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1 Limits

1.1 Levels of generality

Topology began as an attempt to generalise various
notions from real and complex analysis. Generalisa-
tion has a number of purposes, but one is to avoid giv-
ing very similar proofs over and over again in slightly
different settings. There are, for example, a number
of elementary results in analysis saying that the limit
of a finite sum is the sum of the limits. This can be
proved for functions or sequences, with limits at finite
points or infinity. There are other theorems which
are not usually stated in terms of limits of sums, but
which could be. The integral of a finite sum is the
sum of the integrals, for example. We’d like to think
of the Riemann integral as a limit of Riemann sums
and think of the theorem about integrals of sums as
a special case of a theorem about limits of sums. In
what sense though is the Riemann integral a limit of
Riemann sums?

It’s helpful to work simultaneously at several dif-
ferent levels of generality. For most theorems there is
an optimal level of generality, one where the defini-
tions reflect all the properties needed in the proof, but
none of the extraneous detail associated with special
cases, even if those special cases are what we’re ulti-
mately most interested in. The most efficient way to
prove everything we need is to start at the most gen-
eral level and then progressively specialise, proving at
each stage those results which are true at that level of
generality but not the previous ones. The historical
development is usually the opposite of this, with the
results in special cases coming first and then gradu-
ally being generalised further and further. At each
level of generality some results which held at previ-
ous levels may fail to generalise, either because their
statements no longer make sense or because they’re
no longer true. A presentation along those lines is



more intuitive, because it starts with familiar prop-
erties of familiar objects, but it necessarily involves
repeatedly reproving the same results at various lev-
els of generality, which defeats the main purpose of
generalisation. A less obvious but equally important
problem is that we need to redefine a number of terms
each time we generalise, and this requires showing
that the new definition when restricted to the old
setting agrees with the old definition. Mostly I will
follow the efficient but ahistorical and somewhat un-
intuitive approach, but for the particular case of the
theorem about limits of sums I will start with a spe-
cial case and gradually generalise it. Hopefully this
will give some idea of why various definitions look the
way they do.

1.2 Limits of real valued functions of
a real variable

The following definition and the two theorems which
follow it should be familiar:

Definition 1.2.1. If f: R — R is a function, w € R
and z € R then we say that z is the limit of f at w,
written

lim f(z) = z,

T—w

if for all € > 0 there is a § > 0 such that whenever
0 < |z —w| < & we have |f(z) — 2] <e.

The word “the” requires a justification:

Theorem 1.2.2. There is at most one z such that
limg ., f(2) = 2.

Proof. Suppose on the contrary that

lim f(z) = 21,

lim f(z) = 2
and
zZ1 7é z9.
Then set

€ =|z1 — 22|/2.

Clearly € > 0, so by the definition of the limit there
are 0; > 0 and 5 > 0 such that whenever

0<|z—wl <

and

0<|z—wl<d
we have

|f(z) —21] <e
and

[f(x) — 22| < e.

There is an  which satisfies both
0<|z—w|l <d

and
0< |:c—w| < 09.

For example,
x = w + min(dy, 62)/2
works. We therefore have
[f(z) —z] <e

and
[f(x) — 22| < e

An elementary property of the absolute value func-
tion is that if « € R and b € R then

|a+b] <|a| + [b].
Taking a = f(z) — 21 and b = 29 — f(x) we find that
|22 = 21| < |f(2) = 21 + [(=1)(f(2) — 21)I-

Further properties of the absolute value function are
that
|ab] = |af[b]

for all « € R and b € R and
|—1] =1
Using these,
(=D (@) = 21)| = |f(z) — z1].
So

|22 = 21| < |f(2) = 21|+ [(f(2) —21)| <ete



But € was chosen such that
€+ €= ‘ZQ —Zl‘.

There is no real number which is less than itself, so
we have a contradiction. Our assumption that there
are distinct z; and 2o such that lim, ., f(z) = 2z
and lim,_,,, f(2) = 22 must therefore be false. O

As promised, the limit of a finite sum is the sum
of the limits.

Theorem 1.2.3. Suppose that f1, ...
tions from R to R such that

, fr are func-

lim f;(z) = 2

forj=1,..., k. Then

k k
lim  fi(@) =) .
j=1 j=1
Proof. Let € > 0. Then ¢/k > 0. Since

lim f;(2) = 2

there is a 0; > 0 such that if
0< |.’E — w| < 5j

then .
fi@) -5l < T

Let
0 = min(dy, ...

Then § > 0. Also, if

7616)

O<|z—w|l<é
then

0<|x—w|<5j
for 1 <j <k and so

i) = 2] < ©

() — 25 x

Starting from

la+b] < [a] + [b]

we can easily show by induction that

k k
doai| <D lagl-
j=1 j=1

So

= €.

T

k
Jj=

k
(fi(z) —2)| < Z

1

By the associativity and commutativity of addition
this is equivalent to

k

k
ij(x) —sz <e.

j=1
We've just constructed a 6 > 0 such that if
O0<|z—w|l<d

then
k k
S i) -S| <
=1 j=1
This shows that
k k
Jn > 1i(0) =3z
j= j=

O

I won’t generally give this level of detail in proofs.
This could be abbreviated considerably, with gaps
left for you to fill in. The reason that I've given this
level of detail in this case is to make it clear which
properties of the real numbers and the absolute value
function are being used, and therefore which are not.
That’s what has to guide us in generalising both the
definitions and the theorems.

1.3 Limits of vector valued functions
of a vector variable

The easiest generalisation is to higher dimensions.



Definition 1.3.1. If f: R™ — R" is a function, w €
R™ and z € R" then we say that z is the limit of £
at w, written

lim f(x) = z,

X—W
if for all € > 0 there is a § > 0 such that whenever
0 < ||[x—w| < ¢ we have ||f(x) — 2| <e.

Theorem 1.3.2. There is at most one z such that
limy_w f(x) = 2.

Proof. Suppose on the contrary that

25, 100 =21,

xh_r)révf(x) =79
and
71 # Zo.
Then set
€ = ||z1 — z2]|/2.

Clearly € > 0, so by the definition of the limit there
are 0; > 0 and 5 > 0 such that whenever

0<|x—w| <&

and
0<|x—w| <d
we have
[£(x) =z <e
and

If(x) — z2|| <e.
There is an x which satisfies both
0< ||X—W|| <(51

and
0< HX—W” < 0s.
For example,

min(dq, d2) u

X =W+ 5

works, where u = (1,0, ...,0). We therefore have

[£(x) — 2| < e

and
If(x) — 22| <e.

An elementary property of the length function on vec-
tors is that if a € R™ and b € R" then

la+ bl < [lafl + [|b]|.

Taking a = f(x) — z; and b = z; — f(x) we find that

22 — 21| < [[f(x) — 22| + [ (=1)(£(x) — z1)].
A further property of the length function is that

b = |af|[b]|
for all « € R and b € R". Using this,
[(=D(E(x) —2z1)[| = [[f(x) — 2.
So
22 — 21| < [[f(x) — 2| + [|(F(x) —2z1) <e+e.
But € was chosen such that
€+ €= ||Z2 —Z1||.

There is no real number which is less than itself, so
we have a contradiction. Our assumption that there
are distinct z; and zo such that limy_,w f(x) = 23
and lim,_,,, f(x) = zo must therefore be false. O

Theorem 1.3.3. Suppose that fi, ..
tions from R™ to R™ such that

., fx are func-

lim f;(x) = z;

X—W
forj=1,..., k. Then
k k
XIE}I‘INZf](X) = ZZ]'.
j=1 j=1

Proof. Let € > 0. Then ¢/k > 0. Since
Jim f;(z) = z;

there is a d; > 0 such that if

0<[x—w| <4



then c
18() = 2]l < <.

Let
0 = min(dy, ...

Then § > 0. Also, if

76k)

O<|x—w| <9

then

0< ||X*WH <5j
and so
€

15 () — 25l < &

Starting from
la+ bl < [la]| + [|b]|

we can easily show by induction that

k k
D ag| <> llall-
j=1 j=1

So

= €.

k k
Z (£ (x) —z;)|| < Z

By the associativity and commutativity of addition
this is equivalent to

Eoull e}

k

k
ij(x) —sz <e.

j=1
We've just constructed a § > 0 such that if
O<|x—w|] <0

then
k

k
fj(X) — ZZ]‘ < €.
1 j=1

j:
This shows that

k k
lim ij(x) = sz.
X—W = =

The notation here is that boldface is used for vec-
tors and for vector valued functions. The length of
a vector is denoted with double bars, e.g. |lal|. It’s
defined by

for a € R™. Not all of our vectors are in R™ though.
For vectors in R™ we need to replace the n by an
m in the definition above. Since we aren’t assum-
ing that m = n we have in fact two different length
functions, although they’re so closely related that the
usual notation doesn’t bother to distinguish between
them.

The definition and proofs above are of course ob-
tained from the definition and proofs in the case of
real valued functions of a real variable by replac-
ing real numbers by vectors and absolute values by
lengths. This isn’t quite a mechanical substitution
though. Some of the real numbers remain real num-
bers and a small number of absolute values remain
absolute values. We also need to distinguish between
vectors in R™ and vectors in R™. Furthermore, not
every property of the real numbers has a vector ana-
logue. For example, the real numbers have a natural
order relation. Vectors don’t. There are quite a few
inequalities above, so it’s rather fortunate that all of
them involve real quantities and none involve vector
quantities and that the properties which we need to
apply to vectors, like associativity, do apply to them.
There are one or two places where the proofs require
minor modifications to avoid objects which are not
well defined. As an example, in the original proof we
construct an x such that 0 < |x —w| < § by adding
min(dy, d2)/2 to w. In the vector context we can’t add
min(dy,d2)/2 to w, since there’s no notion of adding
scalars to vectors, so we multiply the scalar quantity
by a vector of length 1 to get an addition which is well
defined and accomplishes the same thing. The ty-
pographic convention of writing scalars in italics and
vectors in bold helps to highlight instances where me-
chanical substitution yields nonsensical expressions.
I will eventually drop this practice, but not yet.

It’s rather tedious to check that proofs generalise
and it’s very tempting to skip over details, but it’s



also rather dangerous. It’s particularly easy to miss
problems which arise in trivial cases. Theorem |1.3.2
provides an example. There is something wrong with
it. You might want to take a moment to try to figure
out what the problem is before reading on. In case
you don’t see the problem I'll explain it after the next
paragraph.

Theorems [1.3.2] and [1.3.3] are generalisations of
Theorems|[1.2.2)and[1.2.3] not just analogues of them.
By this I mean two things. First of all, the real re-
sults are special cases of the vector ones, specifically
the special cases where m = n = 1. The length in
this case is the absolute value and so the statements
of both the definition and the theorems in the vec-
tor case imply those in the real case. Secondly, the
vector result covers cases that the real case does not.
That’s rather obvious here since there are integers
greater than 1, but for some later generalisations it
will be less clear whether a seemingly more general
result is genuinely more general.

Did you spot the problem with Theorem [1.3.2]
Nothing is specified about the dimensions m and n,
so the natural assumption is that any meaningful
values are allowed. R™ and R™ make sense for all
non-negative integer values of m and n. There’s no
problem with n = 0, although the theorem isn’t very
interesting in that case. For m = 0 we have a prob-
lem though. The vector u was defined to have a 1
as its first entry and zeroes as all the other entries.
If m = 0 then there is no first entry though. If you
take u to be the zero vector, and there aren’t any
other vectors in R° to choose, then you won’t have
0<|x—w|] <d and 0 < ||lx — w| < d2. In fact
there’s no x € RY satisfying those inequalities. And
it’s not just the proof which has a problem if m = 0.
The statement of the theorem is false as well, as long
as n > 0. To see this, choose any distinct z; and z»
in R™. Then

25, 1) ==

and

xlgl‘lﬂf(x) = Zo.

This is a simple, if somewhat surprising, consequence
of Definition [L3.1l To show it we need to find a J for
each e. § = 1 works fine for each epsilon. For j =1

or j = 2 we have
[£(x) —z;]| <e
for all x € R such that
0<|x—w| <.

This is true trivially, because there are no such x and
so every statement holds for all such x.

This problem arose from carelessness, or at least
simulated carelessness, but also from a somewhat
badly chosen definition. The restriction 0 < ||x — w/||
in Definition mirrors the restriction 0 < |z — w|
in Definition [1.2.1l The theory of limits, even in the
special case of real valued functions of a real variable,
would be simpler without it. There are a number
of theorems, like the one on limits of compositions
of functions, which require extra hypotheses because
this restriction in some sense allows too many func-
tions to have limits. There are historical reasons why
this is the standard definition. The main one is that
in the definition of the derivative as a limit of dif-
ference quotients we need to evaluate the limit of a
function at a point where it’s not defined. A simple
solution to that problem was to phrase the definition
of the limit in a way which ignored any possible value
of the function at the point where the limit was to be
evaluated. But simple solutions aren’t always good
solutions. There are better, if slightly more com-
plicated, ways of coping with limits of functions at
points where they’re not defined, which we will see
soon. It’s too late to change this particular definition
but it’s useful as a cautionary tale about the dangers
of not choosing one’s definitions carefully so as not
to cause unnecessary problems later on.

To salvage Theorem [1.3.2] we need to add the hy-
pothesis that m > 0 if n > 0. There will be other
similar hypotheses needed in later theorems to avoid
problems with trivial cases. In some theorems, like
this one, the problem could have been avoided by a
better choice of definitions but in others it simply re-
flects the fact that trivial cases are sometimes just
different from non-trivial cases. In the remainder of
these notes such hypotheses will be written in explic-
itly though.



1.4 Norms and normed vector spaces

The properties of R™ and R"™ that we used above
were related to addition and scalar multiplication and
also certain properties of the length function. We can
use that observation to generalise a bit further. For
the moment I’ll defer the question of why one would
want to.

We start by defining a norm.

Definition 1.4.1. If V is a vector space then we say
that p: V' — R is a norm on V if it has the following
three properties:

(a) For all v € V|, p(x) > 0 and p(v) > 0 unless
v=0.

(b) For all « € R and v € V, p(av) = |a|p(v).

(c) For allv,w € V, p(v+w) < p(v) + p(w).

A pair (V,p) consisting of a vector space V and a
norm p on V is called a normed vector space.

Of course the function which assigns to the vector
v in R™ its length ||v|| is a norm. It’s also possible,
and useful, to define norms for complex vector spaces,
but that won’t concern us in these notes.

Some easy consequences of the definition are given
in the following lemma.

Lemma 1.4.2. Suppose p is a norm on V.
(a) p(0) =

(b) If v eV then p(—v) = p(v).
(c) If v,w €V then p(v — w) = p(w — v).

(d) Ifu,v,w €V then

plu—w) <plu—v)+pv—w).

(e) If vi,...,

vi €V then

k k
S ovi] <> p(v)).
j=1 j=1

Proof. is just with @ = 0. Similalrly7
is just with a = —1. [1.4.2¢
applied with v — w in place of v. @ 4.1
with u — v and v — w in place of v and w. [[.4:2¢| is
proved by induction on k. The base case, with k =0,
is just since we follow the usual convention
that a sum with no terms is equal to zero. For the
inductive step we assume

k
P Z v | < ZP(VJ‘)~
j=1 j=1

and apply m Wlth Z _,Vv; and vi4q in place of
v and w to get

(@)

k+1

ZV] <p ZVJ +p(Vet1)

It follows that

k+1

k
Zvj SZ p (Vi) +p (Vi)

k+1

Zp (v)

This is the same statement we assumed, but with
k + 1 in place of k, which completes the inductive
step. O]

The reason for starting the induction at £k = 0
rather than k = 2 is just to make sure that the result
holds for k = 0 and k& = 1, without needing to supply
the admittedly trivial proofs in those special cases.
In general it’s always best to start inductions from
the most trivial case which makes sense.

Some examples of norms are

1/p
n

PRI

j=1

q(x) =
on R™ for p > 1 and

b
= ( / If(t)lpdt>

on the vector space of continuous real valued func-
tions on the interval [a, b].

1/p



1.5 Limits of functions between

normed vector spaces

Definition 1.5.1. Suppose that (X, p) and (Y, q) are
normed vector spaces. If f: X — Y is a function,
w € X and z € Y then we say that z is the limit of
f at w, written

A3, 10 ==,

if for all € > 0 there is a § > 0 such that whenever
0 <p(x—w)<d we have ¢ (f(x) —z) <e.

Theorem 1.5.2. Suppose that (X,p) and (Y,q) are
normed vector spaces and that X is not the zero vec-
tor space. If f: X — Y is a function and w € X then
there is at most one z € Y such that limy_, f(x) =
z.

Proof. Suppose on the contrary that

A ) = 2,

25, o) =2
and
VAl 7& Zo.
Then set
e=q(z1—2z2) /2.
Clearly € > 0, so by the definition of the limit there
are 0; > 0 and 5 > 0 such that whenever

O<p(x—w)<d

and
0<p(x—w)<do
we have
q(f(x) —z1) <e
and

q(f(x) —z2) <e.

There is an x which satisfies both
O<px—w)<d

and
0<px—w)<do.

To find such an x first note that X is not the zero
vector space so there is a v # 0 in X and set

u 1
= ——vV.
p(v)
It follows from [[L4.1al that this is well defined and it
follows from [1.4.1bfthat p(u) = 1. Then set

mln((;l, 02) u

Another application of [1.4.1b|shows that ¢(x —w) =
min(81,92)
2

X =W

. We therefore have

q(f(x) —2z1) <e
and

q(f(x) —z2) < e
By
q(z2 —21) < q(f(x) —z1) + q(f(x) —z1).

But € was chosen such that
e+e=q(za—21).

There is no real number which is less than itself, so
we have a contradiction. Our assumption that there
are distinct z; and zo such that limy_,w f(x) = 23
and limy_,w f(2) = 2o must therefore be false. O

Theorem 1.5.3. Suppose that fi, ..
tions from X to'Y such that

., fr are func-

Jim £ (x) =z

forj=1,..., k. Then

k k
lim ij(x) = sz.
X—W = =

Proof. Let ¢ > 0. Then ¢/k > 0.
lim,_w f;(z) = z; there is a J; > 0 such that if

Since

O<p(x—w) <

then
q(fj(x) —2z;) <

El e



Let

d = min(dy,...,0).

Then § > 0. Also, if

O<px—w)<d

then
O0<p(x—w) <9,
and so c
4 () 7)< 1.
By [[.4.2¢]
k k L
q Z(fj( - zj) Z x) — z;) ZE
=1 =1 =1

By the associativity and commutativity of addition
this is equivalent to

k
ij(x) -

We’ve just constructed a 6 > 0 such that if

k

ZZ]‘ <

k

£ _
k
1

J

0<plx—w)<d

then

k
> %

Jj=1

k
ij (x) —

This shows that

O

These proofs were, of course, largely constructed
by taking the proofs from the previous subsection
and replacing the length function everywhere either
by p or by ¢ as appropriate. Parts of the proofs from
that section have moved to the proof of Lemma|1.4.2
however. In addition, the construction of u has been
modified slightly, since there’s no longer a particu-
lar vector whose norm we know to be 1. This adds
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a small complication to the proof, but it makes it
harder not to notice the restriction that X should be
non-trivial, since we’d otherwise be dividing by zero.

There’s a problem with the proof of Theorem [I.5.3]
given above, which I'll explain after the next para-
graph. It’s not a new problem. The same problem
affects Theorems [[.2.3] and [[L3.3] The theorems are
all correct as stated, but their proofs need modifi-
cation. You might want to take a moment to see if
you can identify the problem and find an appropriate
modification.

Theorems and are generalisations of

Theorems and not just analogues of them.
Again, this means two things. First of all, the results

for vector spaces where the norm is the Euclidean
norm, i.e. the length function are a special cases of
the one ones for general norms, since the length func-
tion is a norm. Secondly, the results for normed vec-
tor spaces cover cases other than just the Euclidean
case. This is less obvious than when we moved from
the real valued case to the vector valued case, since
it’s not immediately obvious that there are norms on
a vector space other than the Euclidean norm. We
will see later that there are, but we will also see that
for finite dimensional vector spaces the increase in
generality is more apparent than real.

Did you identify the problem with the proof of The-
orem [[L53F We've learned to be careful of trivial
cases, but it can be quite difficult sometimes to spot
when an argument fails in a trivial case. The proof of
Theorem [T.5.3] given above fails in the case k = 0 for
the very simple reason that we divided e by k. The
proofs of Theorem [I.2.3] and Theorem [I.3.3 had the
same problem, of course, although I didn’t mention
it in either of the two previous sections. Fortunately
the theorems remain true if £ = 0, although they
only say that the limit at any point of the function
which is zero everywhere is zero. The proofs require
modification however if we want to include this case.
There are two ways of accomplishing this. One is
to treat the trivial case separately. It’s not difficult,
but it is distracting. Also, treating trivial cases sep-
arately is a bad habit to get into. The reason is that
in more complicated theorems the number of trivial
cases can be prohibitively large. If, for example, a
theorem refers to a set of functions fy, ..., f,, from a



set S to a vector space V then we might have m =0
or S =@ or dim(V) = 0 or various combinations of
these. And this is a relatively simple example. It’s
usually better if possible to modify proofs slightly so
that the trivial cases no longer cause difficulties. In
this case the simplest fix is to replace the words

Let ¢ > 0. Then ¢/k > 0. Since
lim,_,w fj(z) = z; there is a §; > 0 such
that if

0<p(x—w) <9

then
q(£(x) —z;) <

End )

with

Let ¢ > 0. Then ¢/(k+ 1) > 0. Since
lim,_,w f;(z) = z; there is a §; > 0 such
that if

O0<p(x—w) <9,

then
€

~%) < T

There’s no longer a division by zero. Subsequent ref-

erences to 1 must of course also be replaced by 7
k k
and the “Y 77, £ = €” becomes “3 7, 45 <€, but

everything works. The only disadvantage to this ap-
proach is that the problem we’re carefully avoiding
becomes so invisible that the reader may not even
realise it’s there.

1.6 Metrics and metric spaces

Our next generalisation is based on the observation
that we used the length function, and then more gen-
erally a norm, to measure distances between points.
We don’t really need a vector space. Any set with a
suitable notion of distance will work just as well, at
least as the domain of our function. For the theorem
about the limit of a sum of functions we still need to
be able to sum functions, which means we will still
need some sort of additive structure. The properties
we need for a suitable notion of distance are captured
in the definition of a metric.

Definition 1.6.1. If S is a set then we say that
d: S xS — R is a metric on S if it has the following
three properties.

(a) If a,b € S then d(a,b) > 0 and d(a,b) = 0 if and
only if a = b.

(b) If a,b € S then d(a,b) = d(b, a).
(¢) If a,b,c € S then d(a,c) < d(a,b) + d(b,c).

A pair (S,d) consisting of a set S and a metric d on
S is called a metric space.

One source of metrics is norms on vector spaces.

Theorem 1.6.2. Ifp is a norm on a vector space V
then d: V x V, defined by

d(u,v) =p(u—v),
is a metric on V.

Proof. f u,v € V then d(u,v) = p(u—v) > 0 by

Also d(u,v) > 0 unless p(u — v) > 0, which
happens only if u — v = 0, i.e. only if u = v, again

by This establishes If u,v € V then
d(u,v) =p(u—v)=p(v—u)=d(v,u)

The middle equation is
Finally, if u,v,w € V then

This establishes

d(u, w) = plu — w)
<plu—v)+pv-—w)
=d(u,v)+d(v,w).

The middle inequality is This establishes
I61d O

Another way to get a metric space is to take a
subset of a metric space we already have.

Lemma 1.6.3. If S C T andd is a metric onT then
the restriction of d from T x T to S x S is a metric

on S.

Proof. For simplicity I'll use d to refer both to the
original function from 7" x T to R and the restricted
function from S x S to R. This can’t really cause
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any trouble. When either of the arguments of d is
not an element of S the original function must be
meant. When both arguments of d are elements of
S we can interpret it either as the original function
or the restriction. The value of the function at that
point is the same under either interpretation though,
so no ambiguity arises.

If a,b € S then a,b € T. d is a metric on 7" and so,
by d(a,b) > 0 and d(a,b) > 0 unless a = b.
This establishes the property for d as a metric
on S. Similarly, if a,b € S then a,b € T. d is a
metric on T and so, by [L.6.1b] d(a,b) = d(b,a). This
establishes the property fordon S. If a,b,c €
S then a,b,c € T. d is a metric on T and so, by
d(a,c) < d(a,b) +d(b,c). This establishes the
property for d on S. O

We now have a variety of metric spaces. Any subset
of the plane taken together with the Euclidean dis-
tance function is a metric space. This follows from
the preceding theorem and lemma, together with the
fact that the Fuclidean norm is a norm.

There are other ways to get metric spaces though.

Example 1.6.4. If F' is a finite set. We’ll denote
the power set of F, i.e. the set of all its subsets, by
©(F). Define d: p(F) x p(F) — R by

d(A, B) = #(AAB)

where # denotes cardinality, i.e. the number of ele-
ments, and A denotes symmetric difference, i.e.

AAB=AUB\ ANB.

Then d is a metric on p(F). It is called the Hamming
distance.

This is fairly straightforward to verify. Cardinali-
ties are always non-negative. d(A, B) = 0 if and only
if AAB has cardinality 0, i.e. if and only if AAB is
empty, which happens if and only if AUB = ANB and
hence if and only if A = B. This establishes
[L6.TNis easier. AUB=BUAand ANB=BNA
so AAB = BAA and hence d(A4, B) = d(B, A). For
[L6.1d we note that

ANC = (AAB)A(BAC)

It then follows from the definition of A that
ANC C (AAB)U(BAC).

The cardinality of a subset is at most the cardinality
of the containing set and the cardinality of a union is
at most the sum of the cardinalities, so

d(A,C) < d(A, B) + d(B,C).

Another interesting class of examples comes from
number theory.

Example 1.6.5. Suppose p is a prime number. As
usual, denote the set of integers by Z. For any inte-
gers m and n, set d,(m,n) = 0 if m = n and oth-
erwise set d,(m,n) = p~* where p* is the highest
power of p which divides m —n. Then d, is a metric
on Z. It is called the p-adic metric.

Again the verification that this is a metric is fairly
straightforward. p* > 0 for all p and k so dj,(m,n) >
0 and d,(m,n) > 0 unless m = n. That establishes
m = n if and only if n = m and the highest
power of p which divides m — n is the same as the
highest power which divides n — m. It follows that

dy(m,n) = d,(n,m), establishing [1.6.1bl As usual,

.6.1¢| requires more work. Let p™ be the highest
power of p dividing [ — n, p*> be the highest power
dividing I —m and p*3 be the highest dividing m — n.
If p* divides both [ —m and m —n then it also divides

Il—n=({-—m)+ (m—n).
Applying this to k = min(ks, k3) gives the relation
k‘l Z min(kg, kg)
From this it follows that
p~™ < max (p7*2,p7F).
In other words,

dp(lvn) < max (dp(lam)a dp(mvn)) '

The sum of two non-negative numbers is always
greater than or equal to their maximum, so

dp(l,n) < dy(l,m) + d,(m,n),
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establishing

Of course Z already has an entirely different met-
ric, namely d(z,y) = |x — y|. This is sometimes re-
ferred to as the usual metric when it’s necessary to
distinguish it from the p-adic metrics, but more of-
ten one just refers to it as “the metric” on Z, when
there’s no reason to believe that any other metric is
meant. As we’ll see, the p-adic metrics behave quite
differently from the usual metric.

As with norms there are a number of useful proper-
ties of metrics which don’t form part of the definition
but which follow easily from it.

Lemma 1.6.6. Suppose d is a metric on S.
(a) If a € S then d(a,a) = 0.
(b) If a,b,c € S then

d(a,c) > |d(a,b) — d(b,c)|.
(c) If ag,a1,...,a €S then
k

ao,ak Z Qf— 1,ak~

Proof. By
d(a,b) < d(a,c)+ d(c,b).

By [[.6.15

d(c,b) = d(b,c).

Combining those,

d(a,b) < d(a,c)+d(b,c),

and hence
d(a,c) > d(a,b) — d(b,c).
Similarly,
d(b,c) < d(b,a) + d(a,c)
and
d(b,a) = d(a,b)
SO

d(a,c) > d(b,c) — d(a,b).
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Therefore

d(a,c) > max(d(a,b) — d(b,c),d(b,c) — d(b,a)).

The right hand side is just |d(a, b) —d(b, ¢)|, establish-
ing [1.6.6b} [1.6.6q is then proved by induction on k,
using d(a a) = 0 for the base case, k = 0, and [1.6.6D) m

for the inductive step.

1.7 Limits of functions between met-
ric spaces

We’re now able to state the metric space analogues
of Definition [[5.] and Theorems [[L5.21 and [L53] As
was mentioned earlier, we will eventually need to
evaluate limits at points which are not in the domain
of definition of our function, and this seems as good
a time as any to make the necessary changes in order
to do that.

Definition 1.7.1. Suppose that (X,dx) and (Y, dy)
are metric spaces. If f: U — Y is a function defined
on a subset U C X, w € X and z € Y then we say
that z is the limit of f at w, written

lim f(z) =
if for all z € U and € > 0 there is a 6 > 0 such that
if 0 < dx (z,w) < § then dy (f(z),2) <e.

