, in general. For example, the series

72 J possesses a sequence of partial sums that is identically zero, and so obviously con-
verges to zero. However, it is not likely that one would wish this doubly infinite series to
qualify as convergent. Thus partial sums are not a particularly good measure of conver-
gence. However, there are situations—for example, the convergence of Fourier series (see
Chapter IlI-5)—where the standard notion of convergence of a doubly infinite series is made
using the partial sums. However, in these cases, there is additional structure on the setup

that makes this a reasonable thing to do. °

The convergence of a doubly infinite series has the following useful, intuitive characteri-
sation.

Proposition (Characterisation of convergence of doubly infinite series) For a doubly
infinite series S =332 X, the following statements are equivalent:

(i) S converges;

(i) the two series 3.2 x5 and Y72, X converge.



2.4.24

2.4.25

54 2 Real numbers and their properties 06/10/2005

Proof For k,l € N, denote
! k -1
Sk,l:Za:j7 S::Za:j, S,C_:ij,
—k 7=0 —k

so that S ; = S5, + S;r.
(i) = (ii) Let ¢ > 0 and choose N € N such that [S;; — so| < § for j,k > N. Now let
j,k > N, choose some | > N, and compute

1S5 = SEI<IST + 57 —sol + 1S5 + S — 50l <e.

Thus {Sf}jeN is a Cauchy sequence, and so is convergent. A similar argument shows that
{S ; }jen is also a Cauchy sequence.

(i) = (i) Let s* be the limit of >332 x; and let s~ be the limit of 3352, 2_;. For € >0
define N*, N~ € N such that ‘Sj —s*’ <§,j>NT*, and ‘Sj_ - s*‘ < §,j < —N—. Then,
for 5,k > max{N~, NT},

1Sjk — (sT+87)| = |SF — s+ + S; —s-| < 1S — 54|+ 157 —s-| <e
thus showing that .S converges. |

Thus convergent doubly infinite series are really just combinations of convergent series
in the sense that we have studied in the preceding sections. Thus, for example, one can use
the tests of Section 2.4.2 to check for convergence of a doubly infinite series by applying
them to both “halves” of the series. Also, the relationships between convergence and ab-
solute convergence for series also hold for doubly infinite series. And a suitable version of
Theorem 2.4.5 also holds for doubly infinite series. These facts are so straightforward that
we will assume them in the sequel without explicit mention; they all follow directly from
Proposition 2.4.23.

2.4.5 Multiple series

Just as we considered multiple sequences in Section 2.3.5, we can consider multiple series.
As we did with sequences, we content ourselves with double series.

Definition (Double series) A double series in R is a sum of the form Y75 _, 7;; where
{xjk};ken is a double sequence in R. o

While our definition of a series was not entirely sensible since it was not really identifiable
as anything unless it had certain convergence properties, for double series, things are even
worse. In particular, it is not clear what Z;‘}gzl xj; means. Does it mean Zﬁl Y Tik)?

Does it mean ) 2, (Z;";l z;;)? Or does it mean something different from both of these?
The only way to rectify our poor mathematical manners is to define convergence for double
series as quickly as possible.

Definition (Convergence and absolute convergence of double series) Let {z;;};ten be
a double sequence in R and consider the double series

S: Z Tk

jk=1
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The corresponding sequence of partial sums is the double sequence {S;i};ren defined by

J

k
Sik=2_ D Tim.

=1 m=1
Let sg € R. The double series:

: . . - : .
(i) converges to sg, and we write > k=1Tjk = So, if the double sequence of partial sums
converges to Sp;

(ii) has sg as a limit if it converges to so;
(iii) is convergent if it converges to some member of R;
(iv) converges absolutely, or is absolutely convergent, if the series

[e.@]
>l
k=1
converges;
(v) converges conditionally, or is conditionally convergent, if it is convergent, but
not absolutely convergent;

(vi) diverges if it does not converge;

(vii) diverges to oo (resp. diverges to —oo), and we write Y29 _;xj = o0
(resp. 355,21 Tjx = —00), if the double sequence of partial sums diverges to co (resp. di-
verges to —o0);

(viii) has a limit that ewists if 3255 _, 7, € R;

(ix) is oscillatory if the sequence of partial sums is oscillatory. °

Note that the definition of the partial sums, Sjz, j,k € N, for a double series is unam-

biguous since
Jj k kE g

2.0 Tm = DD Tm,

I=1 m=1 m=11=1
this being valid for finite sums. The idea behind convergence of double series, then, has an
interpretation that can be gleaned from that in Figure 2.1 for double sequences.
Let us state a result, derived from similar results for double sequences, that allows the
computation of limits of double series by computing one limit at a time.

Proposition (Computation of limits of double series 1) Suppose that for the double series
Zi‘;zl Xjx 1t holds that
(i) the double series is convergent and
(ii) for each j € N, the series Y32 Xj converges.
Then the series 3272, (3521 Xjx) converges and its limit is equal to Y275y Xk
Proof This follows directly from Proposition 2.3.19. [

Proposition (Computation of limits of double series 1) Suppose that for the double series
> k=1 Xjk it holds that
(i) the double series is convergent,
(ii) for each j € N, the series Y ;2 Xjx converges, and
(iii) for each k € N, the limit 3272, X converges.
Then the series 3272, (352 Xjk) and Y02, (3721 Xjk) converge and their limits are both equal

tC) E:;Tizzl Xﬁk.
Proof This follows directly from Proposition 2.3.20. |

examples?
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2.4.6 Algebraic operations on series

In this section we consider the manner in which series interact with algebraic operations.
The results here mirror, to some extent, the results for sequences in Section 2.3.6. However,
the series structure allows for different ways of thinking about the product of sequences. Let
us first give these definitions. For notational convenience, we use sums that begin at 0 rather
than 1. This clearly has no affect on the definition of a series, or on any of its properties.

Definition (Products of series) Let S = >72,z; and T' = >72, y; be series in R.
(i) The product of S and T is the double series 375 _ 7;yp.-

(i) The Cauchy product of S and T is the series Y32, (Zé?:o xjyk,j). o
Now we can state the basic results on algebraic manipulation of series.
Proposition (Algebraic operations on series) Let S = 72, x; and T = Y72, y;j be series

in R that converges to sy and tg, respectively, and let o € R. Then the following statements
hold:
(i) the series 3372, ax; converges to asy;
(if) the series 3-724(xj + ;) converges to sq + to;
(iii) if S and T are absolutely convergent, then the product of S and T is absolutely con-
vergent and converges to Soto;
(iv) if S and T are absolutely convergent, then the Cauchy product of S and T is absolutely
convergent and converges to Soto;
(v) if S or T are absolutely convergent, then the Cauchy product of S and T is convergent
and converges to spto;
(vi) if S and T are convergent, and if the Cauchy product of S and T is convergent, then
the Cauchy product of S and T converges to sotg.
Proof (i) Since Z?:o ar; = o Z?:o xj, this follows from part (i) of Proposition 2.3.22.

(i) Since >°724(z; + y;) = Z?:o z; + Z?:o yj, this follows from part (ii) of Proposi-
tion 2.3.22.

(iii) and (iv) To prove these parts of the result, we first make a general argument. We note
that Ny x Ny is a countable set (e.g., by Proposition 1.7.16), and so there exists a bijection,
in fact many bijections, ¢: N — Ny x Ng. For such a bijection ¢, suppose that we are given a
double sequence {xj; }; ken, and define a sequence {:E?}]EN by xf = xy; where (k,1) = ¢(j). We
then claim that, for any bijection ¢: N — Ny x Np, the double series A = >775_; zj; converges
absolutely if and only if the series A? = Z;‘;l a:;z’ converges absolutely.

Indeed, suppose that the double series |[A| = 3775, |zx| converges to 8 € R. For € > 0
the set

{ (k1) € No x No | [[A]; —B] =€}
is then finite. Therefore, there exists N € N such that, if (k,l) = ¢(j) for 7 > N, then
|A],, — B] < e. It therefore follows that ||A¢|; — 8] < € for j > N, where ‘A¢‘ denotes the

series > 7% ‘xf‘ This shows that the series |A?| converges to 3.
For the converse, suppose that the series ’A¢” converges to #. Then, for € > 0 the set
{JeN| [|A%; =B > ¢}
is finite. Therefore, there exists IV € N such that

{(k,0) €No | k0> NYA{(k,1) € No | [|4%]41000) — B = €} = 0.
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It then follows that for k,1 > N we have ||A|r — 5] < €, showing that |A| converges to (.

Thus we have shown that A is absolutely convergent if and only if A? is absolutely conver-
gent for any bijection ¢: N — Ny x Ny. From part (v) of Theorem 2.4.5, and its generalisation
to double series, we know that the limit of an absolutely convergent series or double series is
independent of the manner in which the terms in the series are arranged.

Consider now a term in the product of S and T'. It is easy to see that this term appears
exactly once in the Cauchy product of S and T. Conversely, each term in the Cauchy prod-
uct appears exactly one in the product. Thus the product and Cauchy product are simply
rearrangements of one another. Moreover, each term in the product and the Cauchy product
appears exactly once in the expression

(L) (L)

k=0

as we allow N to go to co. That is to say,

> = 2w = i () (L)

4,k=0 k=0 j=k k=0

However, this last limit is exactly soto, using part (iii) of Proposition 2.3.22.

(v) Without loss of generality, suppose that S converges absolutely. Let {Sk}ren, {7k frens
and {(ST)i}ren be the sequences of partial sums for S, T, and the Cauchy product, respec-
tively. Also define 7, = T}, — tg, k € Ng. Then

(ST)k = zoyo + (zoy1 + 1y0) + -+ + (Toyk + -+ + TxYo)
= x0Ty + 21 T)—1 + - + 2 Tp
= zo(to + %) + 21(to + Tk—1) + -+ + 71(to + 70)
Sito + ok + x1T—1 + - - + TRTO.

Since limy_o, Sipto = Soto by part (i), this part of the result will follow if we can show that
k;hm (moTk +X1Tp—1 + -+ kao) =0. (2.5)
—00
Denote

00
0= Z|xj”
7=0

and for € > 0 choose N1 € N such that |7;| < & for j > Ny, this being possible since {7;};en
clearly converges to zero. Then, for k > Ny,

|:E()Tk + 171+ + .’EkT()| < |1,‘0Tk + -+ mk—Nl+17'N1+1| + ‘ﬂfk—NlTNl S ka()‘
< %‘f— ’xk_NlTNl +"'+$k7'0’-

Since limy_.o zr = 0, choose Ny € N such that
| TNy TNy + - 270 < 5
for £k > Ny. Then
limsup |zo7g + x17%—1 + - + z70| = kli)rglo sup { |zoj + 21751+ - +x70] | § >k}

k—o00

< klim sup{g + |Th—Ny TN, + -+ TETOl | § > k)
— 00

IN

sup{% + |$k—N17'N1 + -+ 2ol | Jjz NZ} <e.
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Thus

limsup |zo7 + x17%—1 + -+ - + z70| < 0,
k—o0

and since clearly
likminf ‘l’oTk +X1Tp—1 + -+ ka()’ >0,
— 00

we infer that (2.5) holds by Proposition 2.3.16.
(vi) The reader can prove this as Exercise 3.9.3. |

examples?

2.4.7 Series with arbitrary index sets

It will be helpful on a few occasions to be able to sum series whose index set is not
necessarily countable, and here we indicate how this can be done. This material should be
considered optional until one comes to that point in the text where it is needed.

2.4.30 Definition (Sum of series for arbitrary index sets) Let A be a set and let {z,}4ca be a
family of elements of R. Let A, = {a € A| z,€[0,0]}and A_={a€ A| z, € [-0,0]}.
(i) If x, € [0,00] for a € A, then Y ,cx2q =sup{ X eca o | A" C A is finite}.
(i) For a general family, Y c4 Ta = Y, ca, Tay — 2a_ea_(—Ta_), provided that at least
one of 3,, ca, Ta, OF Xy ca (—74_) is finite.

(iii) If both 3>, ca, Ta, are 3, ca (—z4_) are finite, then {x,}4ca is summable. .

We should understand the relationship between this sort of summation and our existing
notion of the sum of a series in the case where the index set is N.

2.4.31 Proposition (A summable series with index set N is absolutely convergent) A sequence
{xi}jen in R is summable if and only if the series S = > 21 % 1s absolutely convergent.

Proof Consider the sequences {a:j}jeN and {z }jen defined by

:U;' = max{z;,0}, z; = max{—z;,0}, JjeN

Then {z;}jen is summable if and only if both of the expressions

sup{ Z xj ’ A" CNis ﬁnite}, sup{ Z T ‘ A'CNis ﬁnite} (2.6)
jeA! JeEA!
are finite.
First suppose that {z;};en is summable. Therefore, if {S; }ren and {S; }ren are the

sequences of partial sums
k

k
St=Saf, S;=Yua7,
i=1 j=1

then these sequences are increasing and so convergent by (2.6). Then, by Proposition 2.3.22,
[e.@] [e.e] oo
> |zl = )+ 5
j=1 j=1 j=1

giving absolute convergence of S.
Now suppose that S is absolutely convergent. Then the subsets {S; }ren and {S; tren
are bounded above (as well as being bounded below by zero) so that both expressions

sup{S) Jren,  sup{Sy }ren



06,/10,/2005 2.4 Series in R 59

are finite. Then for any finite set A’ C N we have

+ + — -
Z xj < SsupA” Z SL‘]- < sup A’*
jeA’ jeA’

From this we deduce that

sup{ Z a:j ‘ A" CNis ﬁnite} < sup{S,j}keN,
jeA!

sup{ Z z; ‘ A" CNis ﬁnite} < sup{Sy }ren,
jeA!

which implies that {x;};cy is summable. |

Now we can actually show that, for a summable family of real numbers, only countably
many of them can be nonzero.

2.4.32 Proposition (A summable family has at most countably many nonzero members) If
{Xa}taca is summable, then the set {a € A| x, # 0} is countable.
Proof Note that for any k € N, the set {a EA| |y > %} must be finite if {z,}qca is
summable (why?). Thus, since

{a€A| |ea #0} = Uren{a € A |za 2 1},

the set {a € A| z, # 0} is a countable union of finite sets, and so is countable by Proposi-
tion 1.7.16. [

A legitimate question is, since a summable family reduces to essentially being countable,
why should we bother with the idea at all? The reason is simply that it will be notationally
convenient in Section 3.3.5.

Exercises
24.1 Let S =372, x; be a series in R, and, for j € N, define

Show that, if S is conditionally convergent, then the series ST = > x;r and S =
> 5oy x; diverge to oo.

2.4.2 1In this exercise we consider more carefully the paradox of Zeno given in Exercise 1.9.2.
Let us attach some symbols to the relevant data, so that we can say useful things.
Suppose that the tortoise travels with constant velocity v; and that Achilles travels
with constant velocity v,. Suppose that the tortoise gets a head start of ¢, seconds.

(a) Compute directly using elementary physics (i.e., time/distance/velocity relations)
the time at which Achilles will overtake the tortoise, and the distance both will
have travelled during that time.

(b) Consider the sequences {d;};en and {t;};en defined so that
1. d; is the distance travelled by the tortoise during the head start time ¢y,
2. t;, 7 € N, is the time it takes Achilles to cover the distance d;,
3. d;, j > 2, is the distance travelled by the tortoise in time ¢;_;.
Find explicit expressions for these sequences in terms of ¢y, vy, and v,.
(c) Show that the series 3-22, d; and 3232, t; converge, and compute their limits.
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(d) What is the relationship between the limits of the series in part (c) and the
answers to part (a).
(e) Does this shed some light on how to resolve Zeno’s paradox?

2.4.3 Show that

m
»

J=1

m
<D Jayl
=1

for any set {x1,...,z,} CR.

2.4.4 State the correct version of Proposition 2.4.4 in the case that S = 3272, x; is not
absolutely convergent, and indicate why it is not a very interesting result.

2.45 For a sum -
S = Z Sj,
j=1

answer the following questions.

(a) Show that if S converges then the sequence {s;};en converges to 0.

(b) Is the converse of part (a) true? That is to say, if the sequence {s;};en converges
to zero, does S converge? If this is true, prove it. If it is not true, give a
counterexample.

2.4.6 Do the following.

(a) Find a series Y352, x; for which lim;_.|***| = 1 and which converges in R,
J

(b) Find a series 3252, x; for which lim;_.,|***| = 1 and which diverges to oo.
J

(c) Find a series 252 z; for which lim; % = 1 and which diverges to —ooc.
J

(d) Find a series >°32, x; for which lim; . m;—;’l = 1 and which is oscillatory.

2.4.7 Do the following.

(a) Find a series >°32, x; for which lim; . |xj|1/j = 1 and which converges in R.
(b) Find a series 3-22, x; for which lim; ., |xj|1/j = 1 and which diverges to cc.
(c) Find a series >°32, x; for which lim; . \:cj|1/j = 1 and which diverges to —occ.
(d) Find a series >°32, x; for which lim; . |:Bj|1/ 7 =1 and which is oscillatory.

The next exercise introduces the notion of the decimal expansion of a real number. An
infinite decimal expansion is a series in Q of the form

210

where a¢ € Z and where a; € {0,1,...,9}, j € N. An infinite decimal expansion is eventu-
ally periodic if there exists k,m € N such that a;, = a; for all j > m.

2.4.8 (a) Show that the sequence of partial sums for an infinite decimal expansion is a

Cauchy sequence.

(b) Show that, for every Cauchy sequence {¢;};en, there exists a sequence {d;};en
of partial sums for a decimal expansion having the property that [{g;};en] =
[{d;};en] (the equivalence relation is that in the Cauchy sequences in Q as defined
in Definition 2.1.16).

(c) Give an example that shows that two distinct infinite decimal expansions can be
equivalent.
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(d) Show that if two distinct infinite decimal expansions are equivalent, and if one of
them is eventually periodic, then the other is also eventually periodic.

The previous exercise shows that every real number is the limit of a (not necessarily
unique) infinite decimal expansion. The next exercises characterise the infinite decimal
expansions that correspond to rational numbers. First you will show that an eventually
periodic decimal expansion corresponds to a rational number. Let 3272, ﬁw be an
eventually periodic infinite decimal expansion and let k,m € N have the property
that a;1, = a; for j > m. Denote by x € R the number to which the infinite decimal

expansion converges.

(e) Show that
L UL N o}
z:: 107 * jz:%)ma

are decimal expansions, and give expressions for b; and ¢;, 7 € N, in terms of a;,
J € N. In particular, show that b; = ¢; for j > 1.

(f) Conclude that (10™** — 10™)z is an integer, and so x is therefore rational.

Next you will show that the infinite decimal expansion of a rational number is even-

tually periodic. Thus let ¢ € Q.

(g) Let ¢ = § for a,b € Z and with b > 0. For j € {0,1,...,b},let r; € {0,1,...,b—
1} satisfy %j = s;+ 4 for s; € Z, i.e., r; is the remainder after dividing 107 by b.
Show that at least two of the numbers {rg,r,...,7,} must agree, i.e., conclude
that r,, = r.x for k,m € Ny satisfying 0 <m <m +k <b.

Hint: There are only b possible values for these b + 1 numbers.

(h) Show that b exactly divides 10™** — 10¥ with k& and m as above. Thus bc =
10m*+* — 10* for some ¢ € Z.

(i) Show that

a ac
Z—10m——
b 10k — 1’

-
=10 R
1 (S T 1)
for s € Z and r € {0,1,..., 10F — 1}, i.e., r is the remainder after dividing ac by
108 — 1.
(j) Argue that we can write

and so write

k
= b;10
j=1
for b; € {0,1,...,9}, j € {L,..., k}.

(k) With b;, j € {1,...,k} as above define an infinite decimal expansion Y52 1
by asking that ap = 0, that a; = b;, j € {1,...,k}, and that ajix, = a; for
j,m € N. Let d € R be the number to which this decimal expansion converges.
Show that (10 — 1)d = b, so d € Q.

(I) Show that 10™q = s + d, and so Conclude that 10™q has the eventually periodic
infinite decimal expansion s 4 332, 4.

(m) Conclude that ¢ has an eventually periodic infinite decimal expansion, and then
conclude from (d) that any infinite decimal expansion for ¢ is eventually periodic.
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Section 2.5

Subsets of R

In this section we study in some detail the nature of various sorts of subsets of R.
The character of these subsets will be of some importance when we consider the properties
of functions defined on R, and/or taking values in R. Our presentation also gives us an
opportunity to introduce, in a fairly simple setting, some concepts that will appear later in
more abstract settings, e.g., open sets, closed sets, compactness.

Do | need to read this section? Unless you know the material here, it is indeed a good idea
to read this section. Many of the ideas are basic, but some are not (e.g., the Heine-Borel
Theorem). Moreover, many of the not-so-basic ideas will appear again later, particularly in
Chapter II-2, and if a reader does not understand the ideas in the simple case of R, things
will only get more difficult. Also, the ideas expressed here will be essential in understanding
even basic things about signals as presented in Chapter |1-2. °

2.5.1 Open sets, closed sets, and intervals

One of the basic building blocks in the understanding of the real numbers is the idea of
an open set. In this section we define open sets and some related notions, and provide some
simple properties associated to these ideas.

First, it is convenient to introduce the following ideas. For » > 0 and = € R, the open
ball in R of radius r about z is the set

B(T,I):{yERl |l’—y| <T}7
and the closed ball of radius r about z is the set

B(r,x)={yeR| |[z—y| <r}.