Note that we don’t require w € U, but neither do
we prohibit it. Similarly, U is allowed to be a proper
subset of X, but not required to be. The case U = X
is in fact the case we’re usually interested in.

Also, none of the variables are in boldface any
more. They might belong to a vector space, since
subsets of normed vector spaces are metric spaces,
but they don’t have to be and the notation shouldn’t
imply that they are.

We've already seen that some further hypothesis
will be required to obtain uniqueness, since R? would
otherwise be a counter-example. The problem there
was that there were no x such that 0 < p(x —w) <
6. Now that we’ve generalised from normed vector
spaces to metric spaces there are many more ways
for this to happen. Consider the Hamming distance
on the power set of a finite set, from Example [1.6.4]



for example. d(A4, B) is the cardinality of the finite
set AAB and so is necessarily a non-negative integer.
If 6 < 1 then there will never be a B € p(F) such
that 0 < d(A, B) < 0. The same thing can happen if
U is a proper subset of a normed vector space of pos-
itive dimension, rather than the whole normed vector
space. The simplest option is to take the condition
we need to make the proof work and turn it into a
definition.

Definition 1.7.2. A point w in a metric space (X, d)
is called a limit point of U C X if for every d > 0 there
is a x € U with

0 < d(w,z) <.

Theorem 1.7.3. Suppose that (X,dx) and (Y,dy)
are metric spaces and that U C X. If f: U =Y isa
function and w € X is a limit point of U then there
is at most one z € Y such that lim,_,,, f(x) = z.

Proof. Suppose on the contrary that

:}H}}U f(I) = 21,
lim f(z) = z
and
Z1 7£ z9.
Then set

€ = dy (21,2’2) /2

Clearly € > 0, so by the definition of the limit there
are 61 > 0 and 5 > 0 such that whenever x € U and

0 <dx (z,w) < 01

and

0<dx (x,w) < &
we have

dy (f(x),21) <e
and

dy (f(x),2z2) < e.

By assumption w is a limit point of U so there are
x1 € U and x9 € U such that

0< dY (xl,w) < 51

and
0< dy (l‘g,w) < (52.

Take § = min(dy,d2) and take = to be either x;
or xo according to whether &; or Jo is smaller. If
61 = 09 then either choice is fine. Then z € U,
0 <dx(z,w)<d; and 0 < dx(z,w) < d2 and so

dy (f(x),21) <€
and

dy (f(z),22) <e.
By [L.6.1d]

dy (z2,21) < dy (f(z),21) +dy (f(z),21).
But € was chosen such that
e+e=dy (22,21).

There is no real number which is less than itself, so
we have a contradiction. Our assumption that there
are distinct z; and 29 such that lim, ., f(z) = z;
and lim,_,.,, f(z) = z2 must therefore be false. O

Theorem 1.7.4. Suppose that (X,dx) is a metric
space and (Y,q) is a normed vector space and that
U C X. Letdy(a,b) = q(a—b), which, by Theo-
rem[1.6.9, is a metric on'Y . Suppose that fy, ..., f
are functions from U toY such that

lim £;(z) = 2

forj=1,..., k. Then

k k
J%ij(x) = ZZ]‘.
j=1 j=1
Proof. Let € > 0. Then ¢/(k + 1) > 0. Since

lim £;(z) = 2

there is a d; > 0 such that if

0 <dx (z,w) <,

then
€

dy (£f5(z),2;) < il
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Let

d = min(dy,...,0).

Then 6 > 0. Also, if

0 <dx (z,w) <6

then
0 <dx (z,w) <9
and so .
dy (£5(2),2z;) < PEE
In view of the definition of dy,
€
q(fj(z) —z;) < ]
By 12
k k
q Z z) —z;) SZQ(fj(z)*ZJ)
j=1 j=1
e
< Z E+1

<.

By the associativity and commutativity of addition
this is equivalent to

k k
q Zf Z; <Z
j=1 j=1

Using the definition of dy again,

k
Jj=1

€ <
€
k+1

We've just constructed a 6 > 0 such that if x € U
and
0<dx(xz,w) <o

then

k
dy | > fi(x),

j=1

J

k
;gg;fj(:c)
p

SO

k
= E Zj.
j=1
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Note that Y was still required to have a norm, not
just a metric, and to be a vector space, not just a
set. This was done because we need to add and sub-
stract elements of Y, which doesn’t make sense in
an arbitrary set. We could still have generalised a
bit further, since scalar multiplication is not needed,
and allowed Y to be an abelian group and dy to be
a translation-invariant metric. That’s sometimes a
useful generalisation, but among the various general-
isations we could make it’s a low priority.

Theorems[1.7.3| and [I.7.4] are generalisations rather
than analogues of Theorems([.5.2]and[1.5.3] in a sense
which should by now be familiar. The former include
the latter as special cases, but also cover cases which
the latter do not.

1.8 Open and closed balls

Still staying within the context of metric spaces, there
are various ways we can usefully reformulate the re-
sults of the previous section. For these we’ll need
some more definitions.

Definition 1.8.1. If (X, d) is a metric space, 7 > 0
and w € X then the open ball of radius r about w is
the set

B(w,r) ={z € X: d(z,w) < r}.
The closed ball of radius » about w is the set

7/,1):

I've deliberately not defined balls of zero or neg-
ative radius. The word “ball” therefore means the
same thing as “ball of positive radius.” Note that
the notation specifies the centre w and the radius r
but not the ambient space X or the metric d. These
must be understood from context.

We can describe limit points in terms of open balls.

B(w {r e X:d(z,w) <r}.

Proposition 1.8.2. A point w in a metric space
(X,d) is a limit point of U C X if for every 6 > 0
there is an x € U such that U N B(w,d) \ {w} is
non-empty.

Proof.
x € UNB(w,d)\ {w}



if and only if z € U, d(w,x) < § and = # w. The last
of these conditions is equivalent to d(w,z) > 0. So

z e UNB(w,0) \ {w}

if and only € U and 0 < d(w,z) < § and so U N
B(w,d) \ {w} is non-empty if and only if there is an
x € U such that 0 < d(w, z) < ¢. O

Similarly, we can describe limits in terms of open
balls.

Proposition 1.8.3. Suppose that (X,dx) and
(Y,dy) are metric spaces. If f: U — 'Y is a func-
tion defined on a subset U C X, w € X and z € Y
then

lim f(z) ==z

r—w

if and only if for all € > 0 there is a 6 > 0 such that
ifx € UNB(w,0) \ {w} then f(x) € B(z,¢).

Proof. This is just Definition with the state-
ment “z € U and 0 < dx (z,w) < §” replaced
by “z € U N B(w,d) \ {w}” and the statement
“dy (f(x),z) < € replaced by f(x) € B(z,€), which
are clearly equivalent in view of the definitions of
B(w,d) and B(z,€). O

The balls in R™ are the usual balls, so
Bx,r)={y e R": [[x—y| <r}

and

B(x,r)={y €R™: x —y|| <r}.
Note that mathematical usage, unlike ordinary us-
age, maintains a clear distinction between balls and
spheres. The sphere of radius » would be the set

{y eR™: [x -yl =7}.

In R™ the open and closed balls are always distinct
and balls of strictly smaller radius are proper subsets
of balls of larger radius, but there are metric spaces
where that’s not true. For the Hamming metric both
the open and closed balls of any radius in the interval
(0,1) about a subset A are just {A}. The open ball of
radius 1 is also just { A} while the closed ball of radius
1 also includes sets which differ from A by inserting
or removing a single element.
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1.9 Images and preimages

We now need the notions of image a preimage of a
set under a function, which is best stated in terms of
power sets, which we already met in the context of
the Hamming distance.

Definition 1.9.1. The power set of a set X is the
set of all subsets of X. It is denoted p(X).

Note that all subsets means all subsets.
needn’t be proper and could be empty.

They

Definition 1.9.2. If ¢: X — Y is a function then
©*: p(Y) = p(X), defined by

e (V) ={r € X: p(x) € V},

is called the preimage function of ¢. The set p*(V)
is often called the preimage of V under .

Definition 1.9.3. If ¢: X — Y is a function then
st p(X) = p(Y), defined by

p«(U)={yeY:Ir e U: p(z) =y},

is called the image function of ¢. The set p.(V) is
often called the image of U under ¢.

A more common notation is ¢(U) for the image
and o~ 1(V) for the preimage. There are a few prob-
lems with that notation though. One is that ¢ ~1(V)
suggests the image of V under the inverse function ¢.
In one sense that’s okay since it is equal to the image
of V' under the inverse function ¢ if ¢ has an inverse,
but the preimage makes sense even when ¢ is not a
bijection. So there’s no ambiguity, but it is easy to
see ¢~ ! and think, incorrectly, that ¢ must have an
inverse. A more subtle problem arises for functions
between sets of sets. Consider, for example the infi-
mum and supremum functions on the set of subsets
of [0,1]. In other words, inf(A) for A C [0,1] is the
largest element of [0, 1] which is a lower bound for A
and sup(A) is the smallest element of [0,1] which is
an upper bound for it. With these definitions

inf(2) =1,

inf,(@) =g,



sup(@) =0
and
sup, (9) = @.
In the more common notation inf, (&) would be de-
noted inf(&) and sup, (@) would be denoted sup(2).
It would then appear, from the transitivity of the =
sign, that 0 = 1. Of course 0 # 1 and it is simply
ambiguous notation which makes it appear otherwise.

The basic properties of the preimage and image are
summarised in the following lemma.

Lemma 1.94. If p: X — Y and ¥: T — X are

functions, A,B € p(X), C,D € p(Y), £ € p(p(X))
and F € p(p(Y)) then

(d) ¢*
(e) (pot)x = w0,
(f) (pop) =1~ op,
(g) if AC B then ¢.(A

Y) =X,

—_ /\
b
~
*
—~ —
=)
~—

(h) if C C D then ¢*

(i) (AU B) = p.(A) U p.(B),
() " (CUD)=¢*(C)Ue*(D),
(k) p«(ANB) C p.(A) Ny (B),
(1) " (CND)=e*(C)Ne"(D),
(m) @(A\ B) 2 ¢.(A)\ x(B),
(n) ¢*(C\ D) =¢*(C)\ ¢*(D),
(0) ¢« (Uvee V) =Upee ¢:(V),

(p) #* (UWef W) = UWG]—' " (W),
(1) ¢x (nvas V) < ﬂVes e« (V),
(r) ¢ (nWe]-' W) = ﬂwef e (W).
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Note that the properties of the preimage are gen-
erally better than the properties of the image, in that
we often have equations in place of inclusions.

Proof. Although there are a lot of statements to be
checked each is relatively straightforward.

(a) There no x € @ and hence there is no y € Y
which is ¢(x) for such an x.

(b) There are no x € X such that p(z) € @.
c

)
(c) p(z) €Y forall z € X.
(d)

)

P\
p(x) €Y forall z € X.

(e) If y € (po1))«(U) then there is a t € U such that

(po)(t) = p(¥(t) =y.

Clearly ¥(t) € .(U). Also, there is an = €
¥, (U) such that ¢(x) = y, namely x = ¥(t), so
Yy € (Vs (U)). Conversely, suppose

Y € (@« 0 1) (U) = @ ().

Then there is an x € 1, (U) such that y = ¢(z).
Because € 9, (U) there must be a t € U such
that © = ¢(t). Then y = (p o )(t), so y €
(po1)«(U). In other words, y € (¢ o). (U) if
and only if y € ¢, (¢.(U)). It follows that

(o )(U) = (@« 0 1) (U).

This holds for any U € (7)), so

(pot)s = puohs.

t€ (o) (W)
if and only if

((t)) = (poy)(t) e W,
which happens if and only if
Y(t) € (W),
i.e. if and only if

t e ("(W)).



In other words, t € (¢ o )*(W) if and only if (p) 2 € ¢* (UwerW) if and only if o(z) €

t € (¥ 0 *)(W). It follows that
(poy) (W) = (4" o ") (W)

This holds for any W € p(Y), so

(po)* =9 o™

If AC B and y € ¢.(A) then there’s an x € A
such that ¢(z) =y. But then x € B and so y €
v«(B). Every element of .(A) is therefore an
element of ¢, (B). This implies ¢, (A) C @.(B).

If C C D and z € ¢*(C) then p(z) € C, so
p(z) € D and hence z € p*(D). Every element
of ¢*(C) is therefore an element of ©*(D). This
implies *(C) C p*(D).

This will follow from with €& = {A, B}.
This will follow from with F = {C, D}.
This will follow from with € = {4, B}.
This will follow from with 7 = {C, D}.

Suppose y € p.(A) \ p«(B). Then there is an
x € A such that p(z) = y. This x is not in B
because otherwise we would have y € ¢.(B). So
x € A\ B and hence y € p.(A\ B).

z € *(C\ D) if and only if p(x) € C'\ D, i.e.
it and only p(z) € C and ¢(x) ¢ D. ¢(x) €
C if and only if x € p*(C). ¢(z) ¢ D if and
only if x ¢ ¢*(D). Together, those show that
xz € p*(C\ D) if and only if z € ¢*(C) and
x & ©*(D), i.e. if and only if z € p*(C)\ p*(D).

y € @i (Uyee V) if and only if there is an z €
Uvee V such that ¢(x) = y, which happens if
and only if there is a V € £ and an z € V
such that p(z) = y. If so then y € ¢, (V) for
this V' and hence y € (Jy,c¢ ¢«(V). Conversely,
if y € Upee«(V) then y € . (V) for some
Ve, ie thereisaV € £ and an ¢ € V such
that p(z) = y.
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Uwer W, ie. if and only if there is a W € F
such that ¢ € W, which happens if and only if
there is a W € F such that x € o*(W), i.e. if
and only if € ez ¢*(W).

If y € @i (Nyeg V) then there an z € (e V.
such that p(r) =y. Thenx € V foreach V € £,
so y € p.(V) for each V € £. But this implies

Yy e ﬂvgg ‘P*(V)'

z € ¢ (MwerW) if and only if ¢(z) €
Nwer W, ie. if and only if p(z) € W for each
W € F. This happens if and only if z € o* (W)
for each W € F,i.e. if and only if (), z ©*(W).

O

We can use preimages to give an alternate charac-
terisation of limits.

Proposition 1.9.5. Suppose that (X,dx) and
(Y,dy) are metric spaces. If f: U — Y is a func-
tion defined on a subset U C X, w € X andz €Y
then

lim f(z) ==z

T—w

if and only if for all € > 0 there is a § > 0 such that
UNB(w,0)\ {w} C f*(B(z,¢)).
Proof. In view of the definition of the preimage
z € [*(B(z€))

if and only if f(z) € B(z,€), so this is equivalent to
our previous characterisation of limits. O

1.10 Open and closed sets

Definition 1.10.1. A subset S of a metric space
(X,d) is called open if whenever z € X there is an
r > 0 such that B(z,7) C S. A subset is said to be
closed if X \ S is open.

Note that “closed” is not the opposite of “open”, as
one might naively expect. A subset can be both open
and closed. In fact @ and X are always both open
and closed subsets of X. There may or may not be



non-empty proper subsets which are both open and
closed. Also, subsets can be neither open nor closed.
[0,1) € R is an example. It is not open because
0 € [0,1) but there is no open ball about 0 which
is a subset of [0,1). It is not closed because 1 is in
R\ [0,1) but there is no open ball about 1 which is
a subset of R\ [0,1).

Also note that the definition of closed sets is not
obtained by taking the definition of open sets and re-
placing open balls by closed balls. In fact, if you take
the definition of open sets and replace open balls by
closed balls what you get is just an alternate charac-
terisation of open balls.

Proposition 1.10.2. A subset S of a metric space
(X, d) is open if and only if whenever x € X there is
a closed ball centred at x which is contained in S.

Proof. Suppose S C X satisfies the condition above
and x € X. Then there is some r > 0 such that
B(x,r) € S. But B(x,r) C B(x,r) so B(z,r) C S.
So S is open. Suppose, conversely that S is open.
Then there is some r > 0 such that B(z,r) C S.
But B(z,r/2) C B(z,r) so B(z,r/2) C S. Thus S
satisfies the condition above. O

Open balls will appear much more often in defini-
tions than closed balls. Sometimes there are reasons
why open balls are easier to work with but often it’s
just a matter of convention, as in the choice to define
open sets in terms of open balls rather than closed
balls.

The most important properties of open sets are the
following.

Theorem 1.10.3. Suppose (X,d) is a metric space.
(a) & and X are open subsets of X

(b) If V and W are open subsets of X then VNW
is an open subset of X.

(c) If € is a set of open subsets of X then J, ¢V
is an open subset of X.

(d) Ifx € X, y € X and x # y then there are open
subsets V and W of X such thatx € V, y e W
and VNW =g.
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Proof. We check each statement in turn.

(a) There are no points in & so the statement that
each point in @ is contained in an open ball is
vacuously true. So @ is an open subset. Every
open ball about every point in X is contained in
X. In particular, the ball of radius 1 about any
point is in X, so there is at least one such ball
about every point in X and hence X is open.

If x € VAW then x € V. Since V is an open
subset there is an s > 0 such that B(x,s) C V.
Similarly there is a ¢ > 0 such that B(z,t) C
W. Let r = min(s,t). Then r > 0, B(z,r) C
B(z,s) € V, and B(x,r) C B(z,t) C W, so
B(xz,r) CVNW. So for any x € V NW there
is an r > 0 such that B(z,r) C V NW. In other
words, V N W is an open subset.

If # € Uyee V then there is some V' € £ such
that x € V. This V, like all elements of &, is
an open subset, so there is an » > 0 such that
B(x,r) C V. But then B(z,7) € Uy V, so
Uvee V is an open subset.

Define
V={veX:dw)<d(y,v)}
and
W={we X:d(z,w)>dy,w)}.

If z € VAW then d(z, z) < d(y, z) and d(x, z) >
d(y,z). This is impossible so VW = @. If
v € V then B(v,r) C V where

d(yv U) — d(xa ’U)

5 .
To see this, note that if z € B(v,r) then
d(ya 'U) — d(ﬂ% U)

5 .
By the definition of a metric

d(v,z) <

d(z, z) < d(z,v) +d(v, 2).

By Lemma [T.6.0]
d(y,z) > d(y,v) — d(v, 2).



Combining these gives the inequality
d(z,z) < d(y, 2).

So z € V. This is true for every z € B(v,r)
so B(v,r) C V. We've just seen that for every
z € V there is an r > 0 such that B(v,r) C V.
In other words, V is open. Similarly, if z € W
then B(z,r) C W with

d(z,v) — d(y,v)
—

T =

so W is open.
O

The corresponding statement for closed sets is that
X and @ are closed sets, the union of two closed sets
is closed, the intersection of arbitrarily many closed
sets is closed, and given any two distinct points there
is a pair closed sets whose union is X such that each
point is not in one of the sets.

1.11 Topologies

In order to generalise limits beyond metric spaces we
turn the previous theorem into a definition, or rather
into two definitions.

Definition 1.11.1. A topology on a set X isa T €
p(p(X)) such that

(a) €T and X € T,
D) HVeTand WeT thenVNWeT.
(c) fECT then Uy eV eT.

A pair (X, T) consisting of a set X and a topology T
on X is called a topological space.

Note that the second property refers to the inter-
section of a pair of elements of 7, but that we can
then easily obtain by induction that the intersection
of any finite collection of elements of 7 belongs to 7.

Definition 1.11.2. A topology 7 on X is said to
be Hausdorff if for every z,y € X such that = # y
there are VW € T such that z € V, y € W and
Vow=g.
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The preceding theorem shows that the set of open
sets in a metric space is a topology. In view of this we
can, and will, refer to the elements of any topology
as open sets and refer to their complements as closed
sets. The theorem also shows that the topology of
open sets in a metric space is a Hausdorff topology.
We could, of course, have defined topological spaces
in terms of their closed sets rather than their open
sets. It’s usually easier to work with open sets, but
the Zariski topology, discussed below, is easier to de-
scribe in terms of closed sets.

There is a possible conflict of terminology since
we’ve defined open and closed balls as subsets of a
metric space and then defined open and closed sub-
sets. If open balls weren’t open or closed balls weren’t
closed then we would quickly run into trouble. For-
tunately that doesn’t happen.

Proposition 1.11.3. Open balls are open and closed
balls are closed.

Proof. If v € B(w, ) then let s = r—d(w, z). By the
definition of an open ball s > 0. If y € B(x, s) then
d(x,y) < s and hence

dw,y) < d(w,z) +d(z,y) < d(w,z) + s =r,

so y € B(z,r). In other words, B(z,s) C B(w,r).
For every x € B(w,r) there is therefore an s > 0
such that B(z,s) C B(w,r). In other words, B(w,r)
is an open subset.

If + ¢ B(w,r) then let s = d(w,z) —r. By the
definition of a closed ball s > 0. If y € B(z,s) then
d(x,y) < s and hence

d(w,y) = d(w,z) —d(z,y) > dw,x) —s =,
soy ¢ B(x,r). In other words,
B(z,s) C X \ B(w,r).

For every -
x e X\ B(w,r)

there is therefore an s > 0 such that
B(z,s) C X \ B(w,r).

In other words, X \ B(w,r) is an open subset. There-
fore B(w,r) is a closed subset. O



We'll also need a definition of limit points in gen-
eral topological spaces.

Definition 1.11.4. A point w in a topological space
(X, T) is called a limit point of U C X if for every

W € T such that w € W the set UNW \ {w} is
non-empty.

We need to check however that this is consistent
with the definition given previously for metric spaces.

Proposition 1.11.5. If T is the topology of open
sets in the metric space (X, d) then w is a limit point
of U in the sense of the definition above if and only
if it is a limit point in the sense of Definition[1.7.3

Proof. If w satisfies the definition above then we can
apply it with W = B(w, §) for each § > 0 to see that
for all such 4 the set U N B(w, )\ {w} is non-empty.
By Proposition [1.8.2] w is a limit point of U in the
sense of Definition [[7.2]

Conversely, suppose w is a limit point of U in the
sense of Definition Ifwe W and W € T then
there is a ¢ > 0 such that B(w,d) C W, since that’s
how the topology corresponding to a metric was de-
fined. By Proposition the set U N B(w, ) \ {w}
is non-empty. But this is a subset of U N W \ {w},
which therefore is also non-empty. O

Do all topologies arise from metrics? There are
two different ways we could interpret this question,
although the answer will be no under both interpre-
tations.

We could, first of all, ask whether it is possible to
describe a topology on a set without referring to a
metric on it. That’s easy enough.

Definition 1.11.6. The discrete topology on a set X
is just p(X). The trivial topology is T = {@, X }.

It’s straightforward to check that each of these sat-
isfies all the requirements for a topology. Neither of
these topologies was described in terms of a metric
but the discrete topology could have been described
in terms of one. If we set d(z,z) =0 and d(z,y) =1
when = # y then it’s straightforward to check that
d is a metric and that the topology defined by its
open sets is the discrete topology. It is called the
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discrete metric. It’s not necessarily the only metric
which gives the discrete topology though. If F' is a
finite set then the Hamming distance is a metric on
©(F). This metric is not equal to the discrete metric
on o(F) when #F > 1, but both metrics give rise to
the discrete topology. A topology which is the set of
open sets for some metric, even if it wasn’t initially
defined using that metric, is called metrisable.

At this point we return to the question of norms
on finite dimensional vector spaces, which was consid-
ered earlier. There are norms on such a space which
are not equal to the Euclidean norm. These norms
give rise to metrics which are not the Euclidean met-
ric. We will see later though that they all give the
same topology. For infinite dimension spaces, by con-
trast, it is possible to find norms which give rise to
distinct topologies.

Returning now to the question whether all topolo-
gies come from metrics we could also ask whether
there are topologies which are not the set of open sets
for any choice of metric, i.e. topologies which are not
metrisable. In fact the trivial topology on any set
with more than one element is non-metrisable. At
first sight this might seem difficult to prove. It would
certainly be very painful to enumerate all possible
metrics and then to check that none of them have
the trivial topology as their set of open sets. Fortu-
nately there’s a much easier approach. We’ve already
seen that metrics give Hausdorff topologies. The dis-
crete topology on a set with at least two points fails
to be Hausdorff, and so can’t be metrisable. Indeed,
if x,y € X and x # y then the only V' € T such that
x €V isV = X and the only W € T such that y € V
is W =X. But then VNW = X # &.

The trivial topology is, of course, a rather uninter-
esting example. A much more interesting example is
the Zariski topology on C™.

Example 1.11.7. Let Z € p(p(C™)) be the set of
subsets of C" of the form

V ={z€C": pi(z) = p2(z) = --- = p;(z) =0}

for some finite set of polynomials p1, ..., p;. In other
words, a set belongs to Z if and only if it is zero set
of a finite set of polynomials. Let T be the set of



complements of elements of Z, i.e.
T={Uep(C"):C"\UceZ}.

Then 7T is a topology on C", called the Zariski topol-
09y.

To check that this is a topology we need to check
that C™ and @ belong to Z, that the union of any
two elements of Z belongs to Z sets is closed and that
the intersection of an arbitrary set of elements of Z
belongs to Z. All but the last of these is straightfor-
ward. C" is the zero set of {0}. @ is the zero set
of {1}. If V is the zero set of {p1,...,p;} and W is
the zero set of {q1, ..., qx} then VUW is the zero set
of {p1¢1,p1G2, ..., p;jar}. For the statement about in-
tersections one needs, however, the fact that any set
given as the common zero set of an arbitrary collec-
tion of polynomials is in fact the common zero set of
a finite collection. This is a theorem of Hilbert but is
somewhat difficult to prove for n > 1. For n =1 it is
however very easy to prove since a proper subset of
C is the zero set of a polynomial if and only if it is
finite.

1.12 Topologies and limits

We're now in a position to define limits of functions
between topological spaces.

Definition 1.12.1. Suppose that (X,7x) and
(Y, Ty) are topological spaces. If f: U — Y is a func-
tion defined on a subset U C X, w € X and z € Y
then we say that z is the limit of f at w, written

lim f(z) = z,

T—w

if for all Z € Ty such that 2z € Z thereisa W € Tx
such that w € W and

UNW {w) C J*(2).

We should check that this definition is consistent
with the definition given previously for metric spaces.

Proposition 1.12.2. If (X,dx) and (Y,dy) are
metric spaces and Tx and Ty are the topologies of
open sets on X and Y with respect to the met-
rics dx and dy respectively then lim, ., f(x) = 2
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in the sense of the definition above if and only if
limg, . f(x) = 2 in the sense of Definition[1.7.1]

Proof. Instead of using Definition directly we
use the condition that for all € > 0 thereisa § > 0
such that

U N B(w,d)\ {w} C f*(B(z,¢)),

which is equivalent to it by Proposition [1.9.5
Suppose the condition from Proposition holds
and that Z € Ty is such that z € Z. By the definition
of open sets in a metric space there is then an € > 0
such that
B(z,e) C Z,

and hence
[T (B(z,€)) C [*(2).
Proposition [T1.9.5] then gives us a § > 0 such that

UNB(w,d) \ {w} C f*(B(z,€)).

Let W = B(w,d). By Proposition W is open
and so W € Tx. Also, w € W. So for every Z € Ty
such that z € Z there is a W € Tx such that w € W
and

Unw\{w} C f*(2).

In other words, lim,_,,, f(z) = z in the sense of Def-
inition [[L12.11
Suppose, conversely, that lim,_,,, f(z) = z in the
sense of Definition [[.12.1] i.e. that for every Z € Ty
such that z € Z there is a W € Tx such that w € W
and
UnW\{w} C f*(2).

For any € > 0 we have z € B(z,¢€) and , by Proposi-
tion |1.10.2) B(z,€) € Ty, so there is a W € Tx such
that w € W and

UnNnW\{w} C f*(B(z,¢)).

From the definition of open sets there is a § > 0 such
that
B(w,d) CW.

But then

UNBw,d)\ {w} CUNW\ {w}



$0
UNB(w,d) \ {w} C f*(B(z,¢€)).
Thus the criterion from Proposition is satisfied

and so In other words, lim,_,,, f(x) = z in the sense
of Definition [[L7.1] O

We can now state and prove our limit theorems in
the context of topological spaces.

Theorem 1.12.3. Suppose that (X, Tx) and (Y, Ty)
are topological spaces and that U C X. If f: U — Y
is a function, w € X is a limit point of U, and Ty is
Hausdorff then there is at most one z € Y such that
limg s, f(2) = 2.

Proof. Suppose on the contrary that

:}H}I}U f(I) = 21,
Ji 1 (0) = =
and
z1 # 2o.

Because Ty is Hausdorff there are Z;, Z, € Ty such
that z; € Zl, zo € Zo and Z1 N Zy = @. By the
definition of the limit there are Wy, Wy € Tx such
that w € Wy, w € Wo,

Unwi\{w} C f*(Z1)

and
UnWa\{w} € f*(Z2).

Let W =W;NnW,. Then w € W and W € Ty. By
assumption w is a limit point of U so x € UNW \ {w}
is non-empty. But

UnW\{w} CUNWi\{w} C f*(Z)
and

UnW\{w} CUNWy\ {w} C f*(Zs).
UNWA\{w} C f(Z0) N[ (Z2) C f(Z1NZ2) = 2.