These sets are simple to understand, and we depict them in Figure 2.3. With the notion of

T T
ya \ L |
\ ® U L ® 1

Figure 2.3 An open ball (left) and a closed ball (right) in R

an open ball, it is easy to give some preliminary definitions.

Definition (Open and closed sets in R) A set A C R is:

(i) open if, for every x € A, there exists € > 0 such that B(e,z) C A (the empty set is
also open, by declaration);

(ii) closed if R\ A is open. o
A trivial piece of language associated with an open set is the notion of a neighbourhood.

Definition (Neighbourhood in R) A neighbourhood of an element z € R is an open set
U for which x € U. o
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Some authors allow a “neighbourhood” to be a set A which contains a neighbourhood
in our sense. Such authors will then frequently call what we call a neighbourhood an “open
neighbourhood.”

Let us give some examples of sets that are open, closed, or neither. The examples we
consider here are important ones, since they are all examples of intervals, which will be of
interest at various times, and for various reasons, throughout these volumes. In particular,
the notation we introduce here for intervals will be used a great deal.

Examples (Intervals)
1. For a,b € R with a < b the set

(a,b) ={x €eR| a<x<b}

is open. Indeed, let z € (a,b) and let € = § min{b — z,z — a}. It is then ecasy to sce that
B(e, z) C (a,b). If a > b we take the convention that (a,b) = 0.
2. For a € R the set
(a,00) ={x €eR| a<x}
is open. For example, if x € (a,00) then, if we define € = %(x — a), we have B(e,x) C
(@, 00).
3. For b € R the set
(—o0,b) ={zxeR| x<b}
is open.
4. For a,b € R with a < b the set

la,b) ={z €R| a <z <b}

is closed. Indeed, R\ [a,b] = (—00,a) U (b,00). The sets (—o0,a) and (b, 00) are both
open, as we have already seen. Moreover, it is easy to see, directly from the definition,
that the union of open sets is also an open set. Therefore, R\ [a, b] is open, and so [a, b]
is closed.

5. For a € R the set
[a,00) ={zeR| a <z}
is closed since it complement in R is (—oo, a) which is open.
6. For b € R the set
(—o0,b] ={zeR| x <b}
is closed.
7. For a,b € R with a < b the set

(a,b) ={x €eR| a<z<b}

is neither open nor closed. To see that it is not open, note that b € (a,b], but that any
open ball about b will contain points not in (a,b]. To see that (a,b] is not closed, note
that a € R\ (a, b], and that any open ball about a will contain points not in R\ (a, b].

8. For a,b € R with a < b the set
la,b) ={z€eR| a<z<b}

is neither open nor closed.
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9. The set R is both open and closed. That it is open is clear. That it is closed follows
since R\ R = (), and () is, by convention, open. We will sometimes, although not often,
write R = (—o0, 00). o

We shall frequently denote typical interval by I, and the set of intervals we denote by
. If I and J are intervals with J C I, we will say that J is a subinterval of I. The
expressions “open interval” and “closed interval” have their natural meanings as intervals
that are, as subsets of R, open and closed, respectively. An interval that is neither open nor
closed will be called half-open or half-closed. A left endpoint (resp. right endpoint)
for an interval I is a number z € R such that inf I = x (resp. sup/ = z). An endpoint z,
be it left or right, is open if x € I and is closed if x € I. If inf I = —oo (resp. sup [ = 00),
then we saw that [ is unbounded on the left (resp. unbounded on the right). We will
also use the interval notation to denote subsets of the extended real numbers R. Thus, we
may write

1. (a,00] = (a,00) U {0},

[a, 0] = [a, 00) U {oo},

[—00,b) = (—00,b) U{—oc},
[—00,b] = (—00,b] U{—00}, and

[—00, 00] = (—00,00) U {—00,00} = R.

o W

The following characterisation of intervals is useful.

2.5.4 Proposition (Characterisation of intervals) A subset I C R is an interval if and only if,
for each a,b € I with a < b, [a,b] C L.
Proof 1t is clear from the definition that, if I is an interval, then, for each a,b € I with a < b,
[a,b] C I. So suppose that, for each a,b € I with a < b, [a,b] C I. Let A = infI and let
B = sup I. We have the following cases to consider.
1. A= B: Trivially I is an interval.

2. A,BecRand A# B: Choose ai,b; € I such that a; < by. Define aj41,bj41 € 1, j € N,
inductively as follows. Let a;j41 be a point in I to the left of 3(A + a;) and let b1 be a
point in I to the right of %(bj + B). These constructions make sense by definition of A and
B. Note that {a;}jen is a monotonically decreasing sequence converging to A and that
{bj}jen is a monotonically increasing sequence converging to B. Also,

U [aj, bj] c .

JEN
We also have either UjeN[aj,bj] = (A,B), UjeN[aj,bj] = [A, B), UjeN[aj,bj] = (A, B], or
Ujenlaj, bj] = [A, B]. Therefore we conclude that [ is an interval with endpoints A and B.

3. A= —oo0and B e R. Choose a1,b; € I with a, < by < B. Define aj41,bj41 € I, j € N,

inductively by asking that a;y1 be a point in I to the left of a; — 1 and that b;y1 be a
point in I to the right of %(bj + B). These constructions make sense by definition of A
and B. Thus {a;};jen is a monotonically decreasing sequence in I diverging to —oo and
{b;}jen is a monotonically increasing sequence in I converging to B. Thus

Ulaj bl =c I.
JEN

Note that either J;enla;, b

] = (=00, B) or Ujenlay, bj] = (—oco, B]. This means that either
I =(—00,B)or I =(—0,B].
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4. A € R and B = oo: A construction entirely like the preceding one shows that either
I=(A,00)orl=I[A 00).

5. A= —oo0 and B = oo: Choose a1,b; € I with a; < by. Inductively define a;11,b;11 € I,
J € N, by asking that a;41 be a point in I to the left of a; and that b;41 be a point in I
to the right of b;. We then conclude that

Ulaj b =R=cT.
JeEN

and so I = R.

In all cases we have concluded that I is an interval. [ |
The following properties of open sets will be useful for us.

2.5.5 Proposition (Open sets in R are unions of open intervals) If U C R is a nonempty open
set, then U s a countable union of disjoint open intervals.
Proof Let x € U and let I, be the largest open interval containing x and contained in U.
This definition of I, makes sense since the union of open intervals containing x is also an open
interval containing x. Now to each interval can be associated a rational number within the
interval. Therefore, the number of intervals to cover U can be associated with a subset of Q,
and is therefore countable or finite. This shows that U is indeed a finite or countable union of
open intervals. [

2.5.6 Proposition (Open sets in R are unions of half-open intervals) If U C R is a nonempty
open set, then there exists a countable number of half-open intervals {I;}ien such that U =
UjeNIj-

Proof For k € Ny define

G={l2"G+12" | jez}.

Note that, for each k € Ny, the sets from %}, form a countable partition of R. Also note that
for k < £, every interval in % is also an interval in ;. Now let U C R be open. Let %y = 0.
Let

9 —{Ic% | U}
92:{.[6(52| ICU,I%@l}

Dy={IcC| ICcU I¢&7rN---NDy_1}

The result will follow if we can show that each point z € U is contained in some %, k € N.
However, this follows since U is open, and so, for each x € U, one can find a smallest k£ € Ny
with the property that there exists I € 6}, with z € I and I C U. |

2.5.2 Partitions of intervals

In this section we consider the idea of partitioning an interval of the form [a, b]. This is
a construction that will be useful in a variety of places, but since we dealt with intervals in
the previous section, this is an appropriate time to make the definition and the associated
constructions.
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Definition (Partition of an interval) A partition of an interval [a,b] is a collection
{I,..., I} of intervals such that

(i) [a,b] = Ul_,I; and
ity NI, =0 for j # L.
We denote by Part([a, b]) the set of partitions of [a, b]. o

We shall always suppose that a partition {Iy, ..., I} is totally ordered so that the left
endpoint of I;,; agrees with the right endpoint of I; for each j € {1,...,k —1}. That is to
say, when we write a partition, we shall list the elements of the set according to this total
order. Note that associated to a partition {Ii,..., Iy} are the endpoints of the intervals.
Thus there exists a subset {xg, 21, ..., 2} of [a,b], ordered with respect to the natural total
order on R, such that, for each j € {1,...,k}, t;_; is the left endpoint of [; and t; is the
right endpoint of /;. Note that necessarily we have ¢ty = a and t; = b. The set of endpoints
of the intervals in a partition P = {[3, ..., I;} we denote by EP(P). In Figure 2.4 we show

to=a tq to t3 ty ts g 7 =0

—

L I, I3 I, Is Is Iy

o B |

Figure 2.4 A partition

a partition with all ingredients labelled. For a partition P with EP(P) = {x¢,x1,...,zx},
denote
|P| =max{|z; — x| | j,l€{l,....k}},

which is the mesh of P. Thus |P| is the length of the largest interval of the partition.
It is often useful to be able to say one partition is finer than another, and the following
definition makes this precise.

Definition (Refinement of a partition) If P, and P, are partitions of an interval [a, b], then
P, is a refinement of P, if EP(P,) C EP(P). o

Next we turn to a sometimes useful construction involving the addition of certain struc-
ture onto a partition. This construction is rarely used in the text, so may be skipped until
it is encountered.

Definition (Tagged partition, d-fine tagged partition) Let [a,b] be an interval and let
d: [a,b] = Rso.

(i) A tagged partition of |a,b] is a finite collection of pairs {(¢1, I1),. .., (¢, Ix)} where

{I,..., 1)} is a partition and where ¢; is contained in the union of /; with its endpoints.

(i) A tagged partition {(c1,11),...,(ck, Ix)} is 6-fine if the interval I;, along with its

endpoints, is a subset of B(d(c;), ¢;). o

The following result asserts that J-fine tagged partitions always exist.

Proposition (J-fine tagged partitions exist) For any positive function : [a,b] — Ry,
there exists a 0-fine tagged partition.
Proof Let A be the set of all points = € (a,b] such that there exists a J-fine tagged partition
of [a,x]. Note that (a,a + d(a)) C A since, for each = € (a,a + d(a)), {(a,[a,z])} is a d-fine
tagged partition of [a,x]. Let b/ = sup A. We will show that ¥ = b and that b’ € A.
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Since b’ = sup A there exists b” € A such that b’ — §(b') < v < ¥'. Then there exists a
d-fine partition P’ of [a,V’]. Now P' U {(¥, (V",b'])} is d-fine tagged partition of [a,d’]. Thus
Ve A

Now suppose that &’ < b and choose b < b such that b’ < b” < b +§(V'). If P is a tagged
partition of [a,d’] (this exists since ' € A), then P U {(¥', (b',0"])} is a d-fine tagged partition
of [a,b"]. This contradicts the fact that &’ = sup A. Thus we conclude that ' = b. |

Some uses of d-fine tagged partitions in real analysis can be found in the paper of Gordon
[1998].

2.5.3 Interior, closure, boundary, and related notions

Associated with the concepts of open and closed are a collection of useful concepts.

2.5.11 Definition (Accumulation point, cluster point, limit point in R) Let A C R. A point
x € Alis:

(i) an accumulation point for A if, for every neighbourhood U of z, the set AN(U\{z})
is nonempty;
(ii) a cluster point for A if, for every neighbourhood U of z, the set AN U is infinite;
(iii) a limit point of A if there exists a sequence {z;};jen in A converging to .

The set of accumulation points of A is called the derived set of A, and is denoted by
der(A). .

2.5.12 Remark (Conventions concerning “accumulation point,” “cluster point,” and “limit
point”) There seems to be no agreed upon convention about what is meant by the three
concepts of accumulation point, cluster point, and limit point. Some authors make no
distinction between the three concepts at all. Some authors lump two together, but give the
third a different meaning. As we shall see in Proposition 2.5.13 below, sometimes there is
no need to distinguish between two of the concepts. However, in order to keep as clear as
possible the transition to the more abstract presentation of Chapter II-2, we have gone with
the most pedantic interpretation possible for the concepts of “accumulation point,” “cluster
point,” and “limit point.” °

The three concepts of accumulation point, cluster point, and limit point are actually
excessive for R since, as the next result shall indicate, two of them are exactly the same.
However, in the more general setup of Chapter II-2, the concepts are no longer equivalent.

2.5.13 Proposition (“Accumulation point” equals “cluster point” in R) For a set ACR, x € R
s an accumulation point for A if and only if it is a cluster point for A.

Proof 1t is clear that a cluster point for A is an accumulation point for A. Suppose that x
is not a cluster point. Then there exists a neighbourhood U of x for which the set AN U is
finite. If ANU = {a}, then clearly = is not an accumulation point. If ANU # {z}, then
AN U\ {x}) D {x1,...,xx} where the points x1, ...,z are distinct from x. Now let

e = tmin{|zy —z|,..., |z, — 2|}
Clearly AN (B(e,z) \ {z}) is then empty, and so x is not an accumulation point for A. |

Now let us give some examples that illustrate the differences between accumulation points
(or equivalently cluster points) and limit points.

2.5.14 Examples (Accumulation points and limit points)
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1. For any subset A C R and for every x € A, z is a limit point for A. Indeed, the constant
sequence {z; = x};ey is a sequence in A converging to x. However, as we shall see in the
examples to follow, it is not the case that all points in A are accumulation points.

2. Let A= (0,1). The set of accumulation points of A is then easily seen to be [0, 1]. The
set of limit points is also [0, 1].

3. Let A =[0,1). Then, as in the preceding example, both the set of accumulation points
and the set of limit points are the set [0, 1].

4. Let A=[0,1)U{2}. Then the set of accumulation points is [0, 1] whereas the set of limit

points is A.
5. Let A = Q. One can readily check that the set of accumulation points of A is R and the
set of limit points of A is also R. °

The following result gives some properties of the derived set.

2.5.15 Proposition (Properties of the derived set in R) For A, B C R and for a family of subsets
{Ai}icr of R, the following statements hold:

(i) der(0) = 0;
(ii) der(R) = R;
(iii) der(der(A)) = der(A);
(iv) if A C B then der(A) C der(B);,
(v) der(A UB) = der(A) Uder(B);
(vi) der(A N B) C der(A) Nder(B).
Proof Parts (i) and (ii) follow directly from the definition of the derived set.

true o nott (iif)
(iv) Let € der(A) and let U be a neighbourhood of x. Then the set AN (U \ {z}) is
nonempty, implying that the set BN (U \ {z}) is also nonempty. Thus x € der(B).
(v) Let 2 € der(AUB) and let U be a neighbourhood of z. Then the set UN((AUB)\ {x})
is nonempty. But

Un((AuB)\{z}) =Un((A\{z}) U(B\{z}))
=UNA\{z}))uUN(B\{z})). (2.7)
Thus it cannot be that both U N (A\ {z}) and U N (B \ {z}) are empty. Thus z is an element
of either der(A) or der(B).
Now let € der(A) Uder(A). Then, using (2.7), U N ((AU B) \ {z}) is nonempty, and so
x € der(AU B).

(vi) Let X € der(AN B) and let U be a neighbourhood of x. Then UN ((ANB)\ {z}) # 0.
We have

Un((AnB)\{z}) =Un(A\{z}) N (B\ {z}))

Thus the sets U N (A\ {z}) and UN (B \ {z}) are both nonempty, showing that = € der(A4) N
der(B). |

Next we turn to characterising distinguished subsets of subsets of R.

2.5.16 Definition (Interior, closure, and boundary in R) Let A C R.
(i) The interior of A is the set

int(A) =U{U | UC A, U open}.



2.5.17

2.5.18

06/10/2005 2.5 Subsets of R 69

(i) The closure of A is the set
cl(A)=n{C| AcCC, C closed}.
(iii) The boundary of A is the set bd(A) = cl(A) Ncl(R\ A). o

In other words, the interior of A is the largest open set contained in A. Note that this
definition makes sense since a union of open sets is open (Exercise 2.5.1). In like manner,
the closure of A is the smallest closed set containing A, and this definition makes sense since
an intersection of closed sets is closed (Exercise 2.5.1 again). Note that int(A) is open and
cl(A) is closed. Moreover, since bd(A) is the intersection of two closed sets, it too is closed
(Exercise 2.5.1 yet again).

Let us give some examples of interiors, closures, and boundaries.

Examples (Interior, closure, and boundary)

1. Let A =int(0,1). Then int(A) = (0,1) since A is open. We claim that cl(A) = [0, 1].
Clearly [0,1] C cl(A) since [0, 1] is closed and contains A. Moreover, the only smaller
subsets contained in [0, 1] and containing A are [0, 1), (0, 1], and (0, 1), none of which are
closed. We may then conclude that cl(4) = [0, 1]. Finally we claim that bd(A) = {0, 1}.
To see this, note that we have cl(A) = [0,1] and cl(R \ A) = (—o0,0] U [1,00) (by an
argument like that used to show that cl(A) = [0,1]). Therefore, bd(A) = cl(A) N cl(R \
A) ={0,1}, as desired.

2. Let A=10,1]. Then int(A) = (0,1). To see this, we note that (0,1) C int(A) since (0, 1)
is open and contained in A. Moreover, the only larger sets contained in A are [0, 1),
(0, 1], and [0, 1], none of which are open. Thus int(A) = (0, 1), just as claimed. Since A
is closed, cl(A) = A. Finally we claim that bd(A) = {0,1}. Indeed, cl(A) = [0, 1] and
cl(R\ A) = (—00,0]U[1,00). Therefore, bd(A) = cl(A) Ncl(R\ A) = {0,1}, as claimed.

3. Let A= (0,1)U{2}. We have int(A) = (0, 1), cl(A) = [0,1]U{2}, and bd(A4) = {0, 1, 2}.
We leave the simple details of these assertions to the reader.

4. Let A= Q. One readily ascertains that int(A) =), cl(A) = R, and bd(A) = R. )

Now let us give a characterisation of interior, closure, and boundary that are often useful
in practice. Indeed, we shall often use these characterisations without explicitly mentioning
that we are doing so.

Proposition (Characterisation of interior, closure, and boundary in R) For A C R, the
following statements hold:

(i) x € int(A) if and only if there exists a neighbourhood U of x such that U C A;
(i) x € cl(A) if and only if, for each neighbourhood U of x, the set UN A is nonempty;

(iii) x € bd(A) if and only if, for each neighbourhood U of x, the sets UNA and UN(R\ A)
are nonempty.

Proof (i) Suppose that x € int(A). Since int(A) is open, there exists a neighbourhood U of x
contained in int(A). Since int(A) C A, U C A.

Next suppose that = ¢ int(A). Then, by definition of interior, for any open set U for which
UCA x¢U.

(ii) Suppose that there exists a neighbourhood U of x such that UN A = (. Then R\ U is
a closed set containing A. Thus cl(A) C R\ U. Since z ¢ R\ U, it follows that x & cl(A).

Suppose that = ¢ cl(A). Then z is an element of the open set R\ cl(A). Thus there exists
a neighbourhood U of z such that U C R\ c¢l(A). In particular, U N A = ().

(iii) This follows directly from part (ii) and the definition of boundary. [
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Now let us state some useful properties of the interior of a set.

Proposition (Properties of interior in R) For A,B C R and for a family of subsets {A;}ier
of R, the following statements hold:

(i) int(0) =0
(i) int(R) = R;

(i) int(int(A)) = int(A);

(iv) if A C B then int(A) C int(B);

(v) int(A UB) D int(A) Uint(B);
(vi) int(A N B) =int(A) Nint(B);
(vii) int(UierA;) D Uierint(A;);
(viii) int(NierA;) C Nierint(A;).

Moreover, a set A C R is open if and only if int(A) = A.

Proof Parts (i) and (ii) are clear by definition of interior. Part (v) follows from part (vii), so
we will only prove the latter.

(iii) This follows since the interior of an open set is the set itself.

(iv) Let = € int(A). Then there exists a neighbourhood U of = such that U C A. Thus
U C B, and the result follows from Proposition 2.5.18.

(vi) Let 2 € int(A) Nint(B). Since int(A) Nint(B) is open by Exercise 2.5.1, there exists
a neighbourhood U of x such that U C int(A) Nint(B). Thus U C AN B. This shows that
x € int(A N B). This part of the result follows from part (viii).

(vii) Let © € Ujerint(A;). By Exercise 2.5.1 the set U;erint(A;) is open. Thus there exists
a neighbourhood U of x such that U C U;erint(A;). Thus U C UjerA;, from which we conclude
that = € int(Ujer A;).

(viii) Let = € int(N;erA;). Then there exists a neighbourhood U of x such that U C N A4;.

It therefore follows that U C A; for each i € I, and so that x € int(A;) for each i € I.
The final assertion follows directly from Proposition 2.5.18. |

Next we give analogous results for the closure of a set.

Proposition (Properties of closure in R) For A;B C R and for a family of subsets {A;}ie
of R, the following statements hold:

(i) ci(0) =
(ii) c(R) =
(iii) cl(cl(A)) = cl(A);
(iv) if A C B then cl(A) C cl(B);
(v) cl(AUB) = cl(A) Ucl(B);
(vi) cl(ANB) Ccl(A) Ncl(B);
(vii) cl(UietA;) D Uier cl(A;);
(viii) cl(Mie1Ai) C Nier cl(As).
Moreover, a set A C R is closed if and only if cl(A) = A.