So we have a non-empty subset of an empty set and
we have a contradiction. Our assumption that there
are distinct z; and 2o such that limg, ., f(z) = 2
and lim,_,,, f(x) = 22 must therefore be false. O
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The ideas of the proof are the same as those in the
proof of Theorem but very little of the actual
text has survived.

Note that the new theorem requires an extra hy-
pothesis, that the topological space (Y, Ty ) is Haus-
dorff, but this hypothesis is automatically satisfied
when Ty is the topology of open sets in a metric
space, so this is a genuine generalisation of our ear-
lier theorem.

Theorem 1.12.4. Suppose that (X, Tx) is a metric
space and (Y,q) is a normed vector space and that
U C X. Let dy(a,b) = q(a — b), which, by Theo-
rem[1.6.3, is a metric on'Y and let Ty be the topology
of open sets for the metric dy. Suppose that f1, ...,
fr, are functions from U to Y such that

lim £;(z) = 2

forj=1,..., k. Then
k k
wll_r)r}Uz:Ifj(x):Z:lzj.
j= j=

Proof. Suppose Z € Ty and Z§:1 z; € Z. Then
there is an € > 0 such that

k
B> ze|Ccz
j=1

Then €/(k+1) > 0. Since limx_,,, f;(z) = z; there is
a W; € Tx such that w € W; and

£ (B(z,¢/(k +1)) CUNW, \ {w).

Let i
W= (W
j=1

Then w € W and W € Tx. If € UNW \ {w}
then z € UNW; \ {w} for each j and hence f;(z) €
B(zj,¢/(k+1). In other words,

€
dy (£(z),z;) < PR

In view of the definition of dy,

q(£5(z) —z;) < Frl



and so

M=

k
gD (@) —z)

Jj=1

IN

<.
—

Nk

+

I
—_

<.
—

By the associativity and commutativity of addition
this is equivalent to

k

q| > i) =D z

Jj=1 Jj=1

<

2

j=1

< <
€.
1

k+

Using the definition of dy again,

k k
dy ij(l’)7ZZj < €.
j=1 j=1
In other words,
k
ZfJ(I)GB ZZj,E .
j=1 j=1

From this it follows that

k
ij (J?) ez
j=1
and hence .
k

j=1
x € UNW \ {w} was arbitrary, so

*

k
Unwi\{wrc (Yt | (2.

For every Z € Tx such that Zle z; € Z we thus
have a W € Tx such that w € W and

*

k
Unwi\{w}< | Y £ ] (2).

Jj=1
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In other words,

1.13 Neighbourhoods

We can state some of the results above slightly more
cleanly in terms of neighbourhoods.

Definition 1.13.1. If (X, T) is a topological space,
x € X and V € p(X) then V is said to be a neigh-
bourhood of x if there is a U € T such that x € U
and U C V. It is called an open neighbourhood if, in
addition, V' € T. The set of neighbourhoods of x is
denoted by N (z) and the set of open neighbourhoods
of z is denoted by O(x).

Just as the notation for balls doesn’t indicate the
underlying metric space, which must therefore be un-
derstood from context, the notation for sets of neigh-
bourhoods doesn’t indicate the underlying topologi-
cal space.

As you would expect, an open neighbourhood is
simply a neighbourhood which is open. Unfortu-
nately terminology isn’t standard however. There
are authors who use the word “neighbourhood” by it-
self to mean what is called an “open neighbourhood”
above.

Neighbourhoods may or may not be open. In R
with the usual metric d(z,y) = |z — y| the interval
(=1,1) is an open neighbourhood of 0, because not
only is it a neighbourhood of 0 but it is also a neigh-
bourhood of every other point in (—1,1). Indeed, if
x € (—1,1) then B(z,1—|z|) C (—1,1). The interval
[—1,1], by contrast, is not an open neighbourhood of
0. It is a neighbourhood of 0, but it is not a neigh-
bourhood of either —1 or 4+1 and so is not open.

The word “neighbourhood” is slightly misleading.
A set is a neighbourhood of w if w and all points
sufficiently close to w belong to the set, but points
arbitrarily far away might also be in the set. For
example, it’s clear from the definition that X itself is
a neighbourhood of w.



Lemma 1.13.2. If (X, 7T) is a topological space, x €
X and V € p(X) then V is an open neighbourhood
of z if and only if x €V and V € T.

Proof. If V' is an open neighbourhood of x then V' €
T and thereisa U € T such that x €¢ U and U C V.
From x € U and U C V it follows that x € V.
Conversely, suppose that x € V and V € T. Let
U=V. Thenz €U, Ue€T and U CV. SoVis
a neighbourhood of x. It’s an open neighbourhood
since V € T. O

Proposition 1.13.3. Suppose that (X,Tx) and
(Y, Ty) are topological spaces. If f: U —Y is a func-
tion defined on a subset U C X, w € X and z € Y
then the following three conditions are equivalent.

(a)
lim f(z) = z,

T—w

(b) For allT € N(z) there is a W € O(w) such that
if e e UNW\ {w} then f(z) € T.

(¢) For allT € N(z) there is a W € O(w) such that
UnW\ {w} C f*(T).

Proof. Suppose that for all T € N (z) there isa W €
O(w) such that

UnNnw\{w} C f*(7).

If x € U and Z € Ty is such that z € Z then Z €
O(z) € N(z) and so there is there is a W € N (w)
such that

UnNnW\{w} C f*(2).

By Definition [1.12.1] it follows that
lim f(x) = z.

Tr—w

Suppose, conversely, that

lim f(

T—w
If T € N(z) then there is a Z € Ty such that z € Z
and Z C T. By Definition [1.12.1] there is a W € Tx
such that w € W and

x) =z

UNW {w) C J*(2).
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Since f*(Z) C f*(T) it follows that
UnWw\ {w} C f(T).
O

The set neighbourhoods of a point in a topological
space has a number of useful properties.

Proposition 1.13.4. Suppose (X, T) is a topological
space and x € X.

(a) N(z) # @
(b) @ ¢ N().

(c) If A€ N(x) and B € N(z) then there is a C C
AN B such that C € N(z).

(d) If Ae N(z) and AC B C X then B € N(x).
Proof. We check the four properties in turn.

(a) X € N(z).

(b) z ¢ @.

(c) If A,B € N(x) then there are V.W € T such
that x € V and V € A and also x € W and
WCB. Thenzxec ANBand VNW C AN B.
Since T is a topology we also have V.NW € T.
Let U =V NW and C = AN B. We've just seen
that U € T,z € U and U C C. So C € N(x).

If A € N(z) then there is a V € T such that
rz eV and V C A. Since A C B we then have
V C B. So B € N(z).

O

1.14 Directed sets

The notion of a directed set generalises some of the
properties of the set of neighbourhoods of a point in
a topological space. It doesn’t generalise enough of
them for all our purposes, which is why we will need
to introduce filters and prefilters later, but directed
sets are simpler, so we will start there.

Definition 1.14.1. A directed set is a pair (D, <)
consisting of a set D and a relation < on D satisfying
the following conditions.



(a) Forallae D, a < a.
(b) For all a,b,c € D. ifa g band b < cthena < c.

(¢) For all a,b € D there is a ¢ € D such that a 5 ¢
and b < c.

Note that Condition refers only to a pair
of elements a and b in D but this can then be ex-
tended to any non-empty finite collection of elements
by induction.

You've seen many examples of directed sets al-
ready, although they weren’t described that way at
the time.

Proposition 1.14.2. The following are directed sets:
(a) the set of positive integers with the relation <

(b) the set of positive integers with the relation |,
where a|c means that a divides ¢, i.e. that there
is a positive integer b such that ab = c.

(c)

the integers or the rationals or the real numbers
with the relation <

(d)

the integers or the rationals or the real numbers
with the relation >

(¢)

the set p(X), where X is any set, with the rela-
tion C

(f)

the set (X), where X is any set, with the rela-
tion O

(9)

the set F' of finite subsets of a set X, with the
relation C

(h) the set F of finite subsets of a set X, with the
relation O

(i) the set N of non-empty subsets of a set X, with
the relation C

(j) the set P of proper subsets of a set X, with the
relation C

(k) the set of open (or closed) balls centred at a point
x in a metric space (X, d) with the relation C

(1) the set of open (or closed) balls centred at a point
x in a metric space (X, d) with the relation 2

(m) The set N'(x) of neighbourhoods, or the set O(x)
or open neighbourhoods, of a point x in a topo-
logical space with the relation C

(n) or the set O(x) or open neighbourhoods, of a
point x in a topological space with the relation D

Proof. In each of these examples the condition
follows from the fact that a < a for any real
number a, the fact that a|a integer a, or the fact that
A C A for any set A. Similarly, follows from
the fact that a < b and b < ¢ imply a < ¢ for any real
numbers a, b and ¢, the fact that a|b and b|c imply alc
for any integers, or the fact that A C B and B C C
imply A C C for any sets A, B and C. It therefore
suffices to check the condition [L14.1cd

(a) If a and b are positive integers then max(a,b)
is a positive integer, a < max(a,b) and b <
max(a, b).

(b) If a and b are positive integers then lcm(a, b) is
a positive integer, where lcm denotes the least

common multiple, a|lem(a,b) and b|lem(a, b).

If a and b are integers then max(a,b) is an inte-
ger, a < max(a,b) and b < max(a,b). The same
holds with integers replaced by rationals or reals.

If a and b are integers then min(a, b) is an integer,
a > min(a, b) and b > min(a, b). The same holds
with integers replaced by rationals or reals.

If A and B are subsets of X then AU B is a
subset of X, AC AUB and BC AU B.

If A and B are subsets of X then AN B is a
subset of X, AD ANB and BD AN B.

If A and B are finite subsets of X then AU B is
a finite subset of X, AC AUB and B C AU B.

If A and B are finite subsets of X then AN B is
a finite subset of X, A D ANBand BDO ANB.

(i) If A and B are non-empty subsets of X then
AU B is a non-empty subset of X, A C AUB
and BC AU B.

(j) If A and B are proper subsets of X then ANB is
a proper subset of X, A D AnNBand B D ANB.
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(k) If B(z,r) and B(z, s) are balls centred at = then
B(z, max(r,s)) is a ball centred at x, B(z,r) C
B(z,max(r,s)), and B(x,s) C B(z, max(r,s)).
The same construction works with closed balls
in place of open balls.

(1) If B(z,r) and B(z,s) are balls centred at x then
B(z,min(r, s)) is a ball centred at z, B(z,r) 2
B(z,min(r,s)), and B(z,s) 2 B(x,min(r,s)).
The same construction works with closed balls
in place of open balls.

If A and B are neighbourhoods of z then AU B
is a neighbourhood of z, A C AUB and B C AU
B. The same holds with open neighbourhoods
in place of neighbourhoods.

If A and B are neighbourhoods of z then AN B
is a neighbourhood of z, A O ANB and B O AN
B. The same holds with open neighbourhoods
in place of neighbourhoods.

The ¢ from [1.14.1c| is generally not unique. For
example, in[T.14.2D] we could have used ab rather than
lem(a, b). Where possible I've chosen a ¢ in the proofs
above which is in some sense minimal, but I didn’t
have to, and it’s not always possible to.

If (D, x) is a directed set and = is defined by a = b
if and only if b < a then a = a for all @ € D and if
a = band b = c then a = ¢ for all a,b,c € D. So
(D, =) is a directed set if and only if for all a,b € D
there is a ¢ such that a %= ¢ and b = ¢, i.e. such that
¢ < a and ¢ < b. This holds for most of the examples
above, and indeed most of them occur in pairs like
this, but it doesn’t hold for all of them. (NN,2) and
(P, C) are not directed sets, for example. O

We’re interested in functions between directed sets
which are compatible with the order relations on
them.

Definition 1.14.3. If (D, x) and (E, X) are directed
sets then a function 7: D — FE is called monotone if
7(a) % 7(b) whenever a < b.

There are various ways to construct one directed
set from another.

Proposition 1.14.4. (a) If (E,X) and S C E then
(S, R) is a directed set if and only if for all p,q €
S there is an r € S such thatp < r and q X r.

(b) Suppose (D, =) and (E,=X) are directed sets and
7: D — FE is a monotone function. Then
(1+(D), X) is a directed set.

(¢) Suppose (D, <) is a directed set. For each a € D
let
T,={beD:a<b}

and let £ be set of sets of the form T, for some
a € D. Then a b if and only if T, O T} and
(€,2) is also a directed set.

Proof. (a) If p € S then p X p because p € F and
(E,=X) is a directed set. If p,q,r € S, p X g and
g < 7 then p X r because p,q,r € E and (F, <)
is a directed set. Those are[l.14.1al and [L.14.1bl
So (S, X) is a directed set if and only if it satisfies
INENK

By the previous part we only need to check that
if p,r € 7.(D) then there is an r € 7,(D) such
that p X r and ¢ X r. If p,q € 7.(D) then there
are a,b € D such that p = 7(a) and ¢ = 7(b).
(D, =) is a directed set so there must be a ¢ €
D such that a < ¢ and b 5 ¢. Let r = 7(c).
Our assumption that 7 is monotone implies that
7(a) % 7(¢) and 7(b) X 7(c). In other words,
p<randqg=Xr.

Let E = p(D). By Proposition [1.14.21 (E, D) is
a directed set. Let 7: D — E be defined by

7(a) = Ty.

Then € = 7.(D). Suppose a < b. If ¢ € Ty, then
b < csoa<=c since (D, <) is a directed set,
and hence ¢ € T,. So every ¢ € T belongs to
T,. In other words, T, 2 Ty, i.e. 7(a) 2 7(b).
Although we won’t need it here, the converse is
also true. If 7(a) 2 7(b), i.e. if T, D T}, then
b e T, and so a < b. In other words, a < b if and
only if 7(a) D 7(b). The previous part therefore
shows that (€, D) is a directed set.

O
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It follows from Propositions [1.14.2d and [1.14.4c|
for example that the set of all semi-infinite intervals
of the form [a, +00) with the relation D is a directed
set.

1.15 Filters and prefilters

It’s useful to have names for sets of subsets satisfying
the conditions in Proposition[1.13.4] and also for sets
of subsets satisfying all but the last condition.

Definition 1.15.1. Suppose X is a set F €
p(p(X)). Then F is called a filter if it satisfies all of
the following conditions.

(a) F£ o
(b) @ ¢ F.

(c) If Ae F and B € F then thereisa C C ANB
such that C € F.

(d) f Aec Fand AC BC X then B € F.

F is called a prefilter if it satisfies the first three con-
ditions.

Note that we don’t assume a prefilter fails to sat-
isfy the last condition; we simply don’t assume that
it does. So any filter is automatically a prefilter. Pre-
filters needn’t be filters though, as we’ll see in a mo-
ment.

Proposition 1.15.2. If F is a prefilter or filter then
(F, D) is a directed set. If D € p(p(X)) for some set
X, D#2,d¢D, and (D,D) is a directed set then
D is a prefilter.

Proof. Suppose F is a filter or prefilter. A O A for all
Ae Fandif AD B and B D C then A D C for all
A,B,C € F. So the conditions [1.14.1a) and [1.14.1D}
hold. If A, B € F then there is, by aCeF
such that C C ANB. Then A D C and B D C, so
the condition is satisfied. Therefore (F, D) is
a directed set.

Suppose D € p(p(X)) for some set X, D # &,
& ¢ D, and (D, D) is a directed set. Then D satisfies
the conditions|[1.15.1aland [1.15.1b| If A, B € D then
by the condition there is a C' € D such that
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A D C and B D C, from which it follows that C C
AN B, so the condition [1.15.1¢| is also satisfied and
D is a filter. [

Proposition 1.15.3. Suppose (X, T) is a topological
space and x € X. Then N (x) is a filter and O(z) is
a prefilter.

Proof. The fact that N'(z) is a filter is just Proposi-
tion To show that O(z) is a prefilter we can
use Proposition above together with Proposi-
tion 1421l O

Note that O(x) is rarely a filter. In the case X = R
we have (—1,1) € O(0) and (-1,1) C [-1,1] but
[-1,1] ¢ O(0) because [—1,1] is not open. On the
other hand, if 7 is the discrete topology on a set X
then O(x) is the set of all subsets containing 2, which
is the same as NV (x), which we’ve just seen is a filter.

The proposition shows that O(z) is a prefilter if
z € X and (X,T) is a topological space, but not
every filter arises in this way. Consider for example
the set

E={AcpR): JaeR: A=[a,+0)},

which we already saw is a directed set. It’s non-empty
and does not contain the empty set so by Proposi-
tion it is a prefilter.

Although the definition of a filter only requires that
if A, B € F then there is some C C AN B such that
C € F this is in fact true of C = AN B.

Lemma 1.15.4. If F is a filter on a set X and
A, Be F then ANB e F.

Proof. The third condition of the definition just gives
a C C AN B such that C € F but using the last
condition we see that C' C AN B and C € F imply
ANBeF. O

Of course one can then show by induction that any
finite intersection of elements of F is also an element
of F.

Another example of a filter, closely related to the
definition of limits, is given by the following proposi-
tion.



Proposition 1.15.5. If (X, T) is a topological space,
w € X and U € p(X) then the set £(w) € p(p(X))
consisting of sets of the form U NW \ {w} where
W e O(w) is a prefilter if and only if w is a limit
point of U.

Proof. (O(w),2) is a directed by Proposi-

tion [[.14.20] Define 7: O(w) — p(p(X)) by
TW)=UnW\ {w}.

If V2O W then 7(V) O W. In other words 7 is
monotone. Now E(w) = 7.(O) by definition so £(w)
is a directed set by Proposition It’s non-
empty because it’s the image of the non-empty set
O(w). By Proposition it’s a prefilter if and
only if @ ¢ £(w) which happens if and only if w is a
limit point of U, by Proposition O

The prefilter £(w) from the proposition is never a
filter, but there is a simple way to get a filter from a
prefilter.

Definition 1.15.6. If X is a set and £ € p(p(X))
then the upward closure of £ is the set of B € p(X)
such that there is an A € € with A C B. £ is called
upward closed if it is equal to its upward closure.

Note that Condition [[LI5.1dl from the definition
of a filter is simply the statement that F is upward
closed.

Proposition 1.15.7. (a) If X and Y are sets,
f+ X = Y is a function and F € p(p(X)) is
upward closed then so is f**(F).

(b) If X is set and £ € p(p(X)) and F is the upward

closure of € then &€ C F.

(c) If € is a prefilter on a set X and F is the upward

closure of € then & is a filter if and only if € = F.

(d) If € is a prefilter on a set X and F is the upward

closure of € then F is a filter on X.

(e) If € is a prefilter, F is the upward closure of &,

G is a filter and € C G then F C G.

Proof. We prove each of the statements in turn.

(a) Suppose A C B and A € f**(F). Then f*(A) €
F. f*(A) C f*(B) and F is upward closed so
f*(B) € F. In other words B € f**(F). So if
A C Band A € f*(F) then B € f**(F). In
other words, f**(F) is upward closed.

If B € £ then thereis an A € £ such that A C B,
namely A = B.

€ is a prefilter so it satisfies conditions
1.15.1b| and [1.15.1c} It is a filter if and only if
it satisfies[T.15.1d] But[T.15.1d|is just the state-
ment that the upward closure of £ is contained in

E. We just saw that the reverse inclusion always
holds.

We need to check conditions |1.15.1al |1.15.1b!
[15.1d and [L15.1d

€ # @ and £ C F so F # @. This establishes
[CI5.Tal

If @ € F then there is an S € &£ such that S C
T. But S # @ because @ ¢ £. So we have
a non-empty subset of an empty set, which is

impossible. So the assumption @ € F is false.
This establishes [.15.10]

If S,T € F then there are P,QQ € £ such that
PC Sand Q CT. £ is a prefilter so there is an
R € € such that R C PNQ. But PNQ C SNT so
R C SNT. But then SNT € F. This establishes
CI51d

If Se Fand S CT then there is an R € £ such
that R € S. But then R C T, soT € F. This
establishes [L15.1dl

If B € F then thereisan A € € such that A C B.
ECGsoAeG But(@isafilterand A C B
so B € G. We've just seen that if B € F then
Beg,so FCQg.

O

We’ve already seen an example of this construction.
N (z) is just the upward closure of O(x).

We can describe the Hausdorff property in terms
of filters.

29



Theorem 1.15.8. Suppose (Y,T) is a topological
space. The topology T on Yis Hausdorff if and only
if for every filter G on'Y there is at most one z € Y
such that N'(z) C G.

Proof. Suppose T is Hausdorff. For any distinct
21,22 € Y there are open sets Vi, Vs such that
21 €Vi, 2z €Voand ViNVa =&, Now V; € O(z;) C
N(z1) and Vo € O(22) C N(z2). If there were a fil-
ter G such that AV'(z;) € G and N(2z3) C G then we
would have V; € G and V» € G. By Lemma [1.15.4] we
would then have @ € G, but G is a filter, so this is
impossible. So there is at most one z € Y such that
N(z) Cg.

Suppose, on the other hand, that 7 is not Haus-
dorff, i.e. that there are distinct z1, 29 € Y such that
VinVy, # @ for all Vi € O(z1) and Vo € O(z2).
Let F be the set of sets of the form Vi N V5 where
V1 € O(z1) and Vo € O(z2). I claim that F is a pre-
filter. X € F so F # &. On the other hand, we've
just seen that the assumption that 7 is not Haus-
dorff implies that @ ¢ F. If A, B € F then there
are V1,W; € O(z1) and Vo, Wy € O(z2) such that
A=ViNV, and B=W; NW,. Then

ANB=(VinWy) N (VanWy).

Now ViNnWy € O(z1) and Vi N Wy € O(z) so
ANB € F. We've now checked that F has the
three properties required for it to be a prefilter. Let
G be the upward closure of F, which is, by Propo-
sition a filter containing F. If T € N(z)
then there is an S € O(z;) such that S C T. Now
S€0(z1)andY € O(z2) so SNY e F. Bt SCY
so SNY = S§. G is the upward closure of F and S C T
so T € G. We've just seen that if T € N (z1) then
T € G,s0N(z1) CG. Similarly, N'(z2) € G. So there
is more than one z € Y such that A (z) C G. O

Note that while for each filter G there is at most
one z € Y such that N (z) C G it’s entirely possible
that there is no such z. Consider, for example, the
upward closure of the prefilter on R of semi-infinite
intervals [a, 00) considered earlier. Calling this filter
G, there is no z € R such that A (z) C G. If there
were then we would have

(z—1,24+41)€O(z) CN(2) CG

and [z + 1,00) € G so
g=(z—-1,z+1)N[z+1,00) €3G,

which is impossible because G is a filter.

1.16 Directed sets and limits

Definition 1.16.1. Suppose that (D, <) is a non-
empty directed set, U is a set, (Y, T) is a topological
space, z € Y, w is a monotone function from (D, <)
to (p(U),D), and f is a function from U to Y. We
say that z is the limit of f with respect to w, written,

lim f = z,
if M(z) is a subset of f**(F), where F is the upward
closure of w, (D).

Theorem 1.16.2. Suppose that (D,<) is a non-
empty directed set, U is a set, (Y,T) is a topological
space, z €Y, w is a monotone function from (D, <)
to (p(U), D), and f is a function from U toY. Let F
be the upward closure of w.«(D). The following state-
ments are equivalent.

(a) lim, f = z.

(b) For every P € O(z) there is an a € D such that
if x € w(a) then f(x) € P.

(c) For every P € O(z) there is an a € D such that
felw(a)) € P.

(d) For every P € O(z) there is an a € D such that
fr(P) 2 w(a).

(e) For every P € O(z) there is a B € F such that
J*(P) = B.

(f) For every P € O(z), f*(P) € F.

(g) For every P € O(2), P € f**(F).
(h) O(z) C f**(F).

(i) N(2) C f*(F).

(j) For every P € N(2), P € f**(F).
(k) For every P € N'(2), f*(P) € F.
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(1) For every P € N(z) there is a B € F such that
/*(P) = B.

(m) For every P € N(z) there is an a € D such that
f*(P) 2 w(a).

(n) For every P € N(z) there is an a € D such that
fe(w(a)) C P.

(o) For every P € N(z) there is an a € D such that
if v € w(a) then f(x) € P.

Proof. [1.16.2a] and [1.16.2i| are equivalent by the def-
inition of the limit. is equivalent to
by the definition of the image. is equivalent
to by the definition of the preimage.
follows from because if we set B = f*(P)
then w(a) € wi(D) and w(a) € B so B € F, by
the definition of the upward closure. follows
from [L.16.2€| because if B = f*(P) and B € F then
[*(P) € F. [1.16.2¢] follows from by the defi-
nition of the preimage. [I.16.21] follows from
by the definition of inclusion of sets. follows
from because if @ € N(z) then there is an
P € O(z) such that P C Q. Then P € f**(F) by
F is the upward closure of w,(D) and hence
is upward closed. It follows from Proposition
that f**(F) is upward closed and hence @ € f**(F).
follows from by the definition of inclu-
sion of sets. follows from by the def-

inition of the preimage. [1.16.2]] follows from [1.16.2
because if we set B = f*(P) and f*(P) € F then

B € F. [[.162m]follows from[[.16.2because if B € F
then there is, by the definition of the upward closure,
an A € w,(D) such that A C B and hence, by the
definition of the image, an a € D such that w(a) C B.
is equivalent to by the definition of
the preimage. is equivalent to by the
definition of the image. follows from
because O(z) C N (z) by Proposition O

Theorem 1.16.3. Suppose that (D,<) is a non-
empty directed set, U is a set, (Y,T) is a topologi-
cal space, w is a monotone function from (D,<) to

(p(U),2), and & ¢ w.(D)

(a) If f is a function from U to'Y and T is Haus-
dorff then there is at most one z € Y such that
lim, f = z.
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(b) Suppose Y = R and T is the usual topology on
R. If f and g are functions from U to Y such
that f(x) < g(x) for all x € U and lim,, f and
lim,, g exist then lim,, f < lim, g.

(c)

Suppose Y is a vector space and T is the topology
associated to a norm q on Y. Suppose

k
g=>Y of
j=1

where f1,... £y are functions from U to Y,
ay,...,a €R, and

limf;, =z,
HIL L o

where z1,...2 €Y. Then

k
limg = Gz
1 g E §Zj
=1

Also,
k

I I ‘
imgog < Z |ozj|h£nqofj,

j=1
provided all the limits appearing in the inequality
exist.

Proof. First note that w.(D) is the image of a non-
empty set and so is non-empty and & ¢ w.(D) by
hypothesis. (w.(D),2) is a directed set by Proposi-
tion and so w.(D) is a prefilter by Proposi-
tion [1.15.2] Its upward closure F is then a filter by
Proposition We now prove the assertions of
the theorem in order.

(a) By Theorem there is at most one z such
that N'(z) C f**(F). In view of the definition
of the limit that’s the same as saying there’s at
most one z such that lim,, f = z.

(b) Suppose A > 0. Let e = A\/2. Then € > 0. Let
zZ1 = hmf

and
zo = limg.
w



B(z1,€) € N(z1) and B(z2,€) € N(z2) so by
Theorem there are a,b € D such that if
2z € w(a) then f(x) € B(z1,¢) and if x € w(b)
then g(x) € B(zz2,€). (D, <) is a directed set so
there is a ¢ € D such that ¢ < c and b <X c.
@ ¢ w«(D) so w(c) is non-empty and there is
therefore an € w(c). w is monotone so w(a) 2
w(e) and w(b) D w(c). It follows that x € w(a)
and x € w(b). Therefore f(x) € B(z1,¢) and
g(x) € B(za,€). In other words, |f(z) — 21| < €
and |g(x) — 22| < €. Therefore

< flx)+e<g(x)+e<zo+2e=2z3+ A\

So lim,, f < A + lim,, g for all positive A, which
is possible only if lim,, f < lim,, g.

Suppose
k

PeO ZO[ij

=1
Then there is an € > 0 such that

k
B> z,e|CP
j=1

Choose some i
K> Z el
j=1

Then €/k > 0. Since lim,f; = z; and
B(zj,€/k) € O(z;) there is an a; € D such that
if x € w(a;) then f;(z) € B(zj,¢/k). (D,<)
is a directed set so there’s a ¢ € D such that
a; < ¢ for all j. w is monotone so w(a;) 2 w(c).
Suppose z € w(c). Then x € w(a;) and hence
f;(x) € B(z;,¢/k) for each j. In other words

q(f;(z) — ;) <e/r
for each j. By the properties of norms then
|ajle

q(a; (f(z) —25)) < —

Because of our choice of  this implies

k
q | a;(f@) —z) | <e
j=1
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By the associative, commutative and distributive
properties of vector spaces this is the same as

k k
q Zocjfj(x) - Zajzj <e
j=1 j=1
or
k
q|glx)- Zajzj <e.
j=1

In other words,

k
g(z) € B sz,e
j=1

and hence

g(z) e P.
In other words, for any P € O (Z?Zl ajzj)
we’ve found a ¢ € D such that if z € w(c) then

g(x) € P. By Theorem [1.16.2| then
k
hf,n g= Z 0z
j=1
By the properties of norms,

k
q(g(x)) < Z |jlq(£; ()

for all x € U. Applying the third part of the
theorem,

k k
h}lel lojlgof; = Zl |aj|h£nqofj.
j= j=

Then applying the second part,

k
11£nq og < hf,nz lovjlg o f;.
j=1
Combining these

k

. < T )
hur)nqog_ Zl|aj|har)nqofj
]:



1.17 Theorems [1.12.3 and [1.12.4] re-
visited

As a corollary to the preceding theorem we have

the following theorem which incorporates Theorems

1.12.3] and [T.12.4] together with various other useful
results.