Proof Parts (i) and (ii) follow immediately from the definition of closure. Part (vi) follows
from part (viii), so we will only prove the latter.

(iii) This follows since the closure of a closed set is the set itself.

(iv) Suppose that x € cl(A). Then, for any neighbourhood U of z, the set U N A is
nonempty, by Proposition 2.5.18. Since A C B, it follows that U N B is also nonempty, and so
x € cl(B).
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(v) Let # € cl(A U B). Then, for any neighbourhood U of z, the set U N (AU B) is
nonempty by Proposition 2.5.18. By Proposition 1.1.3, UNn (AU B) = (UN A) U (U N B).
Thus the sets U N A and U N B are not both nonempty, and so z € cl(4) Ucl(B). That
cl(A) Ucl(B) C cl(AU B) follows from part (vii).

(vi) Let € cl(AnN B). Then, for any neighbourhood U of z, the set U N (AN B) is
nonempty. Thus the sets U N A and U N B are nonempty, and so x € cl(A) N cl(B).

(vii) Let # € Ujercl(A;) and let U be a neighbourhood of z. Then, for each ¢ € I,
U N A; # (). Therefore, Ujer (U N A;) # (0. By Proposition 1.1.6, U;e (U N A;) = U N (Ujer Ai),
showing that U N (UjerA;) # 0. Thus = € cl(Ujer A;).

(viii) Let = € cl(N;erA;) and let U be a neighbourhood of z. Then the set U N (N;erA;) is
nonempty. This means that, for each i € I, the set U N A; is nonempty. Thus x € cl(A4;) for
each ¢ € I, giving the result. |

Note that there is a sort of “duality” between int and cl as concerns their interactions
with union and intersection. This is reflective of the fact that open and closed sets them-
selves have such a “duality,” as can be seen from Exercise 2.5.1. We refer the reader to
Exercise 2.5.4 to construct counterexamples to any missing opposite inclusions in Proposi-
tions 2.5.19 and 2.5.20.

Let us state some relationships between certain of the concepts we have thus far intro-
duced.

Proposition (Joint properties of interior, closure, boundary, and derived set in R) For
A C R, the following statements hold:

(i) R\ int(A) =cl(R\ A);
(if) R\ cl(A) =int(R\ A).
(iii) cl(A) = AUDbd(A);
(iv) int(A) = A — bd(A),
(v) cl(A) =int(A) Ubd(A);
(vi) cl(A) = AUder(A);
(vii) R = int(A) Ubd(A) Uint(R \ A).

Proof (i) Let x € R\ int(A). Since = ¢ int(A), for every neighbourhood U of z it holds
that U ¢ A. Thus, for any neighbourhood U of z, we have U N (R\ A) # (), showing that
zecl(R\A).

Now let z € cl(R\ A). Then for any neighbourhood U of x we have U N (R\ A) # 0. Thus
x & int(A), so z € R\ A.

(i) The proof here strongly resembles that for part (i), and we encourage the reader to
provide the explicit arguments.

(iii) This follows from part (v).

(iv) Clearly [(A) C A. Suppose that © € AN bd(A). Then, for any neighbourhood U of
x, the set U N (R \ A) is nonempty. Therefore, no neighbourhood of z is a subset of A, and so
x ¢ int(A). Conversely, if z € int(A) then there is a neighbourhood U of x such that U C A.
The precludes the set U N (R\ A) from being nonempty, and so we must have = ¢ bd(A).

(v) Let = € cl(A). For a neighbourhood U of z it then holds that UN A # (). If there exists
a neighbourhood V' of x such that V' C A, then x € int(A). If there exists no neighbourhood
V of z such that V C A, then for every neighbourhood V of z we have VN (R \ A) # ), and
so x € bd(A).

Now let € int(A) Ubd(A). If z € int(A) then x € A and so = €C cl(A). If z € bd(A)
then it follows immediately from Proposition 2.5.18 that x € cl(A).
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(vi) Let x € cl(A). If x ¢ A then, for every neighbourhood U of z, UNA = UN(A\{z}) # 0,
and so z € der(A).

If x € AUder(A) then either x € A C cl(A), or x ¢ A. In this latter case, x € der(A) and
so the set U N (A\ {z}) is nonempty for each neighbourhood U of z, and we again conclude
that « € cl(A).

(vii) Clearly int(A)Nint(R\ A) = 0 since AN(R\A) = (). Now let z € R\ (int(A)Uint(R\ A)).
Then, for any neighbourhood U of z, we have U ¢ A and U ¢ (R\ A). Thus the sets UN(R\ A)
and U N A must both be nonempty, from which we conclude that = € bd(A). [

An interesting class of subset of R is the following.

Definition (Discrete subset of R) A subset A C R is discrete if there exists € > 0 such
that, for each z,y € A, |z —y| > €. .

Let us give a characterisation of discrete sets.

Proposition (Characterisation of discrete sets in R) A discrete subset A C R is countable
and has no accumulation points.
Proof 1t is easy to show (Exercise 2.5.6) that if A is discrete and if N € N, then the set
AN[—N,N] is finite. Therefore

A =UnenAN[-N,N]J,

which gives A as a countable union of finite sets, implying that A is countable by Proposi-
tion 1.7.16. Now let € > 0 satisfy |x —y| > € for z,y € A. Then, if x € A then the set
ANB(5,r) is empty, implying that 2 is not an accumulation point. If x ¢ A then B(§,z)
can contain at most one point from A, which again prohibits x from being an accumulation
point. |

The notion of a discrete set is actually a more general one having to do with what is
known as the discrete topology (cf. Example 11-2.2.2-3). The reader can explore some facts
about discrete subsets of R in Exercise 2.5.6.

2.5.4 Compactness

The idea of compactness is absolutely fundamental is much of mathematics. The reasons
for this are not at all clear to a newcomer to analysis. Indeed, the definition we give for
compactness comes across as extremely unmotivated. This might be particularly since for
R (or more generally, in R™) compact sets have a fairly banal characterisation as sets that
are closed and bounded (Theorem 2.5.27). However, the original definition we give for a
compact set is the most useful one. The main reason it is useful is that it allows for certain
pointwise properties to be automatically extended to the entire set. A good example of this
is Theorem 3.1.25, where continuity of a function on a compact set is extended to uniform
continuity on the set. This idea of uniformity is an important one, and accounts for much
of the value of the notion of compactness. But we are getting ahead of ourselves.

As indicated in the above paragraph, we shall give a rather strange seeming definition
of compactness. Readers looking for a quick and dirty definition of compactness, valid for
subsets of R, can refer ahead to Theorem 2.5.27. Our construction relies on the following
idea.

Definition (Open cover of a subset of R) Let A C R.

(i) An open cover for A is a family {U,}ic; of open subsets of R having the property
that A C UsierUs.
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(i) A subcover of an open cover {U;};cr of A is an open cover {V;},c; of A having the
property that {V;}jen C {U,}ier .

The following property of open covers of subsets of R is useful.

2.5.25 Lemma (Lindel6f” Lemma for R) If {U}icr is an open cover of A C R, then there exists
a countable subcover of A.

Proof Let # = {B(r,z)| z,r € Q}. Note that £ is a countable union of countable sets, and

so is countable by Proposition 1.7.16. Therefore, we can write 2 = {B(r;, ;) }jen. Now define

B = {B(rj,z;)| B(rj,zj) C U for some i € I}.

Let us write &' = {B(r},, %, ) }ken. We claim that %’ covers A. Indeed, if z € A then there
exists k € N and ¢ € I such that x € B(rj,,z;,) C U;. Now, for each k € N, let i, € I satisfy

B(7j,,;j,) C Ui,. Then the countable collection of open sets {U;, }ren clearly covers A since
A covers A. |

2.5.26 Definition (Bounded, compact, and totally bounded in R) A subset A C R is:
(i) bounded if there exists M > 0 such that A C B(M,0);
) compact if every open cover {U;};cr of A possesses a finite subcover;
i) relatiwely compact it c 1s compact;
(iii) relatively if cl(A) i
) totally bounded if, for every ¢ > 0 there exists xy,...,2; € R such that A C
U?le(e,xj). °

The simplest characterisation of compact subsets of R is the following. We shall freely
interchange our use of the word compact between the definition given in Definition 2.5.26
and the conclusions of the following theorem.

2.5.27 Theorem (Heine—Borel® Theorem in R) A subset K C R is compact if and only if K is
closed and bounded.

Proof Suppose that K is closed and bounded. We first consider the case when K = [a, b].
Let & = {U,}ier be an open cover for [a,b] and let

Siap =1z € R| x <band [a, 7] has a finite subcover in 07} .

Note that Sjgp # () since a € Slap)- Let ¢ = sup Sy We claim that ¢ = b. Suppose that
¢ < b. Since ¢ € [a,b] there is some i € I such that ¢ € U;. As Uj; is open, there is some € > 0
sufficiently small that B(e,c¢) C U;. By definition of ¢, there exists some x € (¢ — €, ¢) for which
T € S[up). By definition of Sj,y there is a finite collection of open sets U, ..., U;,, from &
which cover [a, z]. Therefore, the finite collection U;,, ..., U;, , U; of open sets covers [a, c+ €).
This then contradicts the fact that ¢ = sup Sy, so showing that b = sup S|, . The result
follows by definition of S,y

Now suppose that K is a general closed and bounded set. Then K C [a,b] for some
suitable a,b € R. Suppose that ¢ = {U;}icr is an open cover of K, and define a new open
cover 0 = 0 U(R\ K). Note that U;c;U; U(R\ K) = R showing that & is an open cover for R,
and therefore also is an open cover for [a,b]. By the first part of the proof, there exists a finite
subset of & which covers [a, b], and therefore also covers K. We must show that this finite cover

"Ernst Leonard Lindeldf (1870-1946) was a Finnish mathematician who worked in the areas of differential
equations and complex analysis.