Theorem 1.17.1. Suppose that (X, Tx) and (Y, Ty)
are topological spaces, that U € p(X) and that w € X
is a limit point of U.

(a) If f is a function from U to Y and Ty is Haus-
dorff then there is at most one z € Y such that
limg ., f(2) = 2.

(b) Suppose Y = R and T is the usual topol-

ogy on R. If f and g are functions from U

to Y such that f(z) < g(z) for all x € U

and limg_,, f(x) and limg_, g(z) exist then

limg 0 f(2) < limg sy g().

(c) Suppose Y is a vector space and T is the topology

associated to a norm q on'Y . Suppose

k
g=) af
j=1

where f1,... £y are functions from U to Y,
ay,...,or €R, and
lim £;(z) = 2,
where z1,...2z; €Y. Then
Jim g() Z%%
Also,
k
lim (g0 g)(x Zlaglzlgrguqof)( ),

provided all the limits appearing in the inequality
exist.
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Proof. Let D be O(w) and let < be 2. Then (D, x)
is a directed set by Proposition [T.14:2n] It is clearly
non-empty since X € O(w). Let w: D — p(U) be de-
fined by w(W) = UNW\ {w}. Then w is a monotone
function from the directed set (D, <) = (O(w), D) to
to the directed set (p(U), D), as was observed in the
proof of Proposition & ¢ w,(D) because w is
a limit point of U. By Theorem

limf =z

for a function f from U to Y if and only if for all
Z € O(z) thereis a W € D such that w(W) C f*(2),
i.e. if and only if for all Z € Ty such that z € Z there
is a W € Tx such that w € W and

UNWA{w} C *(2).
By Definition [1.12.1] this is the same as
lim f(z) =

T—w

We can therefore apply Theorem [T.16.3] replacing
lim,, everywhere by lim,_,.,. O

The alternate proof of Theorems [1.12.3|and [1.12.4]
provided by the theorem above is much shorter than
the proofs given when they were first stated, but only
because it depends on many results proved in be-
tween. If those results served only to give new proofs
of Theorems and [[12.4]it would be hard to ar-
gue that the reward was worth the effort. But in fact
we can now give equally short proofs of the analogous
theorems for a wide variety of types of limits.

1.18 Other types of limit
Limits at infinity are defined as follows.

Definition 1.18.1. Suppose U € p(R) is such that
for every a € R there is an x € U with > a and
that (Y, 7T) is a topological space. If f is a function
from U to Y then we say that z € Y is the limit of f
at +oo, written

lim

Jim  f(z) =z

if for all Z € O(z) there is an a € R such that if
x € U and = > a then f(z) € Z.



As in the theory of limits at finite points we allow
our functions to be defined only on a subset. The
usefulness of this will become clear shortly.

Theorem 1.18.2. Suppose U € p(R) is such that
for every a € R there is an x € U with x > a and
that (Y, T) is a topological space. If f is a function
from U to'Y then we say that z € Y is the limit of f
at +oo, written

lim f(a) =

r——+o0

if for all Z € O(z) there is an a € R such that if
x €U and x > a then f(z) € Z.

(a) If f is a function from U to'Y and T is Haus-
dorff then there is at most one z € Y such that
limg 400 f(2) = 2.

(b) Suppose Y = R and T is the usual topol-
ogy on R. If f and g are functions from U
to Y such that f(z) < g(z) for all x € U
and limg oo f(z) and lim,_, 1o g(x) exist then

limg oo f(2) < limgy 400 g(x).

Suppose Y is a vector space and T is the topology
associated to a norm q on'Y. Suppose

k
g=) af
j=1

where f1,...f; are functions from U to Y,
ay,...,a € R, and
ARG =2
where z1,...2x €Y. Then
i 60 = Yo
Also,
k
im (gog)(x Zagl i (g0 £)(2),

provided all the limits appearing in the inequality
exist.

34

Proof. Let D be the set of all intervals of the form
[a,+00) and let < be D. Then (D, <) is a directed
set by Proposition It is clearly non-empty.
Let w: D — p(U) be defined by w([a,+o00) = U N
[a, +00). Then w is a monotone function from the
directed set (D, <) to to the directed set (p(U), D).
& ¢ w.(D) because of our assumption that for all @ €
R there is an x € U with x > a. By Theorem

limf =z

for a function f from U to Y if and only if for all
Z € O(z) there is an [a,+00 € D such that if = €
w([a, +o0)) then f(z) € Z. i.e. if and only if for all
Z € O(z) there is an a € R such that if z € U and
x > a then f(z) € Z. By the definition above this is
the same as

We can therefore apply Theorem [1.16.3] replacing
lim,, everywhere by lim,_, ;. O

This theorem applies in particular to U = N, since
clearly for any a € R there is an n € N such that
n > a. A function with domain N is generally called
a sequence. For historical reasons they are typically
written with a subscript notation instead of the usual
functional notation, but they are functions and the
theorem applies to them.

(N, <) is a directed set. We can generalise the
idea of a sequence from functions with domain N to
functions with domain an arbitrary directed set.

Definition 1.18.3. A net is a function whose do-
main is a directed set. If (D, <) is directed set and
f is a function, i.e. a net, from D to a topological
space (Y,7T) then we say that z € Y is the limit of
the net f, written

limf ==z

if for all Z € O(z) there is an a € D such that if
be D and a < bthen f(b) € Z

The properties of limits of nets should by now be
easy to guess.



Theorem 1.18.4. Suppose that (D,<) is a non-
empty directed set and that (Y,T) is a topological
space.

(a) If f is a function from D toY and T is Haus-
dorff then there is at most one z € Y such that
lim f = 2.

(b)

Suppose Y = R and T is the usual topology on
R. If f and g are functions from D to Y such
that f(z) < g(z) for all x € D and lim f and
lim g exist then lim f < limg.

(c)

Suppose Y is a vector space and T is the topology
associated to a norm q on'Y. Suppose

k
g=>_ojf;
j=1

where f1,...fy are functions from D to Y,
at,...,o €R, and

limf; = z;,

zr €Y. Then

k
limg = Z Q;z;j.
=1

where z4, . ..

Also,

lim(gog) < oz]|hmqof)

||Mw

provided all the limits appearing in the inequality
exist.

Proof. We take U = D and take w: D — D to be the
function

w(a)={be D:a=xb}

as in Proposition Then w is a monotone func-
tion from the directed set (D, <) to the directed set
(p(D), D). & ¢ w.(D) because w(a) always contains
at least the element a. By Theorem

limf ==z
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for a function f from D to Y if and only if for all
Z € O(z) there is an a € D such that if b € w(a)
then f € Z. ie. if and only if for all Z € O(z)
there is an a € R such that if b € D and a < b then
f(b) € Z. By the definition above this is the same as

lim f = z.

We can therefore apply Theorem [1.16.3] replacing
lim,, everywhere by lim. O

Another familiar notion of limit from Real Analysis
is the one-sided limit.

Definition 1.18.5. If f: R — R is a function, w €
R and z € R then we say that z is the limit of f
from the right at w, written

lim
i f(x) =
if for all € > 0 there is a § > 0 such that whenever
0 <z —w<d we have [f(x) — 2| <e

This can be generalised to cover functions defined
on subsets U C R with values in a topological space
(Y, 7). One can then prove properties similar to
those already proved for other types of limit using
Theorem The set D in this case is (w, +00).
The relation < is >. The function w is w(b) = (w, b).
The details, including the condition necessary to en-
sure that @ ¢ w.(D), are left as an exercise. Instead
we move on to two classes limits which are not nor-
mally described as limit, but to which Theorem[1.16.3]
applies.

1.19 Sums as limits

There are a number of constructions in Real Analysis
which are not limits in the ordinary sense but which
can be fit into the more general framework of the
last few sections. One of these is the theory of sums,
which we’ll consider in this section and another is the
theory of Riemann integrals, to be considered in the
next section.

The classical definition of the sum of a function
defined on N is as the limit of a sequence of partial
sums. This definition uses the order structure of the



natural numbers in an essential way, but we’ll often
want to consider sums of functions defined on general
sets. The following definition covers that case.

Definition 1.19.1. Suppose S is a set, (Y,q) is a
normed vector space and u: S — Y is a function.
We say that z € Y is the sum of u over .S, written

Su-s
S

or

if for all € > 0 there is a finite subset F' € p(S) such
that whenever G € p(S) is finite and F C G we have

q <z Zu(x)) <e

zeG

There are a few things to note about this definition.
First of all, it is not circular. It defines sums in terms
of sums, but the sums that a sum is defined in terms
of are all finite, and finite sums in a vector space are
already defined as part of the definition of a vector
space. Or at least the sum of two elements is defined,
but we can define finite sums inductively and show
that they have the expected properties.

Second, the definition is consistent, in the sense
that when applied to finite sums, which, as we’ve just
noted, are already defined, the new definition agrees
with the old one, since we can just take F' = S.

Third, the definition is not fully consistent with the
existing definition of sums over the natural numbers.

If the sum
Z u(n) =z
neN

in the sense of the definition above then the sum
oo
u(n),
n=0
defined as usual as
n

Lim Y u()),

lim
j=0

also exists and

The converse, however, is false. There’s a very good
reason for this. It’s well known that changing the or-
der of summation for sums defined in the traditional
manner can change the value of the sum, even in the
case Y = R. In other words, if 3: N — N is a bi-
jection then Y >° ju(n) and Y.~ u(B(n)) can have
different values. Definition [L19.1l makes no reference
to any order structure on S and so

€S €S

for any set S. There is no way to define sums which
has the property above and agrees with the tradi-
tional limit of partial sums definition for sums over
the natural numbers. There is one important case
though where the equation

Y u(n) =Y u(B(n)
n=0 n=0

is known to hold: that of absolutely convergent series
in the case (Y,q) = (R™,|| ||). For such series the
sum over the natural numbers in the sense of Def-
inition exists and is equal to the sum in the
traditional sense.

Sums have many of the same properties as limits.

Theorem 1.19.2. Suppose S is a set and (Y, q) is a
normed vector space.

(a) If u is a function from S to'Y then there is at
most one z € Y such that ) su(z) = z.

(b) Suppose Y =R and g = | |. If u and v are
functions from S to' Y such that u(x) < v(x) for
all x € S and ) qu(x) and )  qv(x) evist

then Y cqu(z) <Y cqgv(w).
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(c) Suppose

k
vV = E ;U
j=1

where uy,...ux are functions from S to Y,
ay,...,o €R, and

> (@) =z,

zeS

where z1,...2z; € Y. Then

k
Z V(I’) = Z QGZj.

zeS

Also,

k
Y (aov)(@) <D lagl Y (q0uy)(a),
j=1

zeS €S

provided all the sums appearing in the inequality
ezist.

Proof. We'd like to derive this from Theorem
but the statement of the theorem doesn’t make the
choice of (D, <), U, w or f obvious. In fact we take
D to be the set of finite subsets of S and < to be C.
(D, =) is a directed set by Proposition D is
non-empty because @ € D. U is also the set of finite
subsets of S and w: D — p(U) is defined by

w(F)={GeU: FCG}.

This w is monotone. @ ¢ w,(D) because F € w(F)
for all F' € D. To a function u: S — Y we associate
a function f: U — Y by

zeG
By Definition [1.19.1
Z u(z) =z
zesS

if and only for all € > 0 there is a finite subset F €
©(S) such that whenever G € p(S) is finite and F' C

G we have
q <z - Zu(m)) < e

zeG

With the choices introduced above, we can restate

this as
> u(x)

zeSs

if and only for all € > 0 there is an F' € D such that
whenever G € w(F') we have

£(G) € B(z,¢).

If for all € > 0 there is an F' € D such that whenever
G € w(F) we have

£(G) € B(z,¢)

then for all P € O(z) there is there is an F' € D such
that whenever G € w(F') we have

f(G)eP

because B(z,e) € O(z). Conversely, if for all P €
O(z) there is there is an F' € D such that whenever
G € w(F) we have

f(G)eP

then for all € > 0 there is an F' € D such that when-
ever G € w(F') we have

£(G) € B(z,¢)

because and P € O(z) contains B(z, €) for some € >
0. So we can restate the definition of the sum as

Zu(w) =2z

eSS

if and only if for all P € O(z) there is there is an
F € D such that whenever G € w(F’) we have

f(G) e P.
By Theorem [I.16.2] this is equivalent to

limf = z.
So >, egu(z) if and only if lim,, f = z. The state-
ments of this theorem then follow from those of The-

orem [[L16.3] O
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It would have been a bit easier to derive this the-
orem from Theorem [[.18.4] rather than from Theo-
rem Sums in the sense of Definition [[.19.1]
aren’t limits of sequences of finite sums but they are
limits of nets of finite sums. I've chosen the somewhat
longer route above though because it more closely
parallels what we’ll do with integrals.

1.20 Riemann integrals as limits

Doing this example in detail would require more no-
tation and terminology than I want to introduce here
so I will give only a sketch of the procedure.

Definition 1.20.1. P € p(p(R)) is called a parti-
tion of the interval I if

(a) P is finite,

(b) every element of P is an interval,

()

(d) for every distinct J, K € P, JNK = & unless
J=K.

A more usual way to express this is to give the
intervals in terms of their endpoints and to order the
elements of P. For example, if I = [a,b) then P =
{J1,...,Jm} is a partition of I where Jy = [ck,dk)
and ¢; = a, dy = band d = ¢y for 1 < k <
m. That’s easier to visualise, but less convenient for
proving theorems.

One minor technical note is that it’s more conve-
nient to allow empty intervals as elements of a parti-
tion than to exclude them. This will require treating
empty intervals as a special case in a few places but
will remove the need to check that intervals are non-
empty in more places.

Every interval I has at least one partition, namely
the trivial partition P = {I}.

A fact which is geometrically obvious but trickier
to prove than one might expect is that the sum of the
lengths of the intervals in a partition of I is equal to
the length of I. For this section I'll just assume that
fact without proof.

Definition 1.20.2. The partition Q of I is called a
refinement of the partition P of I if for each K € Q
there is a J € P such that J O K.
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Note that the definition only requires that there
exists such a J, but this J is in fact unique if K is
non-empty. The subset of Q consisting of those K
such that J O K is a partition of J.

Definition 1.20.3. If P and Q are partitions of I
then their common refinement is the set of sets of the
form J N K where J € P and K € Q.

The name is justified by the following proposition.

Proposition 1.20.4. The common refinement of
two partitions is a partition and is a refinement of
each of them.

Proof. Suppose R is the common refinement of the
partitions P and Q of the interval I. Define i: P x
Q - Rbyi(J,K) =JNK. R was defined as the
image of 4, so i is a surjection. The product of finite
sets is finite and the image of a finite set under a
surjection is finite, so R is finite. The intersection of
intervals is an interval, so every element of R is an
interval.

JNK

U=

LER

U

JeEP,KeQ

()

JeP
=INnl=1.

U

KeQ

)

If Ll,LQ € R then L; = J1N Ky and Ly = Jo N K>y
where Ji,Jo € P and K1, Ko € Q. Then
LiNLy = (JlmKl)ﬂ(JzﬁKg) = (Jl ﬁJQ)ﬂ(KlﬂKg)
and the sets J; N Jy and K7 N K5 are each empty
unless J; = Jo and K1 = Ko, so their intersection
L1 N Ly is empty unless Iy = Lo. This shows that R
is a partition of I.

R is a refinement of both P and Q becauseif L € R
then there are J € P and K € R such that L = JNK.
Then J O L and K D L. ]

Corollary 1.20.5. The set of partitions of an inter-
val together with the relation <, where P < Q if Q is
a refinement of P is a directed set.



Definition 1.20.6. A system of weights is a finite
subset F' C R together with a function w: F — R
such that w(xz) > 0 for each x € F. The weights
are said to be compatible with a partition P of an
interval I if for each J € P the length of J is equal

to > crny w(T).

Proposition 1.20.7. If Q is a refinement of P and
(F,w) is a system of weights compatible with Q then
it’s also compatible with P.

Proof. For each J € P we consider the subset Q;
of Q consisting of those K such that J O K. As
noted previously, Q; is a partition of J. For each
x € J there is exactly one K € Q; such that x € K.
Therefore for each x € F N J there is one K € Q
such that x € F N K. It follows that

zeFNJ KeQjzeFNK

The inner sum is the length of K because w is com-
patible with Q so the outer sum is the sum of the
lengths of the intervals in Q, which is just the length
of J because Q is a partition of J. So }_pn; w(z)
is the length of J for all J € P, which is the definition
of a compatible system of weights for P. O

An immediate consequence of the preceding propo-
sition is the following:

Proposition 1.20.8. Let D be the set of parti-
tions of an interval I. and U the set of systems of
weights. Let w: D — p(U) be the function which
takes each partition to the set of systems of weights
compatible with it. Then w is monotone when con-
sidered as a function from the directed set (D, <) to
(p(U), D), where < is the refinement relation from

Corollary|1.20.9,.

Proof. If P = Q then Q is a refinement of Q. By the
preceding proposition every system of weights com-
patible with Q is also compatible with . In other
words, the set of systems of weights compatible with
P is a superset of the set of weights compatible with

Q. O

Definition 1.20.9. If uis a function from an interval
I to a normed vector space (Y,q) and (F,w) is a
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system of weights then the Riemann sum of u with
respect to (F,w) over the interval I is

zEFNI

We now have everything we need to define inte-
grals.

Definition 1.20.10. Suppose I is an interval, (Y, q)
is a normed vector space and u: I — Y is a function.
We say that z € Y is the Riemann integral of u over

I, written
/ u(z)dx =z
xel

[u==
I

if for every € > 0 there is a partition P of I such
that for any partition @ and any system of weights
(F,w) compatible with Q the Riemann sum of u with
respect to (F,w) over I is an element of B(z,¢).

or just

An alternate characterisation uses limits in the
sense of Definition [[L16.1]

Proposition 1.20.11. If u is a function from an
interval I to a normed vector space (Y,q) then

/mel u(z)dx = =

limf =2z
w

where w is the function from Proposition and
f: U — Y is the function which takes the system of
weights (F,w) to the Riemann sum of w with respect
to (F,w).

Proof. By Definition [T.20.10]

if and only for all € > 0 there is a partition P such
that whenever Q is a refinement of P and (F,w) is
compatible with @ we have

> w(z)u(z) € B(z,e).

xeFNI

if and only if



With notation as in Proposition [1.20.8| we can restate

this as
/ u(z)dxr =z
xzel

if and only for all € > 0 there is an P € D such that
whenever P < Q (F,w) € w(Q) we have

Z w(z)u(z) € B(z,€).

zeFNI

If [ c;u(z)dr =z and P € O(z) then there is an
€ > 0 such that B(z,¢) C P and hence

Z w(z)u(z) € P.

xeFNI
By Theorem [1.16.2| this implies

lim =z.
w

So if [ ., u(z)dx = z then lim,, =z.

Conversely, if lim,, f = z then for every P € O(z)
there is a P € D such that whenever P < Q (F,w) €
w(Q) we have

Z w(x)u(z) € P,

xeFNI
again by Theorem [1.16.2

lim = z.
w

B(z,€) € O(z) for every € > 0. So for every € > 0
there is a P € D such that whenever P < Q (F,w) €
w(Q) we have

Z w(x)u(z) € B(z,€).

zeFNI

In other words, for all € > 0 there is a partition P
such that whenever Q is a refinement of P and (F, w)
is compatible with @ we have

Z w(x)u(z) € B(z,€).

zeFNI

So if lim,, =z then [ _, u(z)dr =z.
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Because this proposition expresses integrals di-
rectly in terms of limits in the sense of Defi-
nition the following theorem becomes very
straightforward to prove.

Theorem 1.20.12. Suppose I is an interval and
(Y, q) is a normed vector space.

(a) If u is a function from I to'Y then there is at
most one z € Y such that [ _ u(z)dr = z.

Suppose Y = R and ¢ = | |. If u and v are
functions from I to'Y such that u(z) < v(zx) for
allz eI and [, _;u(x)dz and [, v(x)de evist
then [, u(zx)de < [ _ v(z)dz.

(b)

(c)

Suppose
k
VvV = E a;a;
j=1

where uy,...u; are functions from I to Y,
ay,...,a € R, and

/ u,(x) de = z;,
zel

where z1,...2; €Y. Then

k
/ v(z)de = Zajzj.
zel j=1

Also,

k
/x EI@ov)(m)dxg;W / _(aow)(e)ds.

provided all the integrals appearing in the in-
equality exist.

Proof. At this point there is nothing left to prove.
We just use Proposition [[:20.11] to translate all state-
ments about integrals in the hypotheses of the the-
orem to statements about limits, which gives us
the hypotheses of the corresponding parts of The-
orem That theorem then gives us conclu-
sions about limits, which then use Proposition|1.20.11
again to translate into statements about integrals,
which are exactly the conclusions of this theorem. [



2 Sets and Cardinality

The usual axioms of set theory are chosen to be min-
imal rather than comprehensible. From those ax-
ioms one then proves a number of elementary proper-
ties, which are often more intuitive than the axioms
they’re derived from. These are the elementary prop-
erties of unions, intersections, relative complements,
power sets, ordered pairs, (finite) Cartesian products,
etc. I'm going to assume those are familiar enough
and will not review them here.

2.1 Injections, surjections, bijections

A function f: X — Y is called an injection if f(x) =
f(y) implies z = y. It’s called a surjection for all
y € Y thereis an x € X such that f(z) = y. In terms
of the image f is a surjection if and only if f,(X) =Y.
It’s called a bijection if it is both an injection and a
surjection. If f is a bijection then it has an inverse,
i.e. afunction g: Y — X such that fog is the identity
on Y and go f is the identity on X. The function ¢ is
defined by saying that ¢(y) is the unique 2 € X such
that f(x) = y. There’s at least one such z because
f is a surjection and at most one such x because f
is an injection. A function g which satisfies the first
of these conditions but not necessarily the second is
called a right inverse of f while one which satisfies
the second but not necessarily the first is called a left
inverse.

The composition of two injections is an injection,
the composition of two surjections is a surjection and
the composition of two bijections is a bijection. These
facts follow immediately from the definitions.

The following three propositions relate injections,
surjections and bijections to the various types of in-
verse.

Proposition 2.1.1. If X is non-empty then f: X —
Y is an injection if and only if there is a function
g: X =Y such that go f is the identity on X.

In other words g is a left inverse to f, although it
won’t be a right inverse unless f is also a surjection.

Proof. The “if” part is proved as follows. Suppose
there is such a g. If f(x) = f(y) then g(f(z)) =
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9(f(y)). But go f is the identity so & = y. So if
f(z) = f(y) then = y. In other words, f is an
injection.

The “only if” is proved as follows. Suppose that f
is an injection. If z € Y then there is at most one
x € X such that f(z) = z since if f(y) = z then
f(z) = f(y) and so x = y. For any z € Y for which
there is such an z we define g(z) to be this z. By
assumption X is non-empty. In other words there is
aw € X. For any z € Y for which there is no z € X
with f(x) = z we define g(z) = w. Then g(f(z)) ==
for all x € X so g o f is the identity. O

Proposition 2.1.2. f: X — Y is a surjection if
there is a g: Y — X such that fog is the identity on
Y and go f is the identity

Proof. If y € Y then y = f(x) where z = g(y). O

Proposition 2.1.3. f: X — Y is a bijection if and
only if there is a g:' Y — X such that f o g is the
identity on'Y and g o f is the identity on X.

Proof. The “only if” part was proved immediately
after the definition of bijection. For the “if” part
we combine the preceding two propositions. Suppose
that fog is the identity on Y and go f is the identity
on X. By Proposition f is an injection. By
Proposition [2.1.2] it is a surjection. It is therefore a
bijection.

There’s one small gap in this proof. If X is empty
we cannot apply Proposition[2.1.1] But if X is empty
then there can’t be a function g: ¥ — X unless Y is
also empty. In this case f is vacuously an injection
and a surjection, and so is a bijection. O

You might have noticed something missing in one
of the theorems above. All of these statements were
“if and only if” except for Proposition[2.1.2] which has
merely “if”. Can this be improved to ‘if and only if”?
This is a question we’ll return to in a later section.

2.2 Finite sets

If you already have the natural numbers available
then it’s tempting to define the finite sets to be those
for which there’s a bijection to a set of the form
{1,...,n}. This reverses our usual intuition though,



which is that natural numbers arise from the need to
count things, i.e. that they arise as the cardinalities
of finite sets, and that the arithmetic operations on
them reflect natural operations on sets, with addi-
tion representing disjoint unions and multiplication
representing Cartesian products. If you want to view
the natural numbers this way then you need a pre-
existing notion of finiteness of sets. The standard one
is that a set X is finite if and only if every injection
from X to X is a surjection. A set is called infinite
if and only if it is not finite. The set N is infinite,
for example, because the function f(n) =n+1is an
injection but is not a surjection.

Proposition 2.2.1. If A C B and B is finite then
A is finite.

Proof. This is equivalent to the statement that if A
is infinite then B is infinite, and it’s that statement
which we’ll prove. Suppose then that A C B and A is
infinite, i.e. that there there is an injection f: A —
A which is not a surjection. We can then defined
g: B —= Bbyg(z)=f(z)if x € Aand g(x) = z if
x € B\ A. This g is also then an injection but not a
surjection. So B is infinite. O

A corollary of this is that the intersection of any
collection of sets is finite if any one of them is, since
the intersection must be a subset of that one.

Proposition 2.2.2. The union of any finite set of
finite sets is finite.

This is harder prove than one might expect. It’s
painful enough if you’ve defined finiteness in terms of
a bijection with a set of the form {1,...,n} and have
the basic properties of the natural numbers available
but it’s particularly unpleasant to prove from the def-
inition given above, i.e. that a set is finite if every
injection is a surjection. Giving a proof here would
take us too far into axiomatic set theory, so we’ll just
take this as given. In fact I already did at several
points in the previous chapter.

Proposition 2.2.3. The union any finite set of finite
sets is finite is that the Cartesian product of two finite
sets is finite.

Proof. Indeed we can write the Cartesian product as

XxY=|J{a}xV
reX

There’s an obvious bijection from Y to {z} x Y,
namely the one which takes y to (z,y), and Y is fi-
nite so each of the sets {z} x Y is finite. So X x Y
is a union of finitely many finite sets and hence is
finite. O

Even though I followed the standard practice from
the foundations of mathematics of defining finiteness
independently of the natural numbers we are not in
fact going to prove the existence of the set of natu-
ral numbers but simply assume it, along with all its
familiar properties. Since we have the natural num-
bers available, so we can state and prove the follow-
ing proposition, which gives an alternate criterion for
finiteness.

Proposition 2.2.4. A set X is infinite if and only
if there is an injection f: N — X.

Proof. We first prove the “if” part and then the “only
if” part.

Suppose X is infinite. By the definition of infinite,
there is an injection h: X — X which is not a sur-
jection. Choose y € X such that there is no x € X
with h(z) = y. Define f: N — X inductively by

fO) =y, f(k+1)=h(f(k)).

We can prove by induction on m the statement that
if 4,5 < m and f(i) = f(j) then ¢ = j. This is
clearly true for m = 0. For the inductive step we
assume it holds for a given m and prove it with m
replaced by m+1. Assume then that 7, 7 < m+1 and
f(@) = f(4). By the inductive hypothesis if 7,7 < m
and f(i) = f(j) then i = j. If we have i, < m+1
but not 7,7 < m then at least one of i, 7 is equal to
m + 1. Suppose that ¢ < m+1, j = m+ 1 and
£(i) = £(j). Then

f(G) = h(f(m)).

We know that ¢ # 0 because f(0) = y and there is no
x such that f(z) =y. Therefore i = [ + 1 for some
I <m. From f(i) = f(j) we see that

fA+1)=f(m+1)
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and hence
h(f(1)) = h(f(m)).

h in an injection so f(I) = f(m). But I,m < m so the
inductive hypothesis means that [ = m, and therefore
i = j. The argument for the case i = m+1, j < m+1
is similar. Soif4,j < m+1 and f(¢) = f(j) then i =
7, completing the induction. For every i, 7 € N there
is an m such that ¢,j < m, namely m = max(i,j).
So we find that for all 4,5 € N if f(i) = f(j) then
i = j. In other words, f is an injection. So we have
an injection f: N — X.

Suppose that there is an injection f: N — X. We
define h: X — X as follows. f is an injection so there
is for each x at most one m such that f(z) = m. If
there is such an m we define

h(z) = f(m +1).