8Heinrich Eduard Heine (1821-1881) was a German mathematician who worked mainly with special
functions. Félix Edouard Justin Emile Borel (1871-1956) was a French mathematician, and he worked
mainly in the area of analysis.
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can be chosen so as not to include the set R\ K as this set is not necessarily in &. However,
if [a,b] is covered by Uj,,...,U; ,R\ K, then one sees that K is covered by Uj,, ..., U, , since
KN R\ K) =0. Thus we have arrived at a finite subset of & covering K, as desired.
Now suppose that K is compact. Consider the following collection of open subsets: O =
{B(€,z)}zek. Clearly this is an open cover of K. Thus there exists a finite collection of point

T1,..., 7 € K such that {B(e, 7))} eq1,.. k) covers K. If we take
M = max{[z1],..., x|} +2

then we easily see that K C B(M, 0), so that K is bounded. Now suppose that K is not closed.
Then K C cl(K). By part (vi) of Proposition 2.5.21 there exists an accumulation point zq of
K that is not in K. Then, for any j € N there exists a point z; € K such that |zg — z;| < %
Define

Uj = (—o0, 20 — %) U (xo + %, 0),

noting that U; is open, since it is the union of open sets (see Exercise 2.5.1). We claim that
{U;}jen is an open cover of K. Indeed, we will show that U;jenU; =R\ {z¢}. To see this, let
z € R\ {zo} and choose k € N such that + < |z — zg|. Then it follows by definition of Uy, that
x € Uy. Since zg € K, we then have K C UjenU;. Next we show that there is no finite subset
of {U;}jen that covers K. Indeed, consider a finite set ji,...,jr € N, and suppose without
loss of generality that j; < --- < j,. Then the point x;, 11 satisfies |9 — xj, 41| < jk1+1 < jik’
implying that z;, 11 € Uj, D --- D Uj;. Thus, if K is not closed, we have constructed an open
cover of K having no finite subcover. From this we conclude that if K is compact, then it is

closed. [ |

The Heine-Borel Theorem has the following useful corollary.

Corollary (Closed subsets of compact sets in R are compact) If A C R is compact and
if B C A is closed, then B is compact.
Proof Since A is bounded by the Heine-Borel Theorem, B is also bounded. Thus B is also
compact, again by the Heine—Borel Theorem. |

In Chapter Il-2 we shall encounter many of the ideas in this section in the more general
setting of topological spaces. Many of the ideas for R transfer directly to this more general
setting. However, with compactness, some care must be exercised. In particular, it is not
true that, in a general topological space, a subset is compact if and only if it is closed and
bounded. Indeed, in a general topological space, the notion of bounded is not defined. It is
not an uncommon error for newcomers to confuse “compact” with “closed and bounded” in
situations where this is not the case.

The following result is another equivalent characterisation of compact subsets of R, and
is often useful.

Theorem (Bolzano—Weierstrass’ Theorem in R) A subset K C R is compact if and only
if every sequence in K has a subsequence which converges in K.

Proof Let {z;};en be a sequence in K. Since K is bounded by Theorem 2.5.27, the sequence
{z;}jen is bounded. We next show that there exists either a monotonically increasing, or a
monotonically decreasing, subsequence of {x;},en. Define

D={jeN| T > Xj, kE>j}

9Bernard Placidus Johann Nepomuk Bolzano (1781-1848) was a Czechoslovakian philosopher, mathemati-
cian, and theologian who made mathematical contributions to the field of analysis. Karl Theodor Wilhelm
Weierstrass (1815-1897) is one of the greatest of all mathematicians. He made significant contributions to
the fields of analysis, complex function theory, and the calculus of variations.
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If the set D is infinite, then we can write D = {ji}ren. By definition of D, it follows that
Tj,., > xj, for each k € N. Thus the subsequence {zj, }ren is monotonically increasing. If
the set D is finite choose j; > sup D. Then there exists jo > ji such that z;, < x;. Since
Jj2 > sup D, there then exists j3 > j2 such that x;, < x;,. By definition of D, this process
can be repeated inductively to yield a monotonically decreasing subsequence {xj, }ren. It
now follows from Theorem 2.3.7 that the sequence {xj, }en, be it monotonically increasing or
monotonically decreasing, converges.

Next suppose that every sequence {azj }jEN in K possesses a convergent subsequence. Let
{Ui}ier be an open cover of K, and by Lemma 2.5.25 choose a countable subcover which we
denote by {U;}en. Now suppose that every finite subcover of {U;} en does not cover K. This
means that, for every k € N, the set C, = K \ (U?ZlUj) is nonempty. Thus we may define a
sequence {7y }ren in R such that z; € C. Since the sequence {zy}ren is in K, it possesses
a convergent subsequence {z, }men, by hypotheses. Let x be the limit of this subsequence.
Since x € K and since K = UjenUj, x € U for some [ € N. Since the sequence {zj,, }men
converges to x, it follows that there exists N € N such that zy,, € U; for m > N. But this
contradicts the definition of the sequence {xy }ren, forcing us to conclude that our assumption
is wrong that there is no finite subcover of K from the collection {U;}en. n

The following property of compact intervals of R is useful.

2.5.30 Theorem (Lebesgue'’ number for compact intervals) Let 1= [a,b] be a compact interval.
Then for any open cover {U,}aen of [a,b], there exists 6 > 0, called the Lebesgue number
of 1, such that, for each x € [a,b], there exists a € A such that B(5,x) N1 C U,.
Proof Suppose there exists an open cover {U,}q,ca such that, for all 6 > 0, there exists
x € [a,b] such that none of the sets U,, a € A, contains B(d,z) N I. Then there exists a
sequence {z;}jen in I such that

{aeA\ B(%,l’j) C Ua} =

for each j € N. By the Bolzano—Weierstrass Theorem there exists a subsequence {z;, } ren that
converges to a point, say x, in [a,b]. Then there exists ¢ > 0 and a € A such that B(e,y) C U,.
Now let N € N be sufficiently large that |z;, — 2| < § for £ > N and such that JLN < 5. Now

let kK > N. Then, if y € B(jik,xjk) we have
ly—zl=ly -z, +xj, —z| < |y — [+ [z —zj,| <e
Thus we arrive at the contradiction that B(jik, zj,) C U,. |

The following result is sometimes useful.

2.5.31 Proposition (Countable intersections of nested compact sets are nonempty) Let {K}ien
be a collection of compact subsets of R satisfying K11 C Kj. Then NjenKj is nonempty.
Proof 1t is clear that K = NjenK; is bounded, and moreover it is closed by Exercise 2.5.1.
Thus K is compact by the Heine-Borel Theorem. Let {z;} cn be a sequence for which z; € K
for j € N. This sequence is thus a sequence in K and so, by the Bolzano—Weierstrass Theorem,
has a subsequence {z;, }xen converging to 2 € K. The sequence {x;, ., }xen is then a sequence
in K5 which is convergent, so showing that x € K5. Similarly, one shows that = € K; for all
J € N, giving the result. |

Finally, let us indicate the relationship between the notions of relative compactness and
total boundedness. We see that for R these concepts are the same. This may not be true in
general.

0Henri Léon Lebesgue (1875-1941) was a French mathematician. His work was in the area of analysis.
The Lebesgue integral is considered to be one of the most significant contributions to mathematics in the
past century or so.

example in
Chapter [I-27



76 2 Real numbers and their properties 06/10/2005

2.5.32 Proposition (“Relatively compact” equals “totally bounded” in R) A subset of R is
relatively compact if and only if it is totally bounded.
Proof Let A CR.

First suppose that A is relatively compact. Since A C cl(A) and since cl(A) is bounded by
the Heine—Borel Theorem, it follows that A is bounded. It is then easy to see that A is totally
bounded.

Now suppose that A is totally bounded. For ¢ > 0 let z1,...,zr € R have the property
that A C Ug‘?:lB(e,xj). If

Mo =max{|z; — x| | j,le{i,....k}} + 2,

then it is easy to see that A C B(M,0) for any M > M. Then cl(A) C B(M,0) by part (iv)
of Proposition 2.5.20, and so cl(A) is bounded. Since cl(A) is closed, it follows from the
Heine—Borel Theorem that A is relatively compact. |

an example
using convergent
subsequences
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The idea of a connected set will come up occasionally in these volumes. Intuitively, a set
whers is connected if it cannot be “broken in two.” We will study it more systematically in , and
here we only give enough detail to effectively characterise connected subsets of R.

2.5.33 Definition (Connected subset of R) Subsets A, B C R are separated if ANcl(B) = ()
and cl(A)N B = 0. A subset S C R is disconnected if S = AU B for nonempty separated
subsets A and B. A subset S C R is connected if it is not disconnected. o

Rather than give examples, let us simply immediately characterise the connected subsets
of R, since this renders all examples trivial to understand.

2.5.34 Theorem (Connected subsets of R are intervals and vice versa) A subset S C R is
connected if and only if S is an interval.
Proof Suppose that S is not an interval. Then, by Proposition 2.5.4, there exists a,b € S
with a < b and ¢ € (a,b) such that ¢ ¢ S. Let A, = SN (—o0,¢) and B. = SN (c,o0), and note
that both A. and B, are nonempty. Also, since ¢ ¢ S, S = A.U B,. Since (—o0,¢)N[c,00) =0
and (—oo,c] N (¢,00) =0, A. and B, are separated. That S is not connected.

Now suppose that S is not connected, and write S = AU B for nonempty separated sets A
and B. Without loss of generality, let a € A and b € B have the property that a < b. Note that
ANJa,b] is bounded so that ¢ = sup AN|[a, b] exists in R. Then ¢ € cl(ANJa,b]) C cl(A)N][a,b)].
In other words, ¢ € cl(A). Since cl(A)NB =0,c ¢ B. If c ¢ A then ¢ ¢ S, and so S is not
connected by Proposition 2.5.4. If ¢ € A then, since ANcl(B) =0, ¢ & cl(B). In this case there
exists an open interval containing ¢ that does not intersect cl(B). In particular, there exists
d > c such that d ¢ B. Since d > ¢ we also have d € A, and so d ¢ S. Again we conclude that
S is not an interval by Proposition 2.5.4. |

2.5.6 Sets of measure zero

The topic of this section will receive a full treatment in the context of measure theory
as presented in Chapter |I-1. However, it is convenient here to talk about a simple concepts
from measure theory, one which formalises the idea of a set being “small.” We shall only
give here the definition and a few examples. The reader should look ahead to Chapter Il-1
for more detail.
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Definition (Set of measure zero in R) A subset A C R has measure zero, or is of
measure zero, if

inf{Z]bj—aj\ ‘ AC U(aj,bj)}:O.

j=1 jEN
(We allow the possibility of a finite sum in the equation above by allowing the possibility
that a; = b;.) .

The idea, then, is that one can cover a set A with open intervals, each of which have
some length. One can add all of these lengths to get a total length for the intervals used to
cover A. Now, if one can make this total length arbitrarily small, then the set has measure
Zero.

Notation (“Almost everywhere” and “a.e.”) We give here an important piece of notation
associated to the notion of a set of measure zero. Let A C R and let P: A — {true, false}
be a property defined on A (see the prelude to the Principle of Transfinite Induction, The-
orem 1.5.14). The property P holds almost everywhere, a.e., or for almost every
x € A if the set {x € A| P(z) = false} has measure zero. .

This is best illustrated with some examples.

Examples (Sets of measure zero)

1. Let A= {xy,...,x} for some distinct x1, ...,z € R. We claim that this set has measure
zero. Note that for any € > 0 the intervals (x; — €, 2, +¢€), j € {1,...,k}, clearly cover
A. We also have

1|(xj +€) — (xj —€)| = 2ke.

k
=

Since inf {2ke | € > 0} = 0, our claim that A has zero measure is validated.