If there isn’t then we define h(xz) = x. Then h is an
injection. In other words, if h(z) = h(y) then z = y.
This is proved by considering the possible cases for x
and y. If there is no m such that z = f(m) and no
n such that y = f(n) then h(z) = z and h(y) = y
so x = y. If there is no m such that x = f(m) but
there is an n such that y = f(n) then h(z) = x and
h(y) = f(n+1) sox = f(n+1). But this is impossible
because x was not in the image of f. Similarly, the
case where there is an m such that z = f(m) but
there is no n such that y = f(n) does not occur. In
the last case, where = f(m) and y = f(n), we have

fm+1) = h(z) = h(y) = f(n+1).
f is an injection so
m+1=n+1.
But then m =n so

z = f(m)=f(n) =y.

In all cases h(z) = h(y) implies x = y so h is an
injection.

Suppose z € X. If there is no m such that = =
f(m) then h(x) = x so there is no m such that h(z) =
f(m). In particular, h(xz) # f(0). If there is an m
such that x = f(m) then

h(z) = f(m +1).

f is an injection and m 4+ 1 # 0 so h(x) # f(0). So
for all z € X we have h(x) # f(0). h is therefore not
a surjection.

We’ve now constructed an injection h: X — X
which is not a surjection. Therefore X is infinite. [

2.3 Equivalence classes

An equivalence relation on a set X is a relation ~
with the following three properties.

(a) Forallz € X, z ~ .
(b) For all z,y € X, if x ~ y then y ~ z.

(¢) For all z,y,z € X, if x ~ y and y ~ z then
T~z

There are two trivial ways to construct an equivalence
relation on a set. One is to say that x ~ y for all
z,y € X and the other is to say that z ~ y if and
only if x = y.

Of course we’re mostly interested in non-trivial
equivalence relations. For example, there’s an equiv-
alence relation on N x N defined by saying that

(av b) ~ (Ca d)

if and only if
a+d=>b+c.

We can verify immediately that this satisfies the three
conditions above.

(av b) ~ (a7 b)
because

a+b=>b+a.
If

(a,b) ~ (c,d)
, L.e. if

a+d=b+c
then

(c;d) ~ (a,b),
because

ct+b=d+a.
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Finally, if

(a7 b) ~ (Cv d)
and

(c,d) ~ (e, f)
then

a+d=b+c
and

c+f=d+e
SO

a+ f+c+d=b+e+c+d

and hence

a+ f=b+e.
In other words,

(a,b) ~ (e, f).

Here we’ve used the fact that addition in N is right
cancelable, i.e. that if x + 2z =y + z then x = y.
For each x € X the set

{lye X:z~y}

is called the equivalence class of x under the rela-
tion ~. If the relation is obvious then it’s just called
the equivalence class of z. We can define a function
X — p(X) by saying that it takes each z € X to its
equivalence class. The image of this function is the
set of equivalence classes. In the case of the equiva-
lence relation on the set N x N above the equivalence
class of (a, b) is the set of (¢, d) such that a+d = b+-c.
We could also write this as d — ¢ = b — a but that
requires Z rather than N so that subtraction is well
defined and in fact the main point of this equivalence
relation is that it can be used to construct Z from N.
The usual construction is to define the integers as the
set of equivalence classes in N x N with respect to
this equivalence relation.

We can describe equivalence relations in terms of
sets. Given an equivalence relation ~ on a set X the
set

E={(z,y) e X xX:z~y}

has the three following properties.

(a) Forall z € X, (z,z) € E.
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(b) For all z,y € X, if (x,y) € E then (y,z) € E.

(c¢) Forall z,y,z € X, if (z,y) € F and (y,2) € E
then (z,2) € E.

Conversely, if E' € p(X x X) has the properties above
and a relation ~ on X is defined by saying that x ~ y
if and only if (z,y) € E then ~ is an equivalence
relation. In fact logicians define equivalence relations
as subsets of satisfying these three conditions, much
as they define functions as graphs. Mathematicians
generally prefer to keep these as separate, but closely
related, concepts. The sets corresponding to our two
trivial equivalence relations on X are the product X x
X and the diagonal

Ax ={(z,y) e X x X: z =y}.

More generally, we can define a set R € p(X x X)
for any relation F via

R=A{(z,y) e X x X:ztFy}

and we can define a relation - on X for any R €
p(X x X) by « by if and only if (z,y) € R.
It’s often useful to compare relations.

Definition 2.3.1. We say that a relation o is
stronger than a relation - if x o« y implies z F y
and that o is weaker than F if x - y implies x o .

These terms are slightly awkward in that any re-
lation is both stronger than and weaker than itself.
It would be more accurate to call them “at least as
strong as” and “at least as weak as” rather than
“stronger” and “weaker” but for reasons of brevity
one uses the shorter but somewhat misleading terms.

If @ is the subset of X x X consisting of those
(z,y) for which # < y and R is the subset of X x X
consisting of those (z,y) for which z F y then « is
stronger than F if and only if Q C R and « is weaker
than F if and only if @ D R.

If we have a set £ € p(p(X x X)) with the property
that each E € & satisfies the three conditions

(a) Forall z € X, (z,2) € E.

(b) For all z,y € X, if (x,y) € E then (y,z) € E.



(c) For all z,y,z € X, if (z,y) € F and (y,2) € E
then (x,2) € E.

then so does their intersection.
(a) Forallx € X, (v,2) € Upee £

(b) Forallz,y € X, if (x,y) € Ugeg F then (y,z) €
Ugee E-

(c) For all z,y,2 € X, if (,y) € Ugee F and
(y,2) € Ugeg E then (2,2) € Upee E.

We’ll check this only for the last condition, since the
others are similar but easier. Suppose

(x,y) € ﬂ E

Eec&

and

(y,2) € ﬂ E.

EcE

Then for each E € £ we have (z,y) € F and (y,z2) €
E. Our assumption was that the conditions above are
satisfied for each E € &, so (x,z) € E. This holds for

each F € £ so
(z,2) € ﬂ E.
EcéE

In other words, For all z,y,z € X, if

(x,y) € ﬂ E

Ec&
and
(y,2)e () E
Ee&
then
(z,2) € ﬂ E.
Ec€&

In terms of relations, if we have a set of equivalence
relations then there is an equivalence relation which is
stronger than all of them. We define this equivalence
relation by saying that two elements are equivalent
with respect to this relation if and only if they are
equivalent with respect to all the equivalence rela-
tions in our set.

For any set R € p(X x X) we can form the set £ of
all E € p(X x X) such that R C F and F satisfies the

three conditions above. There is at least one such F,
namely X x X. As we’ve just seen, this intersection
also satisfies all three conditions. In addition, it’s a
superset of R. In terms of relations what we’ve just
seen is the following.

Proposition 2.3.2. Given any relation - on X there
is an equivalence relation ~ which is weaker than
but is stronger than any other equivalence relation
weaker than F.

As an example of this construction, consider a set
Z together with an injection h: Z — Z. Define a
relation F on X by w F h(w) for all w € Z. Let
~ be strongest equivalence relation weaker than F,
as above. The equivalence classes with respect to ~
have two interesting properties. For any w € C we
have h(w) € C. Also, in each class C there is, for
all z € C, with at most one exception, a w € C
such that z = h(w). In other words the restriction
of h to C is an injection from C to C and either is
a surjection or very nearly a surjection. The first of
these properties is an immediate consequence of the
fact that w F h(w) and h is an injection. The second
is more complicated. Suppose y is an element of C for
which there is no x € C with h(z) = y. There’s then
also no € X such that h(x) = y because any such
element would satisfy x - y and hence x ~ y. In other
words, it would be an element of C. Consider the set
N consisting of y and all the elements obtained from
it by repeated applications of h. All the elements of
N are then elements of C' because they are equivalent
to y with respect to ~. Furthermore, all but y itself
are h(w) for some w € C. We can define a different
equivalence relation >t on Z by saying that p < ¢ if
either both p and ¢ are elements of N or neither is.
Suppose that p - ¢, i.e. that ¢ = h(p). Ilf p € N
then ¢ € N so p <1 ¢q. Suppose p ¢ N and ¢ € N.
Since g € N either ¢ = y or there is an w € N such
that h(w) = ¢q. The former is impossible because y is
not h(z) for any € X while the latter is impossible
since h(p) = ¢ = h(w) implies p = w but p ¢ N while
w € N. This contradiction shows that there are no
p and ¢ such that p - ¢ with p ¢ N and ¢ € N. In
other words, if p ¢ N then ¢ ¢ N, or, equivalently
p<q. So ptk g implies p > ¢ in all cases. In other
words, X is weaker than . ~ was defined to be the
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strongest equivalence relation weaker then - so it’s
stronger than 0. Therefore if z ~ y then z 1 y. In
other words, if z € C' then either both y and z are
elements of N or neither is. But we know y € N so
z € N. So C C N. Now y was the only element of
N which was not of the form h(w) for a w € N so
it’s the only element of C' which is not of the form
h(w) for some w € N. For any other z € C there
is such a w, and this w is an element of C' because
w~ h(w)=2z¢€C.

2.4 Cantor’s Theorem

For any set X there is a natural injection from X to
p(X), namely f(x) = {z}. This f is not a surjection
though. More interestingly, neither is any other func-
tion from X to p(X). That is the content of Cantor’s
Theorem:

Theorem 2.4.1. Suppose X is a set and f: X —
p(X) is a function. Then f is not a surjection.

Proof. Define

A={yeX:y¢ f(y)}

Suppose f(x) = A. Isz € A? If it is then = ¢ f(z)
by the definition of A. But f(z) = A and z € A,
so this is impossible. On the other hand, if z ¢ A
then x € f(z) by the definition of A. But f(z) = A
and © ¢ A, so this is impossible as well. So the
assumption that f(z) = A leads to a contradiction in
either case and therefore there is no such «. O

When we discuss cardinality later in this chapter
we’ll see that Cantor’s Theorem implies the existence
of different sizes of infinite sets. There are in fact
more infinite numbers than finite numbers, in a sense
which can be made precise.

2.5 The Schroder-Bernstein Theorem

The Schroder-Bernstein Theorem, below, is required
in order to be able to compare cardinalities in a rea-
sonable way, as we’ll see when we get to that section.

Theorem 2.5.1. Suppose f: X - Y andg: Y — X
are injections. Then there is a bijection h: X — Y.

46

Proof. There are some technical difficulties related
to the fact that X and Y might have elements in
common. For this reason it’s helpful to introduce the
disjoint union of the two sets, which is roughly a set
which contains a copy of X and a copy of Y, not
overlapping with it, and nothing else. We do this
by introducing an index set I to label which copy an
element belongs to. Since we have a disjoint union
of two sets we need an index set with two elements.
Any set with two elements will do equally well. We
could, for example, take I = {1,2}. We could also
take I = p(p(@)). We could take I = {X,Y} if
X #Y. More often than not we want to apply the
theorem with X # Y and these labels are particularly
convenient in that case, but we have no reason to
exclude the case X =Y and so shouldn’t make that
choice here. In any case, having chosen a set I with
two elements, we choose distinct a, b in I and define

Z={a} xX)U({b} xY).
This is a subset of I x (X UY'). Note that
{a} xX)Nn{b} xY)=0

since a # b. So Z is the disjoint union of subsets
{a} x X and {b} x Y. There is an obvious bijection
from X to {a} x X, the one which takes z to (a,x),
and an obvious bijection from Y to {b} x Y, the one
which takes y to (b, y). This makes precise the notion
introduced earlier of a set composed of a copy of X
and a copy of Y and nothing else.

Having defined Z we can now define a function
h: Z — Z by

h(a,z) = (b, f(x))
and
h(b,y) = (a, 9(y)).
This h is an injection. We can prove this as follows.

If
h(e,s) = h(d,t)

for (¢,s),(d,t) € Z then there are four possibilities
for cand d, i.e. c=aand d =a,c=a and d = b,
c=band d=a, or c=0band d=>5. The middle two
possibilities are incompatible with

h(c,s) = h(d,t),



because of how h was defined. If ¢ = ¢ and d = a
then
h(e,s) = h(d,t)

(a, f(5)) = (a, f(1))-

This requires f(s) = f(t) and hence s =t because f
is an injection. But then

(c,8) = (d,t).
If c=band d =0 then
h(ec,s) = h(d,t)

(b,g(s)) = (b,g(t)).

This requires g(s) = ¢g(¢t) and hence s = t because ¢
is an injection. But then (c¢,s) = (d,t). So for any
(¢,$),(d,t) € Z we have that

h(e,s) = h(d,t)

implies (¢, s) = (d,t). In other words, h is an injec-
tion.

The next step is to introduce a relation - on Z such
that w F z if and only if z = h(w), as in the example
at the end of the section on equivalence relations. In
other words,

(a,z) = (b, f(x))
and
(b,y) - (a,9(y))-

As in that section we can define ~ to be the strongest
relation weaker than . As we saw in that section, for
each equivalence class C there is at most one z which
is not of the form h(w) for any w € C. In other
words, there are three possibilities for an equivalence
class C"

(I) For every z € C there is a w € Z such that
z = h(w).

(IT) There is one z € C for which there is no such w
and it is of the form (a,z) for x € X.

(ITI) There is one z € C for which there is no such w
and it is of the form (b,y) for y € Y.

The next step is to define a function i: {a} x X —
{b} x Y. We do this within each equivalence class,
and we do it based on the classification of equivalence
classes into the three categories above. For a class C
of type[l] or of type [[Il we define

i(a,z) = h(a,x)

for all (a,z) € C. For a class C of type [lI]| we define
i(a,z) for (a,z) € C to be (b,y) where y € Y is the
unique element such that g(y) = x. There is such an
element because z = (a,x) is not of the form (b,y)
and so z = h(w) for some w € Z, it must be of
the form (b,y) because h interchanges {a} x X and
{b} x Y, and it’s unique because ¢ is an injection.

Whichever type of equivalence class C' is, we have
i(a,x) € C for every (a,x) € C. For type [l and
type [[] classes this is true because

(a,z) F (b, f(2))
and hence

(a,2) ~ (b, f()).
For type [[I]] it is true because

(b,y) - (a,9(y))

and hence
(b, y) ~ (a,9(y))-

Similarly, we define a function j: {b} x Y — {a} x
X. For a class C of type [[] or of type [[I] we define
j(b,y) to be (a,x) where z € X is the unique element
such that f(z) = y. There is such an element because
z = (b,y) is not of the form (a, z) and so z = h(w) for
some w € Z and it’s unique because f is an injection.
For a class C of type [[TT] we define

J(b,y) = h(b,y).

Just as we had i(a,z) € C for every (a,z) € C, we
have j(b,y) € C for every (b,y) € C.

Now i o j is the identity on {b} x Y and j o i is
the identity on {a} x X, as can be checked from the
definitions of ¢ and j for each of the three types. It
follows that i is a bijection from {a} x X to {b} x Y.
If we compose this on one side with the bijection from
X to {a} x X which takes x to (a,z) and on the other
side with the bijection from {b} x Y to Y which takes
(b,y) to y then we get a bijection from X to Y. O
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2.6 Zorn’s Lemma

We know return the question of whether every surjec-
tion has a right inverse. Informally one might argue
that if f is a surjection then there is for each y € YV
an € X such that f(z) = y. If f is not an in-
jection then there might be more than one such =z,
but if there are then we just choose one. Formally
we need an axiom or theorem which says we can do
that. Historically the original such axiom was called
the Axiom of Choice. There are a number of other
axioms one could adopt which accomplish the same
thing though and the most commonly used is called,
somewhat inaccurately, Zorn’s Lemma. Both words
in its name are, from a modern point of view, inaccu-
rate. The statement is originally due to Kuratowski
and although it was originally a lemma proved using
the Axiom of Choice it is now taken as an axiom and
the former “Axiom of Choice” is no longer an axiom
but rather a consequence of “Zorn’s Lemma”.

To state Zorn’s Lemma cleanly we need some def-
initions.

Definition 2.6.1. Suppose that S is a set. A relation
< on S is called a partial order if the following three
conditions are satisfied.

(a) If @ € S then a < a.
(b) If a,b,c€ S, a<band b< cthena<c.

(¢c) fa,be S, a<xband b < athen a =0>. A pair
(S, =) is called a partially ordered set.

Note that two of the three conditions match the
definition of a directed set, but the third does not.
Note also that the restriction of a partial order to
any subset is still a partial order, unlike the case of
directed sets, where there was an additional condition
which needed to be satisfied.

Definition 2.6.2. A partial order < on a set S is
called a total order if for every a,b € S either a < b
orb<a.

The “or” here is not an exclusive or. It’s possible
that a < b and b X a, although shows that this
happens only if a = b.
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Definition 2.6.3. If (S, X) is a partially ordered set
then a € S is called a mazrimal element if b € S and
a < bimply a =0b. b € S is called a minimal element
ifa€e Sand a < bimply a = b. b € S is called a
greatest element if a < b for alla € S. a € S is called
a least element if a < b for all b e S.

Definition 2.6.4. If (S, X) is a partially ordered set
and R C S then b € S is called an upper bound for R
if a < bforalla € R. a €S is called a lower bound
for Rif a < b for all a € R.

Lemma 2.6.5. Suppose (S, <) is a partially ordered
set and that whenever R € p(S) is such that the re-
striction of < to R is a total order on R the set R
has an upper bound. Then S has a maximal element.

Although I've followed traditional practice in call-
ing it a lemma it is in fact an axiom of set theory
and therefore not something we can or should prove.
Zorn’s Lemma is not obviously true. Neither is it
obviously false. In some sense that’s a good thing.
There are now many statements which are known to
be equivalent to Zorn’s Lemma, in the sense that they
can be proved from Zorn’s Lemma if it’s taken as an
axiom but it can be proved from any of them if they
are taken as axioms instead. There is in fact a book
full of them. Some of these equivalent statements
appear to be obviously true, like the statement that
any product of non-empty sets is non-empty, which is
one way of formulating the Axiom of Choice. Some
appear to be obviously false. Since one can’t have
equivalent statements one of which is true and one
of which is false this says more about the perils of
obviousness than it does about set theory.

If < is a partial order then so is its opposite order
=, define by a = b if and only if b < a. The effect
of replacing a partial order with its opposite is to in-
terchange the notions of minimal and maximal, least
and greatest, and upper and lower bounds. So Zorn’s
Lemma is equivalent to the statement that if (5, <)
is a partially ordered set and whenever R € p(S5) is
such that the restriction of < to R is a total order on
R the set R has a lower bound then S has a minimal
element. This is obtained by applying Zorn’s Lemma
to the partially ordered set (S, ).



2.7 Applications of Zorn’s Lemma

Although the statement of Zorn’s Lemma is some-
what opaque it’s well adapted to proving existence
theorems. A good example is the following.

Proposition 2.7.1. Suppose X and Y are sets.
There is an injection f: X — Y or there is an in-
jection g: Y — X.

There might of course be both, in which case the
Schréder-Bernstein Theorem tells us there’s a bijec-
tion.

Proof. Consider the set S consisting of all Z € (X x
Y) such that for all z € X there is at most one y € Y’
such that (z,y) € Z and for all y € Y there is at
most one x € X such that (z,y) € Z. We order S
by inclusion. In other words, we take < to be C.
Suppose R € p(S) and C is a total order on R. Let
B=UgcpZ lfxc X and (z,y1) and (z,y2) are in
B then, by the definition of the union, there are Z;
and Zs in R such that (x,y1) € Z; and (z,y2) € Zs.
C is, by assumption, a total order on R, so either
Z1 C Zy or Zy C Z;. In the former case (z,y1) € Zo.
Since (z,y2) € Z2 and Zy € S there is at most one
y € Y such that (x,y) € Z5. In other words, y; = ys.
In the latter case (x,y1) € Z;. Because Z; € S we
must have y; = yo. So if (z,y1) and (z,y2) are in B
then y; = y2. In other words, for each x € X there
is at most one y € Y such that (x,y) € B. A similar
argument shows that there is, for each y € Y, at most
one z € X such (z,y) € B. Combining these facts we
see that B € S. B is therefore an upper bound for R
with respect to the total order C. So any R € p(5)
on which C is a total order has an upper bound. The
hypotheses of Zorn’s Lemma are therefore satisfied.
The conclusion must be as well. There is therefore a
maximal M € S, ie. a M € S such that if Z € S
and M C Z then M = Z.

Suppose that both of the following statements are
false.

(a) There is for every x € X a ¢ € Y such that
(x,q) € M.

(b) There is for every y € Y a p € X such that
(p,y) € M.
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In other words suppose there is an € X is such that
there is no ¢ € Y for which (z,q) € M and there is
a y € Y is such that there is no p € X for which
(p,y) € M. Define

Z =MU{(z,y)}.

Then Z € S and M C Z. It follows that M = Z.
But (z,y) ¢ M. So our assumption that [(a)] and [(b)]
are both false leads to a contraction. Therefore at
least one of them is true.

In Case @we define f(z) to be the unique ¢ € Y
such that (x,q) € M. Its uniqueness follows from the
fact that M € S. If

f(@1) = f(22)

for some z1,x9 € X then let y = f(z1). Then
(z1,y) € M and (z2,y) € M. But M € S so x1 = z».
So if
f(z1) = f(z2)

then x1 = x5. In other words, f is an injection. In
Case[(b)| we define g(y) to be the unique p € X such
that (p,y) € M. Its uniqueness follows from the fact
that M € S. If

9(y1) = g(y2)

for some y1,y2 € Y thenlet z = g(y1). Then (x,y1) €
M and (x,y2) € M. But M € S so y1 = y2. So if

9(y1) = g(y2)

then y; = y2. In other words, ¢ is an injection. So
we have an injection f: X — Y in one case and an
injection g: Y — X in the other case. O

Another application of Zorn’s Lemma is to resolve
the question, which was left open in an earlier section,
of whether surjections have right inverses.

Proposition 2.7.2. Suppose f: X — Y is a surjec-
tion. Then there is a function g: Y — X such that
f og is the identity on Y.

Proof. The idea of the proof is the same as for the
preceding proposition. We construct functions by
constructing their graphs and construct the graph by
appealing to Zorn’s Lemma to get a maximal element
in a set of subsets of the Cartesian product.

Let S be the set of Z € p(X x Y') such that



(a) for each y € Y there is at most one x € X such
that (x,y) € Z, and

(b) if there is such an z then f(x) =y.

Suppose R € p(95) is such that for any 71,75 € R
either Z1 C Zy or Zy C Zy. Let B = J,.p Z. Sup-
pose (z1,y) € B and (z2,y) € B. Then there are
Z1,Z5 € R such that (x1,y) € Z; and (z2,y) € Zs.
IfZl g ZQ then (:cl,y) € Z2 and (SCQ,y) € ZQ. ZQ es
S0 1 = xo. There is therefore at most one z € X
such that (z,y) € B. Also, if there is such an « then
f(z) = y because (z,y) € Z for some Z € R. A
similar argument with the 1’s and 2’s reversed shows
that if Zo C Z; then again there is at most one z € X
such that (z,y) € B and that if there is such an x
then f(z) =y. So B € S. For any Z € R we have
Z C B so B is an upper bound. The hypotheses of
Zorn’s Lemma are therefore satisfied for the partially
ordered set (5, C) and therefore S has a maximal el-
ement, which we can call M.

We’d like to know that for all y € Y there is an x
such that (x,y) € M. Suppose otherwise and choose
a y for which there is no such z. f is a surjection so
there is an z such that f(z) = y. Let

Z =MU{(z,y)}.

Then M C Z and Z € S. M is maximal so M = Z.
But (z,y) ¢ M, so our assumption was false. In
other words, for all y € Y there is an = such that
(z,y) € M. Since M € S there is only one such x
and f(z) =vy.

Define g(y) for each y € Y to be the unique z € X
such that (z,y) in M. The existence and uniqueness
were just established above. Then

fla(y)) = f(x) = v,
so f o g is the identity on Y. O

Corollary 2.7.3. Suppose X is a set and ~ is an
equivalence relation on X. Let € be the set of equiva-
lence classes with respect to ~. There there is a func-
tion g: £ — X such that for any equivalence class
Ceé&

lyeX:y~g(O)} =C.

This function thus chooses a single representative
from each equivalence class.

Proof. Let f: X — & be the function which takes
each element to its equivalence class, i.e.

f@)={ye X:y~a}

f is a surjection because each equivalence class is the
equivalence class of some element. By the proposition
f therefore has a right inverse g. The equation

(feg)C)=C
is just
{yeX:y~g(C)}=0C.
O

The following proposition is often used in defining
functions on sets of equivalence classes.

Proposition 2.7.4. Suppose X and Y are sets and
f: X =Y isa function. Suppose ~ is an equivalence
relation on X, &€ is the set of equivalence classes with
respect to ~ and p: X — & is the function which
takes each element of x to its equivalence class with
respect to ~. Suppose X is an equivalence relation
on'Y, F is the set of equivalence classes with respect
tod and q: Y — F is the function which takes each
element of y to its equivalence class with respect to
. Suppose that f(s) < f(t) whenever s ~ t. Then
there is a unique function g: € — F such that

qof=gop.

Proof. By the corollary above there is an i: &€ — X
such that p o is the identity on £. For all z € X we
have

p((iop)(x)) = p(i(p(x))) = (poi)(p(x)) = p().

In view of the definition of p this means that (i o
p)(z) and x belong to the same equivalence class with
respect to ~, i.e that

(iop)() ~ .
Our assumption on f then implies that

f((iop)(z)) > f(x)
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(f o (iop))(x)>a f(z).

In view of the definition of ¢ this means that

q((fo(iop))(x) = q(f(x))
or
(go(foliop))(x) = (g0 f)(2).

Since composition is associative we can rewrite this
as

((go foi)op)(x) =(go f)(x).
Let
g=gqo foi.
Then
(gop)(z) = (go f)(z).
This holds for all x so

gop=gqof.

This establishes the existence of the function g from
the statement of the proposition.
To establish the uniqueness of g, suppose that g,
and gy are such that
gpop=gqof
and
g2op=gqof.

Composing with 1,
gropoi=gqofoi

and
g20opoi=gqo foi.
But p o i is the identity, so

gl =giopoi=qofoi=gaopoi=go.
O

As an example, consider the set N x N with the
relation ~ considered earlier. This was the relation
where

(a,b) ~ (¢,d)

o1

if and only if
a+d=b+c.

The set € of equivalence classes “is” the set of integers
in the standard construction of the integers. One
needs to define all the usual arithmetic functions on
it. The additive inverse function from & to itself, for
example, is defined to be the function g which the
proposition above associates to the function f: N x
N — N x N defined by

fla,b) = (b,a).

In this case Y = X = N x N and i is the same as
The proposition has a hypothesis, f(s) >t f(t)
whenever s ~ t, which needs to be checked. In our
context this means

~,

(bv a) ~ (dv C)
wherever

(a7 b) ~ (Cv d),
ie.

b+c=a+d
whenever

a+d=b+c,

which is certainly true.

2.8 Cardinality

We now have enough results at our disposal to talk
about cardinality of sets.

Definition 2.8.1. If there is a bijection f: X —» Y
then we write

#X = #Y.

If there is an injection f: X — Y then we write
#X < #Y

or
#Y > #X.

The term equinumerous is sometimes used in the
first case. In other words X and Y are said to be
equinumerous if there is a bijection from one to the
other. This term is not widely used however. There



appears to be no word in common usage to describe
the second situation.

We'll leave unresolved the question of what sort of
object #X is. We'll call it a cardinal number, but
the only meaning attached to it will be via equations
or inequalities like the ones above, where we compare
to cardinals. We’ll never have occasion to consider a
single cardinal number in isolation.

The symbols = and < behave as you would expect.

Proposition 2.8.2. For any sets X, Y, W and Z
(a) #X = #X, #X < #X and #X > #X.

(b) #X = #Y if and only if #Y = #X.

(c) #X < #Y if and only if #Y > #X.

(d) If #X = #Y then #X < #Y and #X > #V.
(e) #X <#Y or #Y < #X.

(f) If #X < #Y and #X > #Y then #X = #V.
(9) F#X =#Y and #Y = #7Z then #X = #2.
(h) IF#X <# Y and #Y < #7 then #X < #7.
(i) #(X xY) = #(Y x X)

() If #W = #X and #Y = #Z then #(W xY) =
#(X x Z).

(k) If #W < #X and #Y < #Z then #(W xY) <
#(X x Z).

(1) If X CY then #X < #Y.

(m) #(XNY) < #X <H#(XUY) and #(X NY) <
#Y < #(XUY).

(n) X is infinite if and only if #N < #X.
(o) If X is finite then #X < #N but #X # #N.

(p) If X is finite and Y is infinite then #X < #Y
but #X # #Y.

(q9) If f: X =Y is a surjection then #X > #Y.
(r) #X < #p(X) but #X # #p(X).
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Proof. All of these are proved by converting them to
statements about bijections and injections. I'll just
list those statements and, where they are not obvious,
prove them.

(a) The identity function is a bijection and an injec-
tion.

(b) Any bijection has an inverse, which is also a bi-
jection.

Both statements were defined to mean that there
is an injection from X to Y.

Every bijection is an injection.
This is Proposition

This is the Schroder-Bernstein Theorem.

)

)

)

) The composition of bijections is a bijection.
) The composition of injections is an injection.
) The function f(z,y) = (y,z) is a bijection.

)

If f: W — X and g: Y — Z are bijections then
so is

h:WXxY > X x Z,
defined by

h(w,y) = (f(w),g(y))

(k) If f: W — X and g: Y — Z are injections then
so is
h:WxY — X x Z,
defined by

h(w,y) = (f(w), g(y))-

(1) The function i: X — Y defined by i(x) = x is

an injection.
(m)
XNYCXCXUY

and
XNYCYCXUY

so we can apply the preceding part.



(n) This is Proposition [2.2.4]

(o) By we have #N < #X or #X < #N.
We just saw that the former happens if and only
if X is infinite and our X is finite so #X < #N.
If there were a bijection g: X — N then the
function h: X — X defined by

hx) = f(g(x) + 1),

where f is the inverse of g would be an injection
which is not a surjection, so X would be infinite.
So there is not such bijection. It follows that

#X # #N.

#X < #Y follows from m and
I X = £V then by PRI 3 we
would have #Y < #X. Y is infinite so by [2.8.2h
and [2.8:20] we would have #N < #X. But then
X would also be infinite by It’s not, so

#X ##Y

If f: X — Y is a surjection then there is, by
Proposition 2.7.2] a g such that fog is the iden-
tity on Y. This g is, by Proposition 2.1.1] an
injection.

()

f(x) = {«} is an injection from X to p(X) so
#X < #p(X). The fact that #X # #p(X) is
Cantor’s Theorem.

O

2.9 Countable sets

After the finite sets the next nicest class are the
countable sets. There is an unfortunate divergence
of terminology regarding countable sets. The most
common convention appears to be that X is said to
be countable if and only if #X = #N and is said to
be at most countable if #X < #N. A less commonly
used convention is that X is said to be countable if
and only if #X < #N and is said to be countably
infinite if #X = #N. Everyone agrees that X is un-
countable when #X > #N but #X # #N. One ad-
vantage of the less commonly used convention is that
all sets are either countable or uncountable, as one
would expect. With the other convention finite sets
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are neither countable nor uncountable. Another ad-
vantage of the less commonly used convention is that
#X < #N appears more commonly in the hypothe-
ses and conclusions of theorems than #X = #N and
it’s convenient for the more commonly used condition
to have the shorter name. For those reasons I'm go-
ing to use the less commonly used convention in these
notes, but when communicating with other people
you should be aware that most of them use the other
convention. The safest, although most awkward, op-
tion when communicating with someone whose con-
ventions you don’t know is to say “countably infi-
nite” for #X = #N, to say “at most countable” for
#X < #N, and not to say “countable” at all.

Definition 2.9.1. A set X is said to be countable if
#X < #N and countably infinite if #X = #N. It
is said to be uncountable if it is not countable.

The phrase countably infinite is justified by the
following proposition.

Proposition 2.9.2. X is countably infinite if and
only if it is countable and infinite.

Proof. Suppose X is countably infinite, i.e. that
#X = #N. Then #X < #N by and so is
countable. #X > #N, also by [2.8:2d] which means
#N < #X, by 2.8.2d, and therefore X is infinite, by
2.8.21

Suppose X is countable, i.e. #X < #N, and X is
infinite. Then #N < #X by and #X > #N
by[2:8:2¢] It then follows from [2.8:2] that #X = #N,
i.e. that X is countably infinite. O

The following facts are useful when you want to
use the fact that one sets is known to be countable
to prove that another set is countable.

Proposition 2.9.3. (a) If f: X — Y is an injec-
tion and Y is countable then X is countable.

(b)) If X CY and Y is countable then X is count-
able.

(c) If g: Y — X is a surjection and Y is countable
then X is countable.

(d) If X andY are countable then so is X X Y.



(e) Suppose A is a countable set and then each X €

A is a countable set. Then UxecaX is countable.

(f) If X and Y are countable then so is X UY .

Proof. (a) Because there’s an injection f: X —

Y we have #X < #Y. Y is countable so
#Y < #N. Therefore #X < #N by propo-
sition 2282l So X is countable.

This is the previous part applied to the inclusion
function f: X — Y defined by f(x) = z.

By[2.8.2q|#Y > #X. By[2.8.2d#X < #Y. Yis
countable so #Y < #N. By #X < #N.

Therefore X is countable.

Since X and Y are countable there are injections
f: X —>Nand g: Y — N. Definei: NxN —
N by

(m+n)(m+n+1)

i(m,n) = ) +n

Note that i(m,n) is an integer, despite the 2 in
the denominator, because from any two succes-
sive integers one of them must be even. Define
j: N — N x N as by

i) = (q(q2+3) R q(q2+ 1))

where ¢ is the smallest natural number such that

p< 4(q+3)
2
There is at least one natural number ¢ satistying
this inequality, namely p itself, and so there is a
least such natural number. Because it’s the least
such number

(q—1)2(q+2) “»

and hence
+1 —1)(g +2
ga+1) _(¢-Dlg+2) , _

2 2

So j(p) € N x N. It’s straightforward to check
that j ot is the identity on N, i.e. that

ji(m,n)) = (m,n)

o4

since the smallest ¢ such that

(mtn)m+nt+l) —_alg+3)
2 =2

or, equivalently,

(m+n)(fg+n+1) n< (q+1)2(q+2)

is g =m+n. 107 is also the identity on N since
if

(m,n) = j(p)
then
3 1
m+n:M_p+p_M:
2 2
and
_ o alg+1)
2
SO
1 1
Z.(mn):q(q;r )er_cz(q;L ) _

So ¢ and j are bijections.
We can now define h: X xY — N by

h(z,y) =i(f(z),9(y))

If
h(xlayl) = h(fEQ,yz)
then

i(f(x1), 9(y2)) = i(f(21), 9(y2))

and, since ¢ is an injection,

(f(z1),9(y2)) = (f(21), 9(y2)),
which is possible only if

f(z1) = f(z2)

and
9(y1) = 9(y2).

Since f and g are injections it follows that x; =
x9 and y; = y2, and therefore

(Il,yl) = ($2,y2)-

h is therefore an injection and so X xY is count-
able.



(e) The hypotheses mean that there is an injection
f: A— N and that there is, for each X € A, an
injection gx : X — N. Define

i: |JX=>N
XeA

by saying that i(z) is the least natural number
n for which there’s an X € A4 with z € X and
f(X) = n. There is at least one such n because
x € X for some X € A by the definition of the

union and therefore there is a least such n. If

i(z) = n then there is an € X such that z € X
and f(X) = n, by definition. There is in fact
only one such X. If there were two, X; and X,
then we would have

f(X1) = f(X2),
but f is an injection so then
X1 = Xo.
It therefore makes sense to define

jr | J X=X
XecA

by saying that j(z) = X where X € A is the
unique element such that x € X and

f(X) = i().
So
fl(@)) =i(z).
Now define
h: |J X >NxN
XecA
by
h(z) = (i(x), gj()(2))-

This is an injection. Indeed if
h(z1) = h(z2)

then
2(331) = ’L(.IQ)
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Also

fG(@1)) = iz1) = iw2) = f(j(22))

and f is an injection so

j(x1) = j(w2).

Let X be their common value. Then

(1) = (i(21), 9x (21))

and
h(x2) = (i(x2), gx (72)
gx(l“l) = 9X(962)-

But gx is an injection,

Xr1 = T2.

(f) This is just the previous part applied to the spe-
cial case A = {X,Y'}.

O

We can use the previous proposition to prove that
various familiar sets are countable.

Proposition 2.9.4. FEvery finite set is countable.
The set N of natural numbers, the set Z of ratio-
nal numbers and the set Q of rational numbers are
countable. So is the set of algebraic numbers, i.e so-
lutions of polynomial equations of positive degree with
rational coefficients.

Proof. N is infinite so by 2.82p] # < #N if X is
finite.

#N < #N by so N is countable.
N x N is countable by The function g: N x
N — Z defined by g(m,n) = m —n is a surjection so

Z is countable by
Z\{0}CZ

so Z \ {0} is countable by [2.9.3bl Z x (Z\ {0}) is
countable by The function

9:Zx(Z\{0}) = Q



defined by
9(p,q) = p/q

is a surjection so Q is countable by
Q" is countable by induction on n, using [2.9.3d]
and the fact that

Q1 =Q"x Q.

Q\{0} is countable by (Q\ {0})x Q™ is count-
able by [2.9.3b] There’s a natural surjection from this

set to the set of polynomials of degree n with rational
coeflicients, which just takes an n + 1-tuple of ratio-
nal numbers to the polynomial with those numbers
as coefficients, so the set of polynomials of degree
n is countable by The set of polynomials of
positive degree with rational coefficients is therefore
countable by There are at most n solutions
to a polynomial of degree n so the set of solutions to
any polynomial of positive degree is finite and hence
countable. Applying again shows that the set
of all numbers which are a solution to some such poly-
nomial is again countable. O

2.10 The Cantor Set
Definition 2.10.1. Let f: p(IN) — R be defined by

fA) =3 >3,

JEA
The Cantor Set is f.(p(N)).

This set will be a recurring example, and counter-
example, in these notes. It has a number of interest-
ing topological and measure-theoretic properties but
in this section we are only concerned with its set-
theoretic properties.

Proposition 2.10.2. The function f: p(N) — R
defined by

2 .
fa) =35> 37
JEA
18 an injection.

Proof. Suppose A # B. Let m be the least element
in AAB. Either m € A and m ¢ B or vice versa.
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We'll assume the former. The argument that follows
will apply in the other case if A and B are swapped
everywhere.

3 . . .
—f(A) = g 377 = E 377437+ E 377
Qf( ) jEA JEA jEA

j<m ji>m

and

;f(B) =) 379=> 374> 37

jEB j€EB JjEB
j<m j>m
E 377 >0
JEA
ji>m

because it’s a sum of non-negative terms. So

%f(A) >N 3743

jca
do3I4 Y 3T=) 37= Lo-m.
mom e
Z 377 >0
j¢B

i>m
because it’s a sum of non-negative terms, so
. 1
377 < =37
2 a7sgd
qEB
j>m
and 5 .
z < —Jj L Zg—m
S1(B) < Z 377433
jEB
j<m
If j < m then j € A if and only if j € B because m
was the least element of AAB. So

§ 3*3‘:2 377,
JEA jEB
ji<m

It follows that

and hence
f(A) = f(B)+37"71 > f(B).
So f(A) # f(B). Therefore f is an injection. O



Corollary 2.10.3. The Cantor set is uncountable.

Proof. Let C be the Cantor Set and let g: p(N) — C
be defined by g(A) = f(A) for all A € p(IN). This
is well defined because if A € p(N) then f(A) € C,
by the definition of f. Also, every element of C' is
f(A) for some A, again by the definition of C, so g
is a surjection ¢ is an injection because f is. So g is
a bijection from p(N) to C. Therefore

#p(N) = #C.
By [2.8.21]
#N < #p(N)
but
#N # #p(N).
It follows that
#N < #C
but
#N # #C.

If #C < #N then we have a contradiction to
so #C < #N is not true. In other words, C is not
countable. O

Are f and g the same function? They appear to
be because they have the same domain and g was
defined by g(A) = f(A) for all A in this domain, but
they aren’t. g is a surjection but f is not.

The Cantor Set will appear again in later chapters
but for the purposes of this chapter it is solely a step
in the proof of the following theorem.

Theorem 2.10.4. The set R of real numbers is un-
countable. So is the set R\ Q of irrational numbers.

Proof. If C' is the Cantor Set then C' C R. If R were
countable then by C would also be countable,
and we've just seen that it isn’t.

Q is countable by Proposition If R\ Q were
also countable then

R=QU(R\Q)

would also be countable, by Proposition but
we’ve just seen that it isn’t. O

o7

2.11 Disjoint unions, products

The construction of the disjoint union of two sets
which was needed for the proof of the Schroder-
Bernstein Theorem can be generalised to an arbitrary
collection. There’s also a similar construction of the
product of an arbitrary collection of sets.

As before, we use a set of labels to distinguish the
various copies. The sets themselves are unsuitable as
labels because we could require more than one copy
of the same set. The natural numbers are unsuit-
able because we could have an uncountable number
of sets. The solution is to let the set of labels be an
arbitrary set. One then needs a function to associate
the correct set to each label. That’s the purpose of
the following definition.

Definition 2.11.1. An indexed collection of sets is
a function j: L — A, where A is a set of sets, i.e.
such that if S € A then S is a set.

From a logician’s point of view the condition that
each S € A is a set is redundant. Everything is a set.
From a mathematician’s point of view though some
of these sets are really sets, in the sense that expect to
apply the usual operations on sets to them, and some
are only accidentally sets, because we happened to
construct them that way but don’t intend to operate
on them as sets once they’ve been constructed. We
routinely write things like X C R, for example, but
never write X C /2 even though technically both
R and v/2 are defined as sets and therefore can have
subsets. From a logician’s point of view then the
definition above is pointless, since indexed collection
of sets is merely another word for function. From a
mathematician’s point of view though the use of the
term indexed collection of sets serves as a statement
of intent. If we say j: L — A is an indexed collection
of sets then we mean that j(A) for each A € L is
not just a set in some accidental sense but rather is
something which we want to think of and act on as a
set. In other words, that it’s something like R rather

than /2.

Definition 2.11.2. The disjoint union of an indexed
collection of sets j: L — A is the set of all ordered
pairs of the form (A, z), where A € L and = € j()\).



In other words, the disjoint union is

{(A,x) eLx|]Js: xej()\)}.

SeA

If L = {a,b} and j is defined by j(a) = X and j(b) =
Y then we get exactly the disjoint union of X and Y
constructed earlier.

If j: L — Ais an indexed collection of sets and A €
L then there is a natural injection from j(\) to the
disjoint union of j, given by i(xz) = (A, z). We met
this injection several times in the case of the disjoint
union of X and Y, where it was the function i,(x) =
(a,z) or ip(y) = (b,y). In general the injection above
is referred to as the inclusion at A. If j is injective
then we can safely refer to it as the inclusion of the set
j(A) in the disjoint union but if j is not injective then
there are A, u € L such that j(\) = j(p) and referring
to the inclusion of this set in the disjoint union is
ambiguous, since it could refer to the inclusion at A
or the inclusion at u.

Two other notions related to indexed collections of
sets are those of choice functions and products.

Definition 2.11.3. If j: L — A is an indexed col-
lection of sets then a choice function for j is a func-
tion f: L — (Jge 4 S such that f(X) € j(A) for each
A€ L.

Definition 2.11.4. The product of an indexed col-
lection of sets j: L — A is the set of all choice func-
tions for it.

For example, consider the indexed collection con-
sidered earlier, where L = {a, b} and j is defined by
j(a) = X and j(b) =Y. A choice function for j is a
function f on {a, b} such that f(a) € X and f(b) € Y.
To any such choice function we can associate the el-
ement (f(a), f(b)) in X x Y. Conversely, given any
(z,y) € X xY we can define a choice function f by
f(a) =z and f(b) = y. So while it’s not quite correct
to say that the product in the sense of the definition
is the Cartesian product X x Y, there is a natural
bijection between the product of j and X x Y. For
simplicity we generally treat these two as the same
object. This is similar to the way we generally treat
the sets (X xY) x Z and X x (Y x Z) as if they were
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the same set when in reality they are two different
sets related by the bijection which takes ((x,y), z) to
(z, (y,2))-

As another example, suppose L = {1,...,n} and
j(k) = R for each k € L. The choice functions for
j are precisely the functions f such that f(k) € R
for all kK € {1,...,n}. In other words, they are the
functions from {1,...,n} to R. We can associate to
such a function an element (f(j),...,f(n)) € R™.
Conversely, to every element (x1,...,x,) we can as-
sociate the choice function f such that f(k) = zy for
each k. Again, we generally treat the product as if
it were R”™ rather than just being connected to it by
the bijection above.

Other than familiarity there’s nothing special
about the sets {1,...,n} and R. More generally if
X and Y are any sets then we can define the indexed
collection of sets L = X and j(x) = Y. A choice
function for j is then just a function from X to Y.

If j: L — A is an indexed collection of sets and
A € L then there is a natural surjection 7y from the
product of j to j(A), given by mx(f) = f(A). In other
words, it takes the choice function f to its value at
A. In the case L = {a,b} considered above if we
identify the product with the Cartesian product then
this function is 7,(z,y) = = and mp(z,y) = y. In
other words, 7, and 7, are the usual projection func-
tions. More generally, for any indexed collection of
sets we refer to 7y as the projection at A. If the func-
tion j is an injection then it’s permissible to speak
of the projection onto j(\) but if there are distinct
A, i € L such that j(A) = j(u) then this terminol-
ogy is ambiguous since the projection onto this set
could refer to the projection at A or the projection at
u. An extreme example is the case L = {1,...,n},
j(k) = R considered above, where we saw that the
product could be identified with R™. Referring to
the projection of R™ onto R is ambiguous while the
projection at k refers unambiguously to the function
7 ((z1,...,2n)) = x, more commonly called the
k’th projection or the projection onto the k’th fac-
tor.

If j(A\) = @ for some A € L then the product is
empty. Indeed there are no choice functions because
there is no function f with f(\) € @. The converse
of this statement is the Axiom of Choice. The name



is historical but for us it’s a theorem rather than an
axiom.

Theorem 2.11.5. If j: L — A is an indezed collec-
tion of sets and j(A\) # & for each X € L then the
product of j is non-empty.

Proof. In view of the definition of the product, to say
that the product is non-empty is the same as saying
that there is a choice function. We show this using
Zorn’s Lemma.

A pair (D, f) will be called a partial choice func-
tion for j if D C L, and f is a function on D such
that f(A) € j(A) for all A € D. Let S be the set
of all partial choice functions for j. We order it by
(D1, f1) < (Da, f2) if D1 C Dg and f; is the restric-
tion of fo to Dy. If R € p(S) is totally ordered with
respect to < then there is an upper bound for R.
This upper bound is (D, f) where D is the is the set
of A € L such that A € D for some (D, f) € R and
f(A) = f(X). Some work is required to establish that
f is well defined, since there could be more than one
(D, f) € R with A\ € D. However if (D1, f1) € R
and (Da, fo) € R are such that A € Dy and A € Dy
then either (Dl, fl) < (DQ, fg) or (DQ, fg) < (Dl, fl)
In the former case f; is the restriction to D of fy
so fi(A) = f2(A). In the latter case fy is the re-
striction to Dy of f1 so fa(A) = f1(A). So in either
case f1(A) = f2(A) and it doesn’t matter which we
use in defining f()\). From the definitions it’s clear
that (D, f) < (D, f) for all (D, f) € R. So (D, f)
is indeed an upper bound. Zorn’s Lemma there-
fore applies and we have a maximal element in S.
If (D, f) is this maximal element and D # L then
we would be able be to find a larger element (D, f)
by picking a A € L\ D and an = € j(\) and set-
ting D = DU {\} and defining f by f(\) = z and
f(p) = f(p) for p € L. O

The theorem could have been proved by construct-
ing an appropriate set and then defining the choice
function in such a way that that set is its graph, as
was done for Propositions and In more
detail, we could have defined S to be the set of subsets
Z of L xJ,cp, i(\) such that for every A € L there is
at most one = € (J,, 7(A) such that (A, x) € Z and
such that z € j(\) for all (A\,z) € Z. This S then has
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a maximal element M by Zorn’s Lemma and the fact
that it is maximal implies that for all A € L there is
a unique = € j(A) such that (A, z) € M. If we then
define f(A) to be this z then f is a choice function.

One could also prove Proposition[2.7.2]in a manner
more similar to the proof of this theorem, with the
elements of the set S being pairs consisting of a subset
V of Y and a function k from V to X such that fok
is the identity on V.

The situation for Proposition [2.7.1] is more com-
plicated because we don’t know when defining S
whether we’re constructing a function f from X to
Y or a function g from Y to X. It’s still possible to
give an argument like the one for the theorem, but
the definition of S is more complicated. Elements of
S are of the form (U,V,j,k) where U C X,V CY,j
is a bijection from U to V and k is its inverse.

3 Topological spaces

3.1 Definitions

As already stated in Definition [1.11.1] a topology on
aset X isa T € p(p(X)) such that

(a) €T and X €T,
D) UVeTand WeT thenVNWeT.
(c) HECT then Uy VET.

A pair (X, T) consisting of a set X and a topology T
on X is called a topological space.

The set of topologies on X will be denoted T(X).

A number of examples of topologies were given in
Section [I.11] and we will see more examples later. A
subset U € p(X) is called open if U € T and closed
it X\UeT.

Two results we will need later are the following.

Lemma 3.1.1. Suppose X and Y are sets and
f: X =Y is a function. Then

T(X) € f*(T(Y)).
Proof. Suppose Tx € T(X). Define Ty by

Ty = f(Tx)-



Then Ty is a topology on Y, i.e. Ty € T(Y). To see
this, first observe that A € Ty if and only if f*(A) €
Tx, by the definition of 7y~ and of the preimage under

I
ff(@)=0ecTx

so e Ty.
f*(Y) =XeTx

so X e€Ty. f V,W € Ty then
fFVvnw)=fv)nf(w)

and f*(V), f*(W) € Tx, so f*(VNW) € Tx and
hence VNW € Ty. If £ C Ty then

r(uy)

and f*(V) e Tx forall V € € so

f*(U V) € Tx

veE

=y rw

veeE

and hence

U Ve Ty.

VeE
So Ty satisfies all the conditions to be a topology on
Y.

So if Tx € T(X) then f**(Tx) € T(Y). In other

words, Tx € f***(T(Y)). Since this holds for all
Tx € T(X) we have T(X) C f***(T(Y)). O

Lemma 3.1.2. Suppose X and Y are sets and
f: X =Y is a function. Then

T(Y) € ((f)«)"(T(X)).
Proof. Suppose Ty € T(Y). Define Tx by
Tx = (f")«(Ty).

Tx is the set of subsets U of X for which there is a
V e Ty with U = f*(V). @ € Ty because Ty is a
topology on Y and @ = f*(@) so ¥ € Tx. Y € Ty
because Ty is a topology on Y and X = f*(Y) so
X € Tx. If U;,U, € Tx then there are Vi NV, € Tx
such that Uy = f*(V1) and Uy = f*(V3). But

UrnUs = f*(Vi) N f5 (V) = f*(VinVa).

Ty is a topology on Y and V;, V5 € Ty so ViNV, € Ty
and Uy NUy € Tx. Suppose € C Tx

Uv- U

veg UeE,VeTy U=Ff*(V)

U V.

Uee,VeTx, U=f*(V)

U= (W)

where

W:

Ty is a topology on Y and W is a union of elements
in 7y and so W € Ty . Therefore

UUGTx.

vee&

We've just seen that @ € Ty, X € Tx, the inter-
section of any two elements of Tx is an element of Tx
is an element of Tx and the union of any set of ele-
ments of Tx is an element of Tx. So Tx is a topology
on X.

We've now established that if 7y € T(Y) then
(f*)«(Ty) € T(X) or, equivalently,

Ty € (((f)«))(T(X)).
This holds for every Ty € T(Y) so

T(Y) € ((f7)«)")(T(X)).
O

Another definition which we’ve already seen is that
of a Hausdorff topology from Definition A
topology 7 on X is said to be Hausdorff if for every
z,y € X such that x # y there are VW € T such
that r e V,yeWand VNW = 2.

A simple consequence of the definition is the fol-
lowing.

Proposition 3.1.3. If T is a Hausdorff topology on
X and x € X then {z} is closed.

U w

WeT,z¢W

Suppose y € X \ {x}. There are then VW € T
such that ¢ € V, y € W and VNW = @. From
z €V and VNW = & it follows that © ¢ W. So W

Proof. Let
U =
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belongs to the union which defines U. From y € W
it then follows that y € U. We’ve just seen that if
y€ X\ {x} theny € U, so

X\ {z} CU.

But each W in the union which defines U is a subset
of X \ {z} because of the condition x ¢ W. So

UCX\{z}

and therefore
X\ {z}=U.

U is union of elements of 7 and hence is an element
of T, s0 X\ {z} € T. Therefore {z} is closed. O

If T is not Hausdorff then sets of the form {z}
needn’t be closed. In the trivial topology on a set
with more than one element, for example, sets of the
form {z} are never closed. There are however exam-
ples of non-Hausdorff topologies in which all sets of
the form {z} are closed. The Zariski topology fur-
nishes an example.

3.2 Interior, closure and boundary

Given a topology on a set we can define the interior,
closure and boundary of any subset.

Definition 3.2.1. Suppose (X,7T) is a topological
space and A € p(X). The interior of A, denoted A°,
is the union of all open sets contained in A:

U v

UeT, UCA

A° =

The closure of A, denoted A, is the intersection of all
closed sets containing A.

A=

N v

X\VET,ACV

The boundary of A, denoted 0A, is the relative com-
plement of the interior of A in the closure of A:

OA =4\ A°.

61

As an example, the interior of [0,1) is (0,1), its
closure is [0, 1] and its boundary is {0, 1}.

The following proposition summarises some ele-
mentary properties of the interior, closure and bound-
ary.

Proposition 3.2.2. Suppose (X, T) is a topological
space, ¢ € X and A, B € p(X).

(a) A° is open and A is closed.

(b)) A°CACACX

(c) If AC B then A° C B° and A C B.

(d) If AC B and A is open then A C B°.

(e) If AC B and B is closed then A C B.

(f) A is open if and only if A= A°.

(g9) B is closed if and only if B = B.

(h) (A°)° = A° and (A) = 4.

(i) (X\A)° =X\Aand X \ A= X\ A°.

(i) (X \ A) = 0A.

(k) The following three statements are equivalent:

(i) z € A°.

(i) There is a W € O(x) such that W C A.
(i1i) There is a W € N (z) such that W C A.

(1) The following three statements are equivalent:
(i) = € A.
(ii) For every W € O(x), WN A # @.
(i11) For every W € N(z), WN A # @.
(m) The following three statements are equivalent:

(i) x € OA.

(i1) For every W € O(z), WNA # @& and WN
(X\4) £ 2.

(iii) For every W € N(z), WNA # @ and
WnN(X\A) #02.

Proof. We prove these in turn.



(a)

(d)

()

(f)

A° is a union of open sets and so is open. A is an
intersection of closed sets and so is closed. X\ A*
is closed because A° is open. 94 = AN (X \ A°)
is the intersection of two closed sets and hence
is closed.

Any union of subsets of A is a subset of A and
any intersection of supersets of A is a superset of
A. Any intersection of subsets of X is a subset
of X.

Suppose A C B. Then U € T and U C A imply
UeTand U C B, so

U ve

UeT,UCA

A° =

U v=s.

UeT,UCB

Also, f X\V €T and BCV then X\V eT
and A CV, so

N ve

X\VeT,ACV

A= V = B.

N

X\VET,BCV

If A is open and A C B then A is one of the sets
whose union defines B°, so A C B°.

If B is closed and A C B then B is one of the
sets whose intersection defines A, so A C B.

Suppose A is open. Let B = A. Then A C B so
A C B° by (d). In other words, A C A°. But
A° C A by (b), so A= A°.

Suppose, conversely, that A = A°. A° is open
by (a), so A is open.

Suppose B is closed. Let A = B. Then ACB
so A C B by (e). In other words B C B. But
B C B by (b),so B=B.

Suppose, conversely, that B = B. B is closed by
(a), so B is closed.

By definition
A=JuU
Uep

where
P={UeT:UCA}.
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If U € P then U C A and hence U° C A° by (c).
But U = U° by (f), so U C A°. On the other
hand, A° C Aby (b)soif U € T and U C A°
then U C A and therefore U € P. So

P={UeT:UCA°}
and hence
A° = U= (A4°)°

U

UEeT,UCA®

By definition
A= v
where
Q={VepX): X\VeT,ACV}.

If V€ Qthen A CV and hence A CV by (c).
Also, X \V € T and V is closed, so V = V
by (g). It follows that A C V. Conversely, if
X\V €T and A C V then A C V because
A C A by (b). Therefore

0={VepX): X\VeT, ACV}

and hence
A= V= (4).
X\VeT,ACV
By definition
(x\A°= (J U

UeT,UCX\A

and

X\A=X\

N Vv

X\VeT,ACV

The latter is equivalent to

U

X\VeT,ACV

X\ 4 (X\ V).



If we reparameterise the union using U = X \ V

then
U v
UeT , ACX\U

But A C X\ U if and only if U C X \ A so this
is the same as (X \ 4)°. So

X\ A

(X \ A4)° =X\ 4.

This holds for any A € p(X) so it also holds
with A replaced by X \ A.

(X\(A\ X)) =X\ (X\4),

or, more simply,

A° =X\ (X \ A).

From this it follows that

X\ 4° = (X \ A4).

X\ A) = (X\A)\ (X\4)°
=(X\ A9\ (X \4)
= A\ A° = 0A.

(k) If x € A° then there is, by the definition of A°
as a union, a U € T such x € U and U C A.
Take W to be this U. Then W € O(x) and
W C A. O(z) € N(z) to this W is also in N (z).
Suppose, conversely, that there is a W € N (z)
such that W C A. By the definition of N (x)
thereis a U € 7 such that z € U and U C W.
It follows that U C A. Thus U is one of the
sets appearing in the union which defines A°, so
U C A° and hence x € A°.

(1) Suppose W € O(x). f WNA = & then A C
X \W. X\ W is closed so it is one of the sets
V whose intersection defines A. So A C X \ W.
But W € O(z) so x € W and hence z ¢ X \ W.
Therefore z ¢ A. So if WN A = @ then = ¢ A.
Therefore if x € A then WNA # @. So for every
WeO(x), WNA#wo.

Next, suppose that for every W € O(x), WNA #
@. If W € N(x) then there is a U € T such
that x € U and U C W. Then U € O(z). So
UNA#2. UNACWNAso WNA#@. So
for every W € N(z), WN A # @.

Suppose finally that for every W € N(z), W N
A# @ Set W=X\A A C Aby (b)so
WNACWNA=g2soW ¢ N(x). Ais closed
by (a) so then W € 7. The only way we can
have W € T but W ¢ N (z) is if x ¢ W, i.e. if
x € A

OA=A\A°=ANn(X\A°)=AnX\ A

by (i). So z € OA if and only if z € A and
z € X\ A. By (1) this happens if and only if
for every W € O(x) we have W N A # & and
WN(X\A) # @. Orif and only for all W € N (z)
we have WNA# @ and WN (X \ A) # 2.

O

The behaviour of balls in a metric space with re-
spect to interior, closure and boundary is not ex-
actly as one might expect. B(z,r) C B(z,r)° and
B(x,7) C B(x,r) as consequences of Propositions
[3.2.2d| and3.2.2¢| respectively. In R™ with the usual
metric one can replace these inclusions with equa-
tions, but this is not possible in general. If d is
the discrete metric on a set X and = € X then
B(x,1) = {x} while B(z,r)° = X and B(x,1) = {2}
while B(z,1) = X. In this case also the sphere of ra-
dius 1 about x is not equal to the boundary of either
the open ball of radius 1 or the closed ball of radius 1
about .

3.3 Closure and limits

Recall Definition [LI83} A net is a function whose
domain is a directed set. If (D, =) is directed set and
f is a function, i.e. a net, from D to a topological
space (Y,7T) then we say that z € Y is the limit of
the net f, written

limf =z
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if for all Z € O(z) there is an a € D such that if
be D and a < b then f(b) € Z.
The following proposition relates nets to closures.

Proposition 3.3.1. Suppose f is a net from a di-
rected set (D, <) to a topological space (Y, T), ACY,
fla) € A for alla € D, andlim f = z. Then z € A.

Proof. For every Z € O(z) there is an a € D such
that if b € D and a < b then f(b) € Z. In particular
f(a) € Z. By hypothesis f(a) € A. So f(a) e ZN A
and ZNA # @. We've just seen that every Z € O(z),
Z N A # @. By Proposition then z € A. O

This proposition has a sort of converse.

Proposition 3.3.2. Suppose (Y,T) is a topological
space, A CY and z € A. Then there is a directed set
(D, =) and a function f: D —'Y such that f(a) € A
foralla € D and lim f = z.

Proof. We can take (D, <) to be (O(z),C). This is a
directed set by Proposition Define

X={W,y) €eO(z)xY:yeWnA}

and define g: X — O(z) by gW,y) = W. and
h: X Y by h(W,y) =y. z€ Aso WNA# @ by
Proposition In other words, there isay € Y
such that g(W,y) = W. g is therefore a surjection.
By Proposition it has a right inverse. In other
words, there is a function i: O(z) — X such that
g o is the identity on O(z). Define f: O(z) - Y by
f=hoi. For any W € O(z) then let (V,y) = i(W).
Vo= h(i(W)) = W so i(W) = (W,y) and f(W) =
hE(W)) =y. (W,y) € X soy € WnN A. Therefore
fW) e WnN A. In particular

fWw)ye A

for all W € O(z). Also, if V,\W € O(z) and V C W
then f(V) e VCW. Soforal W e O(z) if W CV
then f(V)) € W. Therefore

lim f = z.

Every sequence is a net with domain (D, <) =
(N, <). so we obtain the following proposition as
a corollary to Proposition
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Proposition 3.3.3. Suppose a: N — Y is a se-
quence with values in a topological space (Y, T), A C
Y, an € A for alln € N, and lim,, o a, = 2. Then
z € A

Can we also replace nets with sequences in Propo-
sition Not without further restrictions on the
topological space (Y, 7). There are many special
cases where we can, though, including the case where
the topology T is metrisable, as we will see in a later
section.

3.4 Dense subsets

Definition 3.4.1. Suppose (X,7) is a topological
space. A subset A € p(X) is called dense if A= X.

Proposition gives the following properties of
dense subsets.

Proposition 3.4.2. Suppose (X,T) is a topological
space and A, B € p(X).

(a) If AC B and A is dense then so is B.
(b) The only dense closed set is X.

(c) A is dense if any only if the interior of X \ A is
empty.

(d) The following three statements are equivalent:

(i) A is dense.

(ii) For everyx € X and W € O(z), WN A #
.

(iii) For everyx € X and W € N'(z), WNA #
g.

Proof. Each of these follows from one of the parts of

Proposition [3:2.2]

(a) By Proposition if AC B then AC B. If
AiidensethenA:X,szgB. But BC X
so B = X. In other words, B is dense.

(b) If A is dense then A = X. By Proposition
A is closed if and only if A = A4, i.e. if and only
if A=X.



(c) A is dense if and only if A = A, i.e. if and only

if X\ A=2. By Proposition (X \A)e =
X\ A

(d) A is dense if and only if A = X, i.e. if and only
if z € A for every x € X. We can rewrite the
condition z € A in two alternate forms using
Proposition

O

As an example Q is a dense subset of R. This is
most easily seen from the last part of the Proposition.
For every = € R every neighbourhood of x contains
an open ball about x. Balls in R are non-empty open
intervals and every non-empty open interval contains
a rational number.

Propositions and [3:3.2] gives a characterisa-

tion of dense subsets in terms of nets.

Proposition 3.4.3. Suppose (Y, T) is a topological
space and A CY. A is dense if and only if for every
z €Y there is a directed set (D, <) and a net f: D —
Y such that f(a) € A for alla € D and lim f = z.

Proof. Suppose A is dense. Then X = A. If z € Y
then z € A so by Proposition there is a directed
set (D, <) and a net f: D — Y such that f(a) € A
for all @ € D and lim f = z.

Suppose, conversely that for every z € Y there
is a directed set (D, <) and a net f: D — Y such
that f(a) € A for all @ € D and limf = 2. By
Proposition then z € A. So for every z € Y we
have z € A and hence Y CA. But ACY so A=Y
and hence A is dense. O

If we replace nets by sequences then we still have
the “if” part of the proposition but don’t have the
“only if” part, because we have Proposition but
don’t have a converse for it without further restric-
tions on (Y, 7).

3.5 Comparison of topologies

Definition 3.5.1. If 7; and 73 are topologies on X
then 77 is a said to be stronger than 75 if 71 2 Ts
and weaker if 71 C Ta

As with relations, the terms stronger and weaker
are used in a non-strict sense. Each topology is
both stronger and weaker than itself. Also, it’s
entirely possible to have two topologies neither of
which is stronger than the other. For example nei-
ther of the topologies T; = {&,{1},{1,2}} or T2 =
{2,{2},{1,2}} on {1,2} is stronger than the other.
There is a strongest topology on any set, the discrete
topology, and a weakest topology, the trivial topol-
ogy. Of course we are usually interested in topologies
in between these two.

As a non-trivial example of the notions of stronger
and weaker topologies we have the following.

Proposition 3.5.2. The Zariski topology on R"™ is
weaker than the metric topology. It is strictly weaker
in the sense that the Zariski topology is a proper sub-
set of the metric topology.

Proof. The metric topology is the set of open sets in
the sense of Definition [[I0.1l In other words U is
open if and only if for all x € U there’s an r > 0 such
that B(x,r) C U. The balls here are with respect to
the metric coming from the Euclidean norm. In other
words B(x,r) is the set of y such that ||y — x|| < 7.
The Zariski topology on R™ was defined in Sec-
tion [[L11] to be the set of subsets of R™ whose rela-
tive complements were the zero sets of finite sets of
polynomials. In other words, U is an element of the
Zariski topology if there are pq, ..., py, such that

R"\U={xeR": p1(x) = =pn(x) =0}
This is equivalent to
U={xeR": pi(x)#0or- - or pp(x)#0 }.

If x € U then there is some j such that p;(x) #
0. Let ¢ = |p;j(x)]. Then € > 0. Polynomials are
continuous so there is therefore a § > 0 such that
Ip;(y) —pj(x)| < € whenever ||y —x|| < d, and hence
pi(y) # 0. So B(x,6) € U. There is therefore an
open ball about each point in U which is contained in
U. In other words, U belongs to the metric topology
on R™.

An example of set in the metric topology but not
the Zariski topology is B(0,1). There is no finite set
of polynomials whose set of common zeroes is R™ \
B(0,1). O
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Proposition 3.5.3. If A € p(T(X)) is a set of
topologies on X and M = (Nyca T then M is a
topology on X.

Because M C T for all T € A the topology M is
weaker than every topology in A.

Proof. To show that M is a topology it suffices to
check the conditions [1.11.1a] [1.11.1bfand [1.11.1c}

(a) @ € T forall T € A so @ € M. Similarly,
XeTforalTeAsoXeM.

(b) f VW € M then VW € T for all T € A.
Each T is a topology, so VNW € T. Since this
holds for all 7 € A and W = [.o T we have

VNnWweM.

Suppose € C M. Then £ C T for all T € A.
Each 7 is a topology, so [Jy eV € T. Since
this holds for all 7 € A and W = (oo T we
have (Jy, . V € M.

O

The main purpose of the proposition above is to
prove the following.

Proposition 3.5.4. For any A € p(p(X)) there is
a unique topology M such that

(a) AC M, and
(b) if T is a topology on X and AC T then M C T.

Proof. Let A be the set of all topologies 7 on X such
that A C T. There is at least one 7 € A, namely
the discrete topology 7 = p(X). By the proposition
above M = (1A T is a topology on X. If T is a
topology on X and A C 7T then 7 € A by the defi-
nition of A and M C T by the definition of the in-
tersection. This establishes the existence of topology
M as promised by the statement of the proposition.

To establish the uniqueness, assume that M; and
M are topologies on X such that

(a) AC M, and

(b) if T is a topology on X and A C T then M; C T

for j =1 and j = 2. By (a) with j = 1 we know
that A C M;. By (b) with j = 2 we know that if
T is a topology on X and A C T then My C T.
Applying that to 7 = My gives My C M;. The
same argument with the 1’s and 2’s swapped gives
My C M5. Combining those inclusions gives M, =
M. O

We call the topology M of the proposition the
topology generated by the set A and we say that the
set A is a subbase for the topology M.

The meaning of the theorem is that for any set A
of subsets of X there is a topology in which all the
sets in A are open and that among all such topologies
there is a weakest one. We will often use this to define
topologies. There’s also a strongest one, but that’s
not very interesting: it’s just the discrete topology.

A simple but useful consequence of the definitions
is the following.

Proposition 3.5.5. Suppose A1, As € p(p(X)), T1
is the topology generated by Ay and Ty is the topology
generated by As. If A1 C Ay then T3 C 7.

Proof. A; C As by hypothesis and As; C 75 by the
definition of the topology generated by a set of sets.
So Ay C 73. Ts is a topology containing A; and 77 is
the weakest topology containing A; so 7T; is weaker
than 75. In other words, 71 C 7. O

Under very weak hypotheses we can describe the
topology generated by a subbase more explicitly.

Proposition 3.5.6. Suppose X is a set and A €
plp(X)). If X is a union of elements of A then
the elements of the topology generated by A are the
unions of intersections of finitely many elements of

A.

Proof. Let M be the set whose elements are the
unions of intersections of finitely many elements of
A. If U € A then U is an intersection of finitely
many elements of A, since we can just take an in-
tersection of only the one set U. Similarly, U € M
because we can form a union with only the set U. So
AC M.

@ € M as an empty union. X € M because X was
assumed to be a union of elements of A. If V,W € M
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then
v=_Jr
Pe&
and
w=J @
QeM

where £ and M are sets intersections of finitely many
elements of 4. Then

vaw= |J Pna

Peg,QeM

Each PN @ is an intersection of finitely many ele-
ments of A, so VNW € M. Any union of unions
of intersections of finitely many elements of A is a
union of intersections of finitely many elements of A,
so any union of elements of M is an element of M.
So M is a topology on X.

Proposition shows that there is only one
topology M on X which contains A and is weaker
than any other topology containing A, and this was
defined to be the topology generated by A. O

As a corollary we have the following result for
unions of topologies. This might seem like a very
special case, but it is one we will need in a later sec-
tion.

Corollary 3.5.7. Suppose X is a set and S C T(X)
is non-empty. Suppose A = Jyrcg T and M is the
topology generated by A. Then the elements of M are
the unions of intersections of finitely many elements

of A.

Proof. Since S is non-empty it contains some topol-
ogy and that topology contains X, so X € A. O

If we already have intersections then we don’t need
to add them. That’s the purpose of the following
definition and proposition.

Definition 3.5.8. A set B € p(p(X)) is called a
base for a topology on X if the following conditions
are satisfied.

(a) For all z € X there is a B € B such that z € B.

(b) Forall A,B € Bandallz € ANB thereis C € B
such that z € C and C C AN B.
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Proposition 3.5.9. If B is a base then the topology
T which it generates is the set of unions of elements

of B.

Proof. Condition and Proposition show

that every element of 7 is a union of intersections
of finitely many elements of B. Condition was
stated for the intersection of two elements of B but as
usual we can prove a version for intersections finitely
many sets by induction. Suppose By, ..., By € B.
Then for all € ﬂ?zl By, there is a C' € B such that

z € Cand CC ﬂ?zl By.. Let

U

CeB,CCN_, By

U= C.

Each z € ﬂ?zl By, belongs to such a C' so

k
ﬂ B, CU.
j=1

On the other hand each of the sets C in the union
which defines U is a subset of ﬂle By, so

k
U C ﬂ By,
j=1
So
k
(1Bx=U= U C.
j=1 CeB,CCNf_, By

So any intersection of finitely many elements of B is a
union of elements of 5. Therefore any union of such
intersections is a union of unions of elements of B,
and hence a union of elements of B. O

The following proposition illustrates the concept of
the topology generated by a set.

Proposition 3.5.10. Let B be the set of open balls in
a metric space (X,d). Let T be the usual topology on
X, i.e. the one consisting of open sets in the sense of
Definition[1.10.1. The topology generated by B is T .



Proof. Suppose that U € T. Let

U

B(z,r)CU

V= B(z,r).

Then V C U because it’s a union of subsets of U.
On the other hand if x € U then there is an » > 0
such that B(z,r) C U because U is open in the sense
of Definition [1.10.1] = € B(z,r) and B(z,r) C V so
x € V. Since x € U implies z € V we have U C V.
Since VC U and U C V we have U = V and hence

U B(z,r).

B(z,r)CU

U =

Each B(xz,r) is in B by definition. B C M so
B(z,r) € M. M is a topology so any union ele-
ments of M is an element of M. Therefore U € M.
This holds for any U € T, s0 T C M. BCT and T
is a topology so by (b) from the proposition M C T.
From 7T CMand M CT weget M =T. O

In some sense this isn’t a new example. This
mirrors how the metric topology was originally con-
structed. In the case of R™ this proposition tells us
that the balls B(x,r) with x € R™ and r > 0 gener-
ate the topology. It turns out that we don’t need all
the balls however. There is a countable collection of
balls which suffices to generate the topology.

Proposition 3.5.11. Let C be the set of balls B(x,r)
in R™ with x € Q™ and r € Q4. Then C generates
the usual topology T .

Here Q. denotes the positive rational numbers.

Proof. The beginning and end of the proof follows
that of the previous proposition, but the middle is
more complicated and uses the fact that every non-
empty open interval in R contains a rational number.
Suppose that U € T. Let

U

B(x,r)CUx€Q™,r€Q

V= B(x,r).

Then V' C U because it’s a union of subsets of U.
Suppose y € U. U is open so there is some s > 0
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such that B(y,s) C U. Choose a rational number r
such that

0<r<s/2
Choose 1, ..., z, in Q such that
yj —r/n<z; <y;+r/n
Then
lx -yl <r
and hence

B(x,r) C B(y,2r) C B(y,s) CU.

Also, y € B(x,r). Since x € Q™ and r € Q. we have
yeV.SoUCV. Since VCU and U CV we have
U =V and hence

B(x,mr)CUx€Q™,reQ

U= B(x,r).

Each B(x,r) is in C by definition. C C M so
B(x,r) € M. M is a topology so any union ele-
ments of M is an element of M. Therefore U € M.
This holds for any U € T,s0 T CT. CC T and T
is a topology so by (b) from the proposition M C T.
From 7 C Mand M CT weget M=T.

Suppose T is a topology on X such that A C 7.
Then every union of intersections of finitely many
elements of A is a union of intersections of finitely
many elements of 7. 7T is a topology so any union
of intersections of finitely many elements of 7 is an
element of M. So F C T. O

3.6 Continuous functions

Definition 3.6.1. Suppose (X, Tx) and (Y, Ty) are
topological spaces and f: X — Y is a function. f
is said to be continuous at x € X if the preimage of
every neighbourhood of f(z) is a neighbourhood of
x. f is said to be continuous if the preimage of every
open subset of Y is an open subset of X.

These are expressed at the level of sets but we could
also express them at the level of sets of sets.

Proposition 3.6.2. Suppose (X,Tx) and (Y, Ty)
are topological spaces and f: X — Y is a func-
tion. f is continuous at x if and only if N'(f(z)) C



[N ().
[ (Tx)-

Proof. By definition f is continuous at z € X if
and only if the preimage of every neighbourhood of
f(x) is a neighbourhood of x, i.e. if and only if for
all Z € N(f(z)) we have f*(Z) € N(z). By the
definition of the preimage, applied to the function
f* oY) = p(X), the last condition is equivalent to
Z € f*(N(z)). So f is continuous at z if and only
if for all Z € N'(f(z)) we have Z € f**(N(x)), i.e. if
and only if N'(f(z)) C f**(N(x)).

By definition f is continuous if and only if the
preimage of every open subset of Y is an open subset
of X, i.e. if and only if for every W € Ty we have
f*(W) € Tx. Using the definition of the preimage,
applied to f* again, this last condition is equivalent
to W € f**(Tx). So f is continuous if and only if for
every W € Ty we have W € f**(Tx), i.e. if and only
it T C £ (Tx). 0

f is continuous if and only if Ty C

The terminology suggests the the following should
be true.

Proposition 3.6.3. Suppose (X,Tx) and (Y,Ty)
are topological spaces and f: X — Y is a function.
f is continuous if and only if f is continuous at each
zeX.

Proof. Suppose f is continuous, x € X and Z €
N (f(z)). By the definition of neighbourhood there is
aW € Ty such that f(x) € Wand W C Z. f is con-
tinuous so f*(W) € Tx. x € f*(W) because f(z) €
W. From W C Z is follows that f*(W) C f*(Z). So
there is a U € Tx such that z € U and U C f*(2),
namely U = f*(W). Therefore f*(Z) € N(z). We've
just seen that for every z € X and every Z € N'(f(z))
we have f*(Z) € N(z). In other words, for every
x € X the function f is continuous at x.

Suppose, conversely, that f is continuous at x for
every x € X, and that W € Ty. Let U = f*(W).
If z € U then f(z) € W. Since W € Ty it follows
that W € O(f(x)) and hence W € N (f(x)). f is
continuous at z and U = f*(W) so U € N(z). In
other words there is V' € T such that x € V and
V CU. Then

U v

VeT,VCU

U =
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because every x € U is in at least one such V and
each V is contained in U. U is therefore a union
of elements of Tx. Any such union is an element of
Tx because Tx is a topology, so f*(W) =U € Tx.
We’ve now shown that for every W € Ty we have
f*(W) € Tx, so f is continuous. O

Continuity of compositions is described by the fol-
lowing proposition.

Proposition 3.6.4. Suppose (X,Tx), (Y,Ty) and
(Z,Tz) are topological spaces and f: X — Y and
g: Y — Z are functions. If f is continuous at x and
g is continuous at f(x) then go f is continuous at x.
If f and g are continuous then g o f is continuous.

Proof. Suppose f is continuous at x and g is contin-
uous at f(z). By Proposition then

N(f(@) € [N (=)

and
N(g(f(x))) € g™ (N (f(x))).

Preimages preserve inclusions so the first of these im-

plies
97N (f(2)) € g™ (f (N (2))).

Combining the previous two inclusions,

Ng(f(z))) € g™ (f* (N (2))).

By the definition of composition then

N((ge £)(@)) S (g7 o [N (2)).

Taking preimages reverses the order in a composition
so taking preimages twice leaves the order unchanged,
ie.
gro [T =1(go ).
So
N((go f)(@) € (go f)(N(z)).

By Proposition this means that g o f is contin-
uous at x.

If f and g are continuous then f is continuous at x
for all z € X and g is continuous at y for all y € Y,
and hence at f(z) for all z € X, by Propositionm
So by what we’ve just proved go f is continuous at z
for all x € X. Using Proposition [3.6.3| again, g o f is
therefore continuous. O



There is a criterion for continuity in terms of sub-
bases.

Proposition 3.6.5. Suppose that (X,Tx) and
(Y, Ty) are topological spaces and f: X — Y is a
function. Suppose further that A is subbase for Ty .
Then f is continuous if and only if

AC f**(Tx).

Proof. Suppose f is continuous. Then Ty C f**(Tx)
by Proposition[3.6.2] A is a subbase for Ty so A C Ty
and hence A C f**(Tx).

Suppose, conversely, that A C f**(Tx). f**(Tx)
is a topology on Y by Lemma Ty is the weak-
est topology on Y containing A so it is weaker than
f**(Tx). In other words, 7y C f**(Tx). Therefore
f is continuous by Proposition [3.6.2 O

We can also describe continuity in terms of nets.

Proposition 3.6.6. Suppose (D, <) is a directed set
and (X, Tx) and (Y, Ty) are topological spaces. Sup-
pose g: D — X is a net and f: X = Y is a func-
tion. If limg = z and f is continuous at z then

lim fog = f(2).

Proof. Suppose that W € O(f(z)). Then W €
N(f(z)). By the definition of continuity at = we
then have f*(WW) € N (z). By the definition of neigh-
bourhoods there is a Z € Tx such that z € Z and
Z C f*(W). Then Z € O(z). By the definition
of limits of nets there is then an a € D such that
if @ < b then g(b) € Z, and hence g(b) € f*(W).
The last statement is equivalent to f(g(b)) € W or
(fog)(b) € W. So for every W € O(f(z)) there is
an a € D such that if a < b then (fog)(b) € W. Us-
ing the definition of limits of nets again, this means

lim fog = f(2). O
This proposition has a sort of converse.

Proposition 3.6.7. Suppose and (X,Tx) and
(Y, Ty) are topological spaces and f: X — Y is a
function. If f is not continuous at z then there is a
directed set (D,<) and a net g: D — X such that

limg = z but lim f o g # f(2).

Proof. If f is not continuous at z then thereisa V €
N(f(x)) such that f*(V) ¢ N(z). In other words,
there is no U € O(x) such that U € O(x) and U C
f*(V). Therefore for each U € O(z) thereisanz € U
such that ¢ f*(V). By the Axiom of Choice we
can find a function g: O(z) — X such that g(U) € U
and g(U) ¢ f*(V). In other words, g(U) € U and
(fog)(U) ¢ V. Let D be O(z), with the order relation

D. This is directed set by Proposition[[.14:2m] f and
fogarenets. lim f = z but lim f o g # f(2). O

3.7 Continuity and comparison

Next we examine the behaviour of continuity when we
replace the topologies on the two spaces with stronger
or weaker ones.

Proposition 3.7.1. Suppose Wx and Sx are topolo-
gies on X and Wx is weaker than Sx. Suppose Wy
and Sy are topologies on' Y and Wy is weaker than
Sy . Suppose that f: X — Y is continuous with re-
spect to the topologies Wx and Sy. Then it’s also
continuous with respect to the topologies Sx and Wy .

Proof. The conditions that Wx is weaker than Sx
and Wy is weaker than Sy mean that

Wx C Sx

and
Wy C Sy.

The former implies
[ Wx) € f7(Sx).

By Proposition the condition that f is continu-
ous with respect to the topologies Wx and Sy implies

Sy C f*(Wx)
Combining the last three inclusions gives
Wy C f*(Sx).

Another application of Proposition then shows
that f is continuous with respect to the topologies
SX and Wy. O
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Most of the time we only want to change the topol-
ogy on one space or the other, but the proposition
includes as special cases Wx = Sx or Wy = Sy
since every topology is stronger or weaker than it-
self. Since the trivial topology is the weakest topol-
ogy on any space and the discrete topology is the
strongest the proposition implies that any function
from a space equipped with the discrete topology or
to a space equipped with the trivial topology is con-
tinuous. Both of these statements can of course also
be proved directly, without using the proposition.

So far we’ve fixed the topologies Tx and Ty on X
and Y and examined which functions f: X — Y are
continuous. It’s also possible though to fix f and one
of the two topologies and ask which topologies on the
remaining space make f continuous. This question is
answered by the following propositions.

Proposition 3.7.2. Suppose f: X — Y is a func-
tion and Ty is a topology on Y. There is a weakest
topology Tx on X with the property that f is contin-
uous with respect to the topologies Tx and Ty . This
topology is Tx = (f*), (Tv)-

Proof. f is continuous with respect to the topology
T on X and Ty on Y if and only if

Ty C f(T).
Let A be the set of such topologies. In other words,
A={TeTX): Ty C f*(T)}.

By Proposition the intersection of all the ele-
ments of T is a topology. Call this intersection Tx:

Tx = ﬂT.

TeA

Preimages preserve intersections, so

(TR = ( N T)

TeA

= () (7).

TeA

Since Ty C f**(T) for each 7 € A we have

Ty € 7 (Tx),
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so f is continuous with respect to the topologies Tx
and Ty . If f is continuous with respect to 7 and Ty
then 7 € A so Tx C 7. In other words, Tx is weaker
than 7. So Tx is the weakest topology with respect
to which f is continuous.

Suppose U € (f*),(Ty). Then U = f*(W)
for some W € Ty f is continuous with respect to
the topologies Tx and Ty. so f*(W) € Tx. So
U € (f*),(Ty) implies U € Tx. In other words,
(f*), (Ty) C Tx. Suppose T is a topology on X such
that (f*), (Ty) € T. In other words, if U = f*(W)
for some W € Ty then U € T. So f*(W) € T when-
ever W € Ty . Therefore f is continuous with respect
to the topologies 7 and Ty. Tx is the weakest topol-
ogy with this property, so Tx contains (f*), (Ty)
and is the weakest topology which does so. It was
shown in Lemma that (f*), (Ty) is a topology,
SO TX = (f*)* (Ty) O

Proposition 3.7.3. Suppose f: X — Y is a func-
tion and Tx is a topology on X. There is a strongest
topology Ty on'Y with the property that f is contin-
uous with respect to the topologies Tx and Ty . This
topology is Ty = f**(Tx).

Proof. Define Ty by
Ty = f"(Tx).
Then Ty is a topology on Y by Lemma fis

continuous with respect to the topology 7x on X and
T on Y if and only if

or, equivalently, if and only if
TCTy

i.e. if and only if Ty is stronger than 7. So Ty
is the strongest topology with respect to which f is

continuous. O

It’s possible, and useful, to replace the single func-
tion f in the propositions above with a collection of
functions to or from an indexed collection of sets.



Proposition 3.7.4. Suppose X is a set and j: L —
Y is an indexed collection of sets. Suppose for each
A € L that Ty is a topology on j(\) and f is a func-
tion from X to j(\). Then there is a weakest topology
Tx on X with the property that fy is continuous with
respect to the topologies Tx and Ty for each X € L.
User (fX). (TA) is a subbase for this topology.

Proof. f is continuous with respect to the topology
T on X and 7y on j() if and only if

T C (T
Let A be the set of such topologies. In other words,
A={TeT(X):VAeL: T\ C (T}

By Proposition [3.5.3] the intersection of all the ele-
ments of T is a topology. Call this intersection Tx:

Tx= (T
TEA

Preimages preserve intersections, so

an=r<ﬂ7>

TeA

= [ £7(7T).

TeA

Since Ty C f*(T) for each T € A we have
T € [ (Tx),

so fy is continuous with respect to the topologies Tx

and Ty. If f) is continuous with respect to 7 and Ty

for each A € L then 7 € A so Tx C 7. In other

words, Tx is weaker than 7. So 7Ty is the weakest

topology with respect to which each f) is continuous.
Suppose

velJ (). (7).

AEL

Then U = f5(W) for some A € L and W € 7). fy is
continuous with respect to the topologies Tx and Ty
so fX(W) e Tx. So

UelJ (), (T

AEL
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implies U € Tx. In other words,

U (7)., () € Tx.