2. Now let A = Q be the set of rational numbers. To show that A has measure zero, note
that from Exercise 2.1.4 that A is countable. Thus we can write the elements of A as
{¢;j}jen. Now let € > 0 and for j € N define a; = ¢; — 57 and b; = ¢; + 57. Then the
collection (a;,b;), j € N, covers A. Moreover,

> Ibj—ail =3 55 =2,
j=1 j=1
using the fact, shown in Example 2.4.2-1, that the series > 72, 2% converges to 1. Now,

since inf {2¢ | € > 0} = 0, it follows that A indeed has measure zero.

3. Let A =R\ Q be the set of irrational numbers. We claim that this set does not have
measure zero. To see this, let k£ € N and consider the set Ay, = AN|[—k, k]. Now let € > 0.
We claim that if {(a;, b;) },en, is a collection of open intervals for which Ay C Ujen(ay, b)),
then -

> Ib; —aj] > 2k —e. (2.8)
j=1
To see this, let {(c;, d;) }1en be a collection of intervals such that QN [—k, k] C Ujen(cy, d;)
and such that

o0

Z|dl—cl| < €.

=1
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Such a collection of intervals exists since we have already shown that Q, and therefore
Q N [—k, k], has measure zero (see Exercise 2.5.7). Now note that

[—k, k] C (U (aj7bj)> U (U(q,dﬂ),

jEN 1EN

so that

o

(Z b — aj|) + (i |di — cl|> > 2k.

j=1 =1

From this we immediately conclude that (2.8) does indeed hold. Moreover, (2.8) holds
for every k € N, for every € > 0, and for every open cover {(a;,b;)}jen of A;. Thus,

o0 (e 9]

inf{z b—a| Ac U(al,z}l)} > mf{z b —ay| | A C U(aj,bj)} > 9k —c
=1 leN j=1 JEN
for every k € N and for every € > 0. This precludes A from having measure zero. .

The preceding examples suggest sets of measure zero are countable. This is not so, and
the next famous example gives an example of an uncountable set with measure zero.

2.5.38 Example (An uncountable set of measure zero: the middle-thirds Cantor set) In this
example we construct one of the standard “strange” sets used in real analysis to exhibit
some of the characteristics that can possibly be attributed to subsets of R. We shall also use
this set in a construction in Example 3.3.4 to give an example of a continuous monotonically
increasing function whose derivative is zero almost everywhere.

Let Cy = [0,1]. Then define

Cl - [O,

so that Cj, is a collection of 2 disjoint closed intervals each of length 37 (see Figure 2.5).
We define C' = NgenClr, which we call the middle-thirds Cantor set. Let us give some

Co

Gy

Cs

Figure 2.5 The first few sets used in the construction of the
middle-thirds Cantor set

of the properties of C.

1 Lemma C has the same cardinality as [0, 1].
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Proof Note that each of the sets Cy, k € Ny, is a collection of disjoint closed intervals. Let
us write C}, = U?ilfk,j, supposing that the intervals Ij ; are enumerated such that the right
endpoint of Ij, ; lies to the left of the left endpoint of I}, j1 for each k € Ng and j € {1,..., 2k},
Now note that each interval Iy ;;, k& € Ny, j € {1,...,2F1} comes from assigning two
intervals to each of the intervals I j, k € No, j € {1,...,2%}. Assign to an interval Iy ;,
k€ No, j € {1,...,2"}, the number 0 (resp. 1) if it the left (resp. right) interval coming from
an interval Iy j of Cy. In this way, each interval in Cy, k£ € Np, is assigned a 0 or a 1 in a
unique manner. Since, for each point in € C, there is exactly one j € {1,...,2*} such that
x € I, ;. Therefore, for each point in C' there is a unique decimal expansion 0.n1n2n3 ... where
ng € {0,1}. Moreover, for every such decimal expansion, there is a corresponding point in C'.
However, such decimal expansions are exactly binary decimal expansions for points in [0, 1].
In other words, there is a bijection from C' to [0, 1]. |

Lemma C is a set of measure zero.
Proof Let € > 0. Note that each of the sets Cj can be covered by a finite number of closed

intervals whose lengths sum to (g)k Therefore, each of the sets C) can be covered by open

intervals whose lengths sum to (g)k + §. Choosing k sufficiently large that (3)¥ < & we see
that C is contained in the union of a finite collection of open intervals whose lengths sum to e.

Since € is arbitrary, it follows that C' has measure zero. |

This example thus shows that sets of measure zero, while “small” in some sense, can be
“large” in terms of the number of elements they possess. Indeed, in terms of cardinality, C'
has the same size as [0, 1], although their measures differ by as much as possible. °

2.5.7 Cantor sets

The remainder of this section is devoted to a characterisation of certain sorts of exotic sets,
perhaps the simplest example of which is the middle-thirds Cantor set of Example 2.5.38.
This material is only used occasionally, and so can be omitted until the reader feels they
need /want to understand it.

The qualifier “middle-thirds” in Example 2.5.38 makes one believe that there might be
a general notion of a “Cantor set.” This is indeed the case.

Definition (Cantor set) Let I C R be a closed interval. A subset A C [ is a Cantor set if
(i) A is closed,
(i) int(A) =0, and

(i) every point of A is an accumulation point of A. o

We leave it to the reader to verify in Exercise 2.5.10 that the middle-thirds Cantor set is
a Cantor set, according to the previous definition.

One might wonder whether all Cantor sets have the properties of having the cardinality
of an interval and of having measure zero. To address this, we give a result and an example.
The result shows that all Cantor sets are uncountable.

Proposition (Cantor sets are uncountable) If A C R is a nonempty set having the property
that each of its points is an accumulation point, then A is uncountable. In particular, Cantor
sets are uncountable.
Proof Any finite set has no accumulation points by Proposition 2.5.13. Therefore A must be
either countably infinite or uncountable. Suppose that A is countable and write A = {z;}en.
Let y; € A\{x1}. Forr < |z — y1| we have x1 & B(r1,y1). We note that y; is an accumulation
point for A\ {z1,x2}; this follows immediately from Proposition 2.5.13. Thus there exists y2 €
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A\{z1, 22} such that yo € B(r1,y1) and such that y # y1. If ro < min{[rs — ya|,r1—|y2 — 2|}
then xo & B(ra,y2) and B(ra,y2) C B(ri,y1) by a simple application of the triangle inequality.
Continuing in this way we define a sequence {B(r;,y;)} en of closed balls having the following
properties:

1. B(rj,y;) C B(rj+1,y;4+1) for each j € N;

2. zj & B(rj,y;) for each j € N.
Note that {B(r;,y;) N A}jen is a nested sequence of compact subsets of A, and so by Propo-
sition 2.5.31, Njen(B(rj,y;) N A) is a nonempty subset of A. However, for any j € N,
¢; & Njen(B(rj,y;) N A), and so we arrive, by contradiction, to the conclusion that A is
not countable. [

The following example shows that Cantor sets may not have measure zero.

2.5.41 Example (A Cantor set not having zero measure) We will define a subset of [0, 1] that
is a Cantor set, but does not have measure zero. The construction mirrors closely that of
Example 2.5.38.

We let € € (0, %) Let Ceo = [0,1] and define C,; by deleting from C. o an open interval
of length 5 centered at the midpoint of Ccy. Note that C; consists of two disjoint closed
intervals whose lengths sum to 1 — 5. Next define Cco by deleting from C; two open
intervals, each of length £, centered at the midpoints of each of the intervals comprising C ;.
Note that C.» consists of four disjoint closed intervals whose lengths sum to 1 — {. Proceed
in this way, defining a sequence of sets {C. j }ren, where C. . consists of 2% disjoint closed
intervals whose lengths sum to 1 — le 57 = 1 — €. Take C¢ = NMpenCe-

Let us give the properties of C, in a series of lemmata.

1 Lemma C, is a Cantor set.
Proof That C. is closed follows from Exercise 2.5.1 and the fact that it is the intersection of a
collection of closed sets. To see that int(Ce) =0, let I C [0, 1] be an open interval and suppose
that I C Cc. This means that I C (.}, for each k € N. Note that the sets Cc, k € N, are
unions of closed intervals, and that for any § > 0 there exists N € N such that the lengths of
the intervals comprising C j, are less than 0 for k¥ > N. Thus the length of I must be zero, and
so I = (). Thus C, contains no nonempty open intervals, and so must have an empty interior.
To see that every point of C, is an accumulation point of C¢, we note that all points in C.
are endpoints for one of the closed intervals comprising C, j for some k& € N. Moreover, it is
clear that every neighbourhood of a point in C. must contain another endpoint from one of
the closed intervals comprising C j for some k € N. Indeed, were this not the case, this would
imply the existence of a nonempty open interval contained in C¢, and we have seen that there
can be no such interval. [ |

2 Lemma C, is uncountable.

Proof This can be proved in exactly the same manner as the middle-thirds Cantor set was
shown to be uncountable. |

3 Lemma C, does not have measure zero.
Proof Once one knows the basic properties of Lebesgue measure, it follows immediately that
C. has, in fact, measure 1 — e. However, since we have not yet defined measure, let us prove
that C. does not have measure zero, using only the definition of a set of measure zero. Let
{(a;,bj)}jen be a countable collection of open intervals having the property that

C. C U (aj, bj)

jeN
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Since C¢ is closed, it is compact by Corollary 2.5.28. Therefore, there exists a finite collection
{(aj,,b5) hiequ,...,my of intervals having the property that

s

C. C (ajl,bjl). (29)

~

1

We claim that there exists k£ € N such that

C€,k C U(ajl,bjl). (2.10)
=1

Indeed, suppose that, for each k& € N there exists x, € C,j, such that z;, & Uj",(a;,,bj5). The
sequence {xy, }ren is then a sequence in the compact set C¢ 1, and so by the Bolzano—Weierstrass
Theorem, possesses a subsequence {xy, }ren converging to x € Cc;. But the sequence
{@k, . }ren is then a convergent sequence in Cea, so © € Ccp. Continuing in this way,
r € MgenCer. Moreover, the sequence {zj}ren is also a sequence in the closed set
[0,1] — U",(aj,,bj), and so we conclude that € [0,1] — Uj”,(a;,,b;). Thus we contra-
dict the condition (2.9), and so there indeed must be a k£ € N such that (2.10) holds. However,
this implies that any collection of open intervals covering C. must have lengths which sum to
at least 1 — €. Thus C, cannot have measure zero. |

Cantor sets such as C, are sometimes called fat Cantor sets, reflecting the fact that
they are not measure zero. Note, however, that they are not that fat, since they have an
empty interior! °

Exercises

2.5.1 For an arbitrary collection {U,}.ca of open sets and an arbitrary collection {Cj}yep
of closed sets, do the following:
(a) show that U,caU, is open;
(b) show that NyepC) is closed;
For open sets U; and U, and closed sets C'; and Cs, do the following:
(c) show that U; NUs is open;
(d) show that Cy U Cy is closed.
2.5.2 Show that a set A C R is closed if and only if it contains all of its limit points.
2.5.3 For A C R, show that bd(A) = bd(R\ A).
2.5.4 Find counterexamples to the following statements (cf. Propositions 2.5.15, 2.5.19,
and 2.5.20):
a) int(AU B) C int(A) U int(B);
b) int(U;erA;) C Uiesint(A;);
c) int(NierA;) D Nierint(A;);
d) cl(ANB) D cl(A)Ncl(B);
e) cl(Uierdi) C Uier cl(A));
f) cl(Mierd;) D Niercl(A;).