€L

Suppose T is a topology on X such that

(f). (Ty) €T

In other words, if U = f; (W) for some X\ € L and
W € Ty then U € T. So f{(W) € T whenever
W € Ty. Therefore f) is continuous with respect to
the topologies 7 and Ty for each A € L. Tx is the
weakest topology with this property, so T is contains
U (f3), (Tx) and is the weakest topology which does
so. In other words, it is the topology generated by

User (fX), (Tx), or equivalently, [Jyc, (fX), (Tx) isa
subbase for Tx. O

Proposition 3.7.5. Suppose Y is a set and i: K —
X is an indezed collection of sets. Suppose for each
K € K that T, is a topology on i(k) and f. is a func-
tion from i(k) to Y. Then there is a strongest topol-
ogy Ty on Y with the property that f. is continuous
for each k € K. This Ty is (,.cx f2*(Tx).

Proof. Define Ty by

Ty = () (o).

KREK

Then Ty is a topology on Y. To see this, note that
for each k € K f*(T,) is a topology by Lemma
and that the intersection of all of them is a topology
by Proposition 3.5.3] f. is continuous with respect
to the topology 7. on i(k) and 7 on Y if and only if

T C [ (Te)-
So f. is continuous for all k € K if and only if
TCTy
i.e. if and only if Ty is stronger than 7. So Ty is the

strongest topology with respect to which every f, is
continuous. O



3.8 Subspace topology

We can use Propositions [3.7.2] and [3.7.4] to define
topologies on subsets and products. We’ll consider
subspaces in this section and products in the next.

Definition 3.8.1. Suppose (X,7T) is a topological
space and A C X. The subspace topology on A is
the weakest topology on A such that the inclusion
function i: A — X is continuous.

The existence of such a weakest topology follows
from Proposition [3.7.2}
It’s possible to describe this topology more directly.

Proposition 3.8.2. Suppose (X, Tx) is a topological
space, A C X and Tx is the subspace topology on A.
Then U € T4 if and only if there is a V € Tx such
that U = ANV.

Proof. From Proposition we know that is
Ta= ("), (Tx) .

U € (i*), (Tx) if and only if there is a V' € Tx such
that i*(V) = U. = € U if and only if x € A and
i(r) =V,ie ifand only if x € A and z € V, i.e. if
and only if x € ANV. Soi*(V) = AnNV. Therefore
UeTyifandonlyif U = ANV forsome V € Tx. O

As an example, the subspace topology on Z, con-
sidered as a subspace of R is the discrete topol-
ogy. To see this, note that if n € N then {n} =
ZNn(n—1,n+1)and (n —1,n+1) is an open set in
R so {n} is an open set in Z. Since every subset of
Z is a union of such sets it follows that every subset
is open, so the topology is the discrete topology.

Note that if A C X and U € T4 then U is an open
subset of A and U is a subset of X but U needn’t be
an open subset of X. Indeed, in the example above
every non-empty subset of Z is an open subset of Z
but none of them are open subsets of R.

The subspace topology on Q, on the other hand, is
not the discrete topology. There is no open subset V'
of R such that QNV = {0}, so {0} is not open in the
subspace topology. Since there are subsets which are
not open the topology is not the discrete topology.

Here again the non-empty open subsets of Q are
subsets of R but are not open subsets of R since
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every non-empty subset of R contains an irrational
number.

Proposition 3.8.3. Suppose (X,Tx) and (Y,Ty)
are topological spaces and A € p(Y). Then f: X —
A is continuous if and only if i o f is continuous,
where i: X — A is the inclusion function.

Proof. Suppose f is continuous. The inclusion i is
continuous because of Definition 3.8.1] 7o f is then
continuous by Proposition

Suppose, conversely, that ¢ o f is continuous. In
other words, if W € Ty then (io f)*(W) € Tx.

(i f)* (W) = (foi®)(W) = f*(@*(W)).

But i*(W) = ANW as we saw in the proof of Propo-
sition [3.8.2] So if W € Ty then f*(ANW) € Tx for
all W € Ty. By Proposition [3.8:2] every element of
Ta is of the form AN W for some W € Ty, so f is
continuous. O

One more useful observation is the following.

Proposition 3.8.4. Suppose (X, Tx) is a topological
space, A C X and T4 is the subspace topology on A.
If Tx is Hausdorff then so is Ta.

Proof. Suppose z,y € A are distinct. X is Hausdorff
so there are V,W € T such that z € V, y € W and
VW =g. z,yec Asoxe ANV andye ANW.
By Proposition ANV € Taand ANW € Ta.
Also

ANVINANW)=AN(VNW)=ANng =2.
O

3.9 Quotient topology

Definition 3.9.1. Suppose (X, 7x) is a topological
space, Y is a set and f: X — Y is a function. The
quotient topology on Y is the strongest topology on
Y such that f is continuous.

Note that there is such a topology by Proposi-
tion

As with the subspace topology, it’s possible to de-
scribe the quotient topology more directly.



Proposition 3.9.2. Suppose (X, Tx) is a topological
space, Y is a set and f: X — Y is a function. Let
Ty be the quotient topology on' Y. Then U € Ty if
and only if f*(U) € Tx.

Proof. By Proposition Ty = f*(Tx). U €
f**(Tx) if and only if f*(U) € Tx. O

Proposition 3.9.3. Suppose (X, Tx) is a topological
space, Y is a set, f: X — Y is a function and Ty
is the quotient topology on'Y. If (Z,Tz) is a topo-
logical space and g: Y — Z is a function then g is
continuous if and only if go [ is continuous.

Proof. Ty was chosen so that f is continuous. If g
is continuous then g o f is continuous by Proposi-
tion 3.6.4

Suppose, conversely, that go f is continuous. In the
course of the proof of Proposition we saw that
the quotient topology Ty on Y is f**(Tx). Soif V €
f**(Tx) then V € Ty. In other words, if f*(V) € Tx
then V € Ty. We apply this to V = ¢g*(W) where
W € Tz. We can do this since

frV) =1 g"(W)) = (go )" (W) € Tx

and g o f is continuous. Therefore V' € Ty. In other
words, g*(W) € Ty. We've just seen that if W € T
then ¢g*(W) € Ty. In other words, g is continuous.

O

The quotient topology can be rather badly be-
haved. For example, it needn’t be Hausdorff even
we start from a Hausdorff space, as the following ex-
ample shows.

Proposition 3.9.4. Define an equivalence relation
~onRbyx ~yif and only if v —y € Q. Let
E be the set of equivalence classes and f: R — &
the function which assigns to each real number its
equivalence class. Then the quotient topology on & is
the trivial topology.

Proof. Suppose V is a non-empty open set in the quo-
tient topology. Then f*(V) is an open subset of R
because f is continuous. f*(V') is non-empty because
f is a surjection. We can therefore find an z € f*(V).
By the definition of the topology on R there is an

r > 0 such that B(z,r) C f*(V). Suppose z € £. f
is a surjection so there is a y € R such that f(y) = z.
Every real number is a limit of rationals. y—z € R so
there is a rational number ¢ such that ¢ € B(y—xz, ).
Then

d(y_(Lz):d(y_xaQ) <r

so y —q € B(z,r) and hence y — g € f*(V). In other
words, f(y—q) € V. Buty ~y—gso f(y) = f(y—q)
Therefore z = f(y) € V. We've just seen that for all
z € £ we have z € V| and therefore V = €. V was an
arbitrary non-empty open set so the only non-empty
open set is £. In other words, the topology on & is
the trivial topology. O

3.10 Product topology

Definition 3.10.1. Suppose j: L — A is an indexed
collection of sets and P is its product. Suppose that
for each A € L T, is a topology on j(A). The product
topology on P is the weakest topology on P such that
the projection 7y: P — j(\) is continuous for each
Ae L.

The existence of such a topology was shown in

Proposition [3.7.4]

Proposition 3.10.2. Suppose (X, Tx) is a topolog-
ical space, j: L — A is an indexed collection of sets,
P is its product and Tp is the product topology. Sup-
pose further that for each A € L Ty is a topology on
J(A) and gn: X — j(X) is a continuous function with
respect to the topologies Tx and Tx. Then there is a
unique function h: X — P such that wy o h = gy for
each A € L and this function is continuous.

Proof. If my o h = g and h(z) = f then
Q) =ma(f) = (mx o h)(2) = ga(2).

There is only one f which satisfies this equation.
Conversely, if we define h by h(z) = f where f is
the function f(A) = ga(x) then

(mx o h)(z) = ma(f) = f(A) = ga(x)

for all x € X so m) o h = gx. We’ve now shown that
there exists a unique h: X — P such that 7y o h =
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gx for all A € L. It remains to show that this h is
continuous.

If
UelJ @), ()

€L

then there is a A € L and a W € T, such that U =
75 (W). Then

hH(U) = h*(m (W) = (h" o mX)(W)
= (mx 0 h)"(W) = gy (W).

gy(W) € Tx because W € T, and g» was assumed to
be continuous with respect to the topologies 7x and
Tr- So h*(U) € Tx. Proposition shows that
User (m3), (73) is a subbase for Tp. h is therefore
continuous by Proposition [3.6.5] O

As with the subspace topology, we can describe the
product topology more directly.

Proposition 3.10.3. The elements of the product
topology are the unions of sets of the for Up, where
F is a finite subset of L, t: F' — |Jycp Tx is such
that t(A\) € Tx for all X\ € F and

Upy={f € P: YA€ F: f(\) € t(V)}.

Proof. We begin by noting that the intersection of
any two sets of this form is also of this form, since

Ups NUpt =Ugpu

where G = E U F and

sO)NEN) ifAe ENF,
u(A) = ¢ s(A) if \e E\F,
£ ifAe F\E.

By induction the union of finitely many such sets is
also such a set.
Also, if W € T, then

ﬂ;(W) = UF,t

where F' = {A} and ¢(\) = W. The intersection of
finitely many sets of the form 7} (W) is therefore a

7

set of the form Ug:. Conversely any set of the form
U, is such a finite intersection since

U = () w5 (HN)-

AEF

In other words, the set of sets of the form Upg:
is the set of intersections finitely many elements of
User (m3), (Th)-

By Proposition Tp is generated by
User (73), (Th).  Each (73}), (7x) is a topology
by Proposition [3.1.2] So by Corollary Tp
consists of unions of intersections of intersections of
finitely many elements of (J, . (7}), (7x). Therefore
Tp consists of unions of sets of sets of the form
Urpg. O

We can be even more explicit in the case of the
Cartesian product of two spaces.

Proposition 3.10.4. Suppose (X, Tx) and (Y, Ty)
are topological spaces. Making the usual identification
of X xY with the product of j: {1,2} — {X,Y},
Jj(1) = X, §(2) =Y, the product topology on X xY
consists of the unions of sets of the form V xW where

VeTx and W e Ty.

Proof. The usual identification identifies the ordered
pair (z,y) in X x Y with the function f: {1,2} —
X UY defined by f(1) ==z, f(2) =y. If F ={1,2},
t(1) = V and ¢(2) = W then Up, is the set of func-
tions f such that f(1) € V and f(2) € W. This is
identified with the set of ordered pairs (z, y) such that
xz €V and y € W. In other words, (z,y) € V x W.
If F = {1} we just get V x Y, while if FF = {2} we
get X x W and if F' = @ we get X X Y. So the set of
all Ur; is identified with the set of all V' x W where
V € Tx and W € Ty. The product topology is the
union of these. O

The projections from a product are continuous, i.e.
the preimages of open sets are open, but they have
the additional property that this images of open sets
are open.

Definition 3.10.5. If (X, Tx) and (Y, 7y) are topo-
logical spaces then a function f: X — Y is called
open if f.(U) € Ty whenever U € Tx.



We could state this more compactly as Ty C

()" (Tv)-

Proposition 3.10.6. Suppose j: L — A is an in-
dexed collection of sets with Ty being the topology on
J(A), (P, Tp) is its product and wx: P — j(X) is the
projection at A € L. Then each ) is open.

Proof.

if A e F,
ifAé¢F,

t(A)
J(A)
so mA(Ur+) € Tx. The image of a union is the union
of the images and 7, is a topology so any union of
elements of T, is an element of 7T so the image of any

element of Tp is an element of 7,. In other words,
my is open. O

mA(Ury) = {

Definition 3.10.7. Suppose j: L — A is an indexed
collection of sets and X is a set such that j(\) = X for
all A € L. Let P be the product of j. The diagonal
function is the function h: X — P defined for any
x € X by h(z) = f where f(\) = z.

We’'re mostly interested in the case of the product
of two copies of the same set. If we make the usual
identification of P with the Cartesian product X x X
then h(z) = (x,z). The image

Ax =h(X)={(z,y) e X x X: x =y}
is called the diagonal subset of X x X.

Proposition 3.10.8. The diagonal function is con-
tinuous.

Proof. For each A € L we have m) o h = g where
gr: X — X is the identity function g(xz) = =z.
These are all continuous. h is therefore continuous

by Proposition [3.10.2] O

There are a number of important relations between
the product construction and the Hausdorff property.

Proposition 3.10.9. A topological space (X, T) is
Hausdorff if and only if Ax is closed.

Proof. The product topology on the Cartesian prod-
uct X x X is described by Proposition [3.10.4]
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Suppose X is Hausdorff. If (z,y) € X x X \ Ax
then x # y so there are V,W & T such that z € V,
yeW and VNW = &. Then (z,y) € VNW. From
VNW = & it follows that V x W € X x X\ Ax. So
we’ve shown that for any (z,y) € X x X \ Ax there
isa Z € Tp, namely Z =V x W, such that (z,y) € Z
and Z C X x X\ Ax. Therefore X x X\ Ax is open
and Ay is closed.

Suppose, conversely, that Ax is closed, i.e. that
XxX\Ayx isopen. If x # y then (z,y) € X x X\ Ax.
By Proposition X x X\ Ax is a union of sets
of the form V x W with VW € Tx. (z,y) e Vx W
for some such V and W. Then z € V and y € W.

VAW={zeX:zeV,ze W}
={zeX:(2,2) eVxW}=02

since (z,2) € Ax. So T is a Hausdorff topology. O

Proposition 3.10.10. Suppose j: L — A is an in-
dexed collection of sets and P is its product. Suppose
that for each A € L Ty is a Hausdorff topology on
J(N). Then the product topology is Hausdorf.

Proof. Let Tp be the product topology. Suppose f, g
are elements of the product and f # g. Then there
is a A € L such that f(\) # g(A). Ty is Hausdorff so
there are U,V € T, such that f(A) € U, g(\) € V
and UNV € Ty. m(f) = f(A) and 7a(g) = g(N)
so mx(f) € U and mx(g) € V, or, equivalently, f €
mx(U) and g € 73 (V). n3(U) € Tp and n3(V) € Tp
since )y is continuous. Also,

m(O) N (V) =mx(UNV) =n3(9) =2.
So Tp is Hausdorff. O

The following is a sort of converse.

Proposition 3.10.11. Suppose j: L — A is an in-
dezxed collection of non-empty sets and P is its prod-
uct. Suppose that for each A € L Ty is a topology on
J(A) and Tp is the product topology on P. If Tp is a
Hausdorff topology then each T, is Hausdorff.

Proof. By Proposition [2.11.5] there is an f € P. De-
fine a function i: j(u) — P by

o

if A= p,

(OIS i



Then 7y o i is the identity function on j(u) if A =
u and is the constant function f(A) if A # p. In
either case 7y o is continuous, so 4 is continuous by
Proposition [3.10.2}

Suppose z,y € j(u) and x # y. Then i(z) # i(y)
because i(z)(p) # i(y)(n). By assumption (P, 7p) is
Hausdorff, so there are U,V € Tp such that i(z) €
U,i(y) € Vand UNV = . Define U = i*(U),

V =1*(V). Then U,V € Ty because i is continuous.
x €U and y € V since i(x) € U and i(y) € V. Also

UnV =U)ni*(V)=i*UNV)=i(2) = 2.

So for any z, y in j(u) such that x # y there are sets
UVeT,suchthat reU,yecVandUNV =a.
In other words, 7, is Hausdorff. O

3.11 Connectedness

Definition 3.11.1. A topological space (X,7) is
called connected if there are no non-empty U,V € T
such that UNV =@ and UUV = X. It is called
disconnected if it is not connected. We say that a sub-
set is connected or disconnected if it is connected or
disconnected when considered as a topological space
with the subspace topology.

The following propositions give simple examples of
connected and disconnected sets.

Proposition 3.11.2. Suppose A C R is an interval.
Then A is connected.

Proof. Let Tr be the usual topology on R and let
Ta be the subspace topology on A. Suppose A is
disconnected, i.e. that there are U,V € T4 such that
UNV =@and UUV = A. Choosez € U andy € V.
UNV =@ so x #y. For now we suppose = < y.

Define sequences u and v inductively as follows.
ug = x and vg = y. If w € U then set ug41 =
w and vg41 = vg. If % €V we set ug4+1 = ug
and vgy1 = % Then, by induction on k, uy € U
for all k and vy € V for all k. Also by induction on
k,
y—x

ok

Vg = Uk +

for all k,
y—x

U < U1 Suk‘i‘W’

and

y—z
V41 < Vg < Vgy1 + SETT
It follows the lemma below that limj_,. u; and
limg_ o0 vi exist and are equal. Let z be their limit.
uy € U for all k so z € U by Proposition Sim-
ilarly, vy € V forall k so 2 € V. U = A\ V and
V = A\ U are closed, so U = U and V = V. So
seUNV. But UNV = &, so we have a con-
tradiction. The argument for the case y < x is the
same, except with x and y and U and V swapped
everywhere. The assumption that A is disconnected
therefore leads to a contradiction. O

Lemma 3.11.3. Suppose u,v: N — R are se-
quences such that uw is increasing, v 1s decreasing
and limg_ oo (Vg — ux) = 0. Then limg_ o ur and
limg_ o0 Vi exist and are equal.

Proof. Choose an € > 0 and an N such that if £ > N
then
o — ug| < e.

If kK > N then
ur < v +e€ <oy +e

The second inequality holds because v is decreasing.
If kK < N then

up <uy < vy + €.

The first inequality holds because u is increasing and
the second is a special case of the inequality above.
So

ur < VN + €

for all k. In other words, u is bounded from above.
Every bounded increasing sequence has a limit.
Similarly, if K > N then

Uy —€ < up — € < v
while if £ < N then
uny — € < vy < V.

In each case
uny — € < Vg

(s



for all k. In other words, v is bounded from below.
Every bounded decreasing sequence has a limit.
Then

lim vy = lim wup + lim (vg —ug) = lim wg.
k—o0 k—o0 k—o0 k—o0

O

Proposition 3.11.4. If A C Q has more than one
element then A is disconnected.

Proof. Suppose z,y € A and « # y. Then I =
(min(z,y), max(z, y)) is an interval of positive length.
Every interval of positive length contains an irra-
tional number so choose a s € I such that s ¢ Q.

min(z,y) < s < max(z,y)

and s ¢ A. Let U = (—o0,s) and V = (s,+00)
Then U,V € Tgr, hence QNU,QNYV € Tq and
ANUANV € Ta. ANU and ANV are non-empty
since min(z,y) € ANU and max(z,y) € ANV. Also
ANU)N(ANV)=g and (ANU)U(ANV) = A.
So A is disconnected. O

One of the most useful properties of connected
spaces is also one of the easiest to prove.

Proposition 3.11.5. Suppose (X,Ty) and (Y, Ty)
are topological spaces and f: X — Y is a continuous
surjection. If X is connected than so is Y .

Proof. An equivalent statement is that if Y is discon-
nected then so is X. It’s this equivalent statement
that we’ll prove. If Y is disconnected then there are
non-empty U,V € Ty such that U NV = & and
UUV =Y. U and V are non-empty and f is a
surjection so f*(U) and f*(V) are non-empty. f is
continuous so f*(U), f*(V) € Tx.

FrONpFV)=£UnNV)= (o) =02
and

fAOYUf (V)= f(UuV)=f(Y)=X.
O

So X is disconnected.

Proposition [3.11.2] gives us an important sufficient
condition for a set to be connected.
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Definition 3.11.6. A topological space (X, Tx) is
called path connected if for every x,y € X there is a
continuous function p: [0,1] — X such that p(0) = =
and p(1) = y.

Proposition 3.11.7. If (X,7Tx) is path connected
then it is connected.

Proof. We prove the equivalent statement that if
(X,Tx) then it is not path connected. Suppose
(X,Tx) is disconnected, i.e there are non-empty
UV e Txsuchthat UNV = @and UUV = X.
U and V are non-empty so there is an =z € U and
ay € V. If X were path connected then there
would be a continuous function p: [0,1] — X such
that p(0) = = and p(1) = y. Set U = p*(U) and
V= p* (V). These are non-empty because 0 € U and
1 € V. They are open subsets of [0, 1] because p is
continuous. Also

UnV=p"U)np*(V)=p(UNV)=p"(2) =2
and
TUV = p*(U)Up*(V) = p(UUV) = p*(X) = [0,1].

But this would imply that [0, 1] is disconnected, con-
trary to Proposition 3:11.2] So X is not path con-
nected. O

Proposition 3.11.8. Suppose (X, Tx) is a topolog-
ical space, A,B € p(X), ANB# & and AUB = X.
If A and B are connected then so is X.

Proof. By assumption AN B # & so there is an x €
AN B. Suppose there are V,W € Tx such that V N
W=gand VUW = X. x € X so either z € V
or x € W. Suppose z € V. By Proposition [3.8.2]
ANV eTpand ANW € Tyu.

ANVINANW)=ANVNW)=4ANng =9
and
ANVYUANW)=AN(VUW)=ANnX = A.

z€ ANV so ANV is non-empty. A is connected so
AN W must be empty. Similarly, B is connected so
BN W must be empty. Then

W = XNW = (AUB)NW = (AN W)U(BNW) = @.



Similarly, if z € W then V is empty. In other words,
if VW € Tx are such that VNW =@ and VUW =
X then either V' is empty or W is empty. Therefore
X is connected. O

Proposition 3.11.9. Suppose j: L — A is an in-
dezed collection of sets, Ty is a topology on j(\) for
each X € L, P is its product, and Tp is the product
topology on P. Then (P, Tp) is connected if and only
if (j(N), Tx) is connected for each A € L.

Proof. The projections 7y are continuous surjections
so if (P, Tp) is connected then (j(A), 7)) is connected
for each A € L by Proposition [3.11.5} This is es-
tablishes the “only if” part of the statement of the
proposition.

For the “if” part we begin by assuming that there
are V., W € Tp, with V non-empty, such that VUW =
P and VNW = @ and choose f € V and g € P. By
Proposition there is a Ur such that f € Up;
and Up, C V. F is finite, i.e.

F={\,...,\n}

for some A{,..., A\, € L. For 1 < k < m define

skt j(Ax) — P by

fO) Hx=X,7<k,
T it A=\,
sk(@)(A) = . "
g(A) ifA=X,7>k,
g(\) ifA¢F
Note that

sk(9(Ak)) = sk+1f(Aer1)-

Also s1(f(A1))(A) = f(A) for all A € F and f(\) €
t(A) for all A € F so s1(f(A1))(A) € ¢(N) for all
A € F. In other words, s1(f(A)) € Upy. There-
fore s1(f(\1)) € V. Let Vi = si(V) and Let
W, = s (W). Vi, Wy, € Ty, because s is contin-
uous by Proposition Also,

ViNWi, =si(V)Nsi (W) =s (VW) =2

and
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(j(Ak),Tx,) is connected by hypothesis, so if
sk(f(Ag)) € V then f(\) € Vi, so Vi is non-empty
and therefore Wy, is empty, i.e. Vi, = j (k). Tt follows
that g(A\x) € Vi and hence si(g(\r)) € V. So if

sp(f(Ak)) €V

then
sk(9(Ak)) € V.

We've already seen that

si(f(\)) eV

and
5k(9(Ak)) = Skt1f(Art1)-
So
sm(9(Ak)) € V.
But

so g € V. g was an arbitrary element of P though so
V=Pand W =@. Soif V;IW € Tp, with V non-
empty, are such that VUW = P and VNW = & then
W is empty. In other words, P is connected. O

Proposition 3.11.10. Suppose that (X,Tx) is a
topological space and A C X. If A is connected then
80 is its closure A.

Proof. As usual, we prove the corresponding state-
ment for disconnected spaces: If A is disconnected
then A is disconnected. Let T4 and 73 be the sub-
space topologies on A and A respectively. By Propo-
sition [3.8.2] the open sets in T are the sets of the
form AN U where U € Tx. The assumption that
(A, T5) is disconnected therefore means that there
are U,V € Tx such that ANU and ANV are non-
empty,
(AnNU)N(ANV) =0

" (ANU)U(ANnV) =A.

But ANUCANU and ANV CANYV so

(ANU)NANV)C (ANU)N(ANV)



and hence
(ANU)N(ANV)=0
since & is the only subset of &. Also
(ANU)UANV)=ANnUUYV)
=(ANANUUY)
=AN(ANUUYV))
=AN((AnU)uU(AnV))
=ANA=A.

To show that (A, T4) is disconnected it therefore suf-
fices to show that ANU and ANV are non-empty.
ANU and ANV are non-empty. There is then
r € ANU. € A,z € Uand U € Tx. In other

words, * € A and U € O(x). By Proposition [3.2.21

then ANU # @. Similarly the fact that ANV is
non-empty implies ANV # @. O

Note that the corresponding statements for interi-
ors is false, as the following example shows. Let

C={(z,y) e R*: 2y > 0}.
C is connected. We can see this in either of two ways.
We can write C' = AUB where A = [0, +00) x [0, +00)
and B = (—00,0] X (—00,0]. [0,4+00) and (—o0,0]
are intervals and hence are connected by Proposi-
tion A and B then connected by Proposi-

tion AN B = {(0,0)} is non-empty so C is

connected by Proposition |3.11.8
Alternatively we can  observe

(z1,y1), (x2,y2) € R then p, defined by

p(t) — ((1 - Zt)xla (1 - 2t)y1)
(2t = 1), (2t — 1)y2)

is a continuous function from [0,1] to C, so C is
path connected and therefore, by Proposition

is connected.
The interior

C° ={(z,y) € R*: zy > 0}

of C is disconnected, since it can be written as the
union of the disjoint non-empty open sets

U={(z,y) eR*: >0,y >0}

that  if

if0<t<1/2,
if1/2<t<1,

and
V ={(z,y) e R*: 2 <0,y < 0}.

3.12 Compactness

Definition 3.12.1. An open cover of a topological
space (X, Tx) is a set G C T such that

X = UpyegU.

An open cover of a subset A € p(X) with respect to
(X, Tx) is aset G C Tx such that

A Q UUGQU’

F is said to be a subcover of G if F C G and F is
an open cover. (X, Tx) is said to be compact if every
open cover of (X, Tx) has a finite subcover. A subset
is called compact if it is compact when considered
as a topological space with the subspace topology.
A subset is called relatively compact if its closure is
compact when considered as a topological space with
the subspace topology. A topological space is called
o-compact if it is a union of countably many compact
subsets. A topological space is called locally compact
if every point has a compact neighbourhood.

The following propositions give some examples of
compact sets.

Proposition 3.12.2. Suppose (X, T) is a topological
space. If X is finite then (X, T) is compact. If (X, T)
is compact and T is the discrete topology then then
X is finite.

Proof. If X is finite then so is p(X). T is a subset
of p(X) and so is also finite. Every open cover is a
subset of T and so is finite. Therefore every open
cover has a finite subcover, namely itself. So if X is
finite then (X, T) is compact.

Suppose T is the discrete topology on X. The set
of sets of the form {x} for z € X is an open cover of
(X,T). No proper subset of it is an open cover so the
only way it can have a finite subcover is if it is finite,
which means X is finite. So if (X,7) is finite. O

Proposition 3.12.3. An interval I C R is compact
if and only if it is either empty or of the form [a, b
for some a < b.

Proof. The empty interval is compact because any
open cover of it has an empty subcover.
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We prove that [a,b] is compact by contradiction.
Suppose then that [a,b] is not compact, i.e. that
there is an open cover G of [a,b] which has no finite
subcover, and let

ajr=a+(j— 1)(b—a)/2k7 Bjk = a—i—j(b—a)/?k,

for1 <j< 2k Then

ok
[av b] = U [O‘j,kv 5]3’6}'
j=1

G is an open cover of [a; i, B; &) for each j and k. Let
Sk be the set of j for which this cover has a finite
subcover Fj . If Sy = {1,...,2F} then ij;l Fjk is
an open cover of [a, b], and is in fact a finite subcover,
but there is no such finite subcover. So for each k
there is at least one j such that G, considered as
an open cover of [k, B; k], has no finite subcover.
Let i, be the first element of {1,...,2%} which is
not in Sy. «;, ; is an increasing sequence because
any subinterval of an interval with a finite subcover
also has a finite subcover and f3;, 1 is a decreasing
sequence for the same reason.
b—a

=0

= lim .
k—oo 2

lim (Bimk - O‘kﬂ'k)
k— o0

so limy o0 @y, 1 and limy o B;, 1 exist and are equal

by Lemma|3.11.3] Let

= i .
TR
Then z € [a,b] so there is a U € G such that z € U.
This U is open so there is an § > 0 such that

[a,b] N (z — 6,z +0) CU.

If k is chosen large enough that (b — a)/2% < § then
[y ks Bir.e] € U. So {U} is a finite subcover of G.
But i, was chosen such that there is no finite sub-
cover