Hint: No fancy sets are required. Intervals will suffice in all cases.

~—

U
N

N N N N /S /N
— — N —

U
N

2.5.5 For each of the following statements, prove the statement if it is true, and give a
counterexample if it is not:

(a) int(A; UAp) = int(A;) Uint(Ay);
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) int(A; N Ay) = int(A;) Nint(As);
) cl(A; U Ay) = cl(Ay) Ucl(Ay);
(d) cl(A;1 N Ay) = cl(Ar) Nel(Ay);
) bd(A; U Ay) =bd(A;) Ubd(A);
) bd(A; N Az) =bd(A;) Nbd(As).
2.5.6 Do the following:
(a) show that any finite subset of R is discrete;
(b) show that a discrete bounded set is finite;
(c) find a set A C R that is countable and has no accumulation points, but that is
not discrete.
2.5.7 Show that if A C R has measure zero and if B C A, then B has measure zero.
2.5.8 Show that any countable subset of R has measure zero.
259 Let {Z;};en be a collection of subsets of R that each have measure zero. Show that
UjenZ; also has measure zero.

2.5.10 Show that the set C' constructed in Example 2.5.38 is a Cantor set.
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Section 2.6

Extensions to R"

We shall have occasion in the series to consider the set R™, the n-fold Cartesian product
of R with itself, in various guises. Many of the necessary properties of R" will be developed
in later chapters, particularly Chapters 5, II-2, and 1I-3. However, there is some benefit to
outlining these results here for two reasons. First of all, the set R™ is so fundamental that
it is useful to have its properties summarised in one place. Second, by pointing out the
necessary results now, we can use them freely, particularly in Chapter 6.

Thus, in this section, we merely indicate which of the properties of R given in this chapter
are transferable to R™, and point out the places in later chapters where the complete story
is developed.

A typical element of R™ will be denoted by @ = (z1,...,z,).

Do | need to read this section? The material in this section is intended for organisation
more than anything else. However, readers who wish to see what material from this chapter
can be extended to higher-dimensions is encouraged to read through the material. Since
there are no proofs, this is easily done. °

2.6.1 Algebra, etc. in R"

In R, as we indicated in Section 2.2.1, we can perform familiar algebraic operations like
addition, multiplication, and division. Not all of these operations generally carry over to
R". One can add elements of R™ using the rule

c+y=(rx14+y1, ., Ty +Yn)
One can also multiply elements of R™ by an element of R using the rule
ax = (axy,...,az,).

These operations are discussed in their proper more general setting in Example 4.6.2-2.
Generally, one cannot multiply or divide elements of R™ together in a useful way. However,
for n = 2 it turns out that multiplication and division are also possible, and this is described
in Section 4.5.1

Although Zermelo’s Well Ordering Theorem tells us that R™ possesses a well order, apart
from n = 1 there is no useful (i.e., reacting well with the other structures of R™) partial
order on R™. Thus any of the results about R that relate to its natural total order < will
not generally carry over to R".

2.6.2 The generalisation of the absolute value function on R"

There is a generalisation to R™ of the absolute value function on R. Indeed, this is one
of the more valuable features of R™. In fact, there are many generalisations of the absolute
value function, but let us here give one of the more common ones. This assigns to an element

HThere are other values of n for which multiplication and division are possible, but this will not interest
us here.
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x € R” the nonnegative number
no N2
Jalle = (X a2)
j=1

Note that when n = 1 we have |-||gr = |-|. We refer the reader to Example I1-2.1.2-3
for initial discussions of this structure, and to Section II-3.1 for more details and further
generalisations. We shall make use of this structure of R™ in Chapter 6 in the case where
n = 2. Here let us merely note some properties of this operation:

L. |ox|gr = |a| ||z||rs for @ € R and x € R";
2. ||z|lgs > 0 for all z € R™;

3. ||z||gr = 0 only if & = 0;

4. [|@y + @ollen < 21|l + [|22]|mn-

Of these properties, perhaps only the last, the triangle inequality, is nontrivial. However,
what is true is that all of these properties are sufficient to ensure that |||z~ gives to R”
sufficient structure to generalise many of the properties of R, some of which we describe
below.

2.6.3 Sequences and series in R"

Note that for R the discussion of sequences and their convergence is reliant on the absolute
value function. Since this can be generalised to R", the ideas of Cauchy sequences and
convergent sequences carries over to R™. Thus a sequence {x;};ey in R" is a Cauchy
sequence if, for every € > 0, there exists N € N such that ||x; — k||rn < € for 5,k > N.
The sequence converges to sy € R™ if, for every ¢ > 0, there exists N € N such that
|lx; — sollgn < € for every j € N. We also say that the sequence is converges absolutely
if the sequence {||z;||rn}jen in R converges. We shall show in Theorem 11-2.1.25 that a
sequence in R™ is Cauchy if and only if it is convergent. In R we can, by using language
such as “diverges to +£00,” be somewhat explicit about the nature in which is sequence does
not converge. These ideas do not generalise to R” is a useful and general way, so we shall
not attempt to refine the notion of divergence of sequences in R".

Many of the results in Section 2.3 concerning sequences in R have analogues in R", and
indeed in more general settings than R". We refer the reader to Section I1-3.1 for the precise
statements of these results in the more general setting. However, it should be understood that
concepts for sequences in R that are dependent on the total order in R (e.g., monotonicity
of sequences, limsup, and liminf) do not carry over to R"™. Also, the convergence tests of
Section 2.3.3 do not apply verbatim (although some might be modifiable to give results for
sequences in R™). The results in Section 2.3.6 that make sense for R™ also apply in that
case.

The above comments also apply to series. Thus a series in R” is an expression of the
form S =322, x;. For a series we define the sequence {S}}ren of partial sums by

k
Si=) =z,
j=1

and a series converges to s if the sequence of partial sums converges to sg. The series
converges absolutely if the series Y72, ||x;||r» in R converges. In Theorem II-3.1.1 (or
more precisely, in Corollary 3.1.2) we shall show that an absolutely convergent sequence is
necessarily convergent.
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2.6.4 Subsets of R"

Note that the definition of open (and therefore closed) sets in R relies on the absolute
value function. Therefore, since the absolute value function has an appropriate generalisation
to R", the ideas of open and closed sets carry over to R™. The key idea is the generalisation
of the notion of an open ball as seen in Example [1-2.1.2-3. To be clear about this, the open
ball of radius r about € R" is the set

B(r,z) ={y e R" | |ly — x| <7r}.

One similarly defines the closed ball in R" as

B(rz) ={y eR"| [ly — z[lzn <7}

Using this notion of an open ball, the definition of open sets, closed sets, and neighbourhoods
proceeds exactly as in the case where n = 1. Generalisations of intervals to R™ in the form
of “cubes” is also possible, although we shall not have occasion to use this notion.

The notions of accumulation point, cluster point, limit point, interior, closure, and bound-
ary rely only on the notion of neighbourhoods, and so are generalisable to R", and indeed
well beyond. These ideas are discussed in Section |1-2.2.3. There we shall see that the general
results can be proved exactly as we have done in this chapter for R. The same comments
hold for the notions of interior, closure, and derived set. Moreover, Propositions 2.5.13,
2.5.15, 2.5.18, 2.5.19, 2.5.20, and 2.5.21 carry over directly to R", and indeed to the more
general setting in Section 11-2.2.3.

The notion of compactness, relying as it does only on the idea of an open set, is transfer-
able from R to R", and indeed to the general setting of Chapter II-2 (see Section 11-2.4). That
is to say, the idea of an open cover of a subset of R™ transfers directly from R, and, therefore,
the definition of a compact set as being a set for which every open cover possesses a finite
subcover also generalises. Note too that one can say that a subset of R" is bounded if it is
contained in a ball of sufficiently large radius. We shall have occasion to use the fact that the
Heine—Borel Theorem generalises from R to R™. This is proved as Theorem [I-2.4.2. Thus,
a subset of R" is compact if and only if it is closed and bounded. The Bolzano—Weierstrass
Theorem also holds in R”, and indeed also in more general settings. The general case is
given as Theorem [I-2.4.1. For convenience, let us summarise here the characterisation of
compact subsets of R™.

Theorem For a subset K C R", the following are equivalent:
(i) K is compact;
(i) K is closed and bounded;
(iii) every sequence {X;}ien in K has a subsequence which converges in K.

One can also talk about subsets of R™ which have measure zero. This is done in the
obvious way using [|-||[g= in place of |-|. Thus a subset A C R" has measure zero if

inf { évol(B(rj,wj)) AC g\TB(Tjawﬂ},

where vol(B(r, x)) is the volume of the open ball B(r, x), which we recall is Ideas concerning macr
the generalisation to R™ of sets of measure zero are discussed in Section II-1.4.
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Exercises

2.6.1
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Section 2.7

Notes

2.7.1 Properties of the set of real numbers

The Archimedean property of R seems obvious. The lack of the Archimedean property
would mean that there exists ¢ for which ¢ > N for every natural number N. This property
is actually possessed by certain fields used in so-called “nonstandard analysis,” and we refer
the interested reader to [Robinson 1974].

27.2 eand 7

The numbers e and 7 are not only irrational, but have the much stronger property of
being transcendental. This means that they are not the roots of any polynomial having
integer coefficients. That e is transcendental was proved by Hermite!? in 1873, and the that
7 is transcendental was proved by Lindemann'® in 1882.

The proof we give for the irrationality of 7 is essentially that of Niven [1947]; this is
the most commonly encountered proof, and is simpler than the original proof of Lambert!*
presented to the Berlin Academy in 1768.

12Charles Hermite (1822-1901) was a French mathematician who made contributions to the fields of
number theory, algebra, differential equations, and analysis.

13Carl Louis Ferdinand von Lindemann (1852-1939) was born in what is now Germany. His mathematical
contributions were in the areas of analysis and geometry. He also was interested in physics.

14Johann Heinrich Lambert (1728-1777) was born in France. His mathematical work included contribu-
tions to analysis, geometry, and probability. He also made contributions to astronomical theory.
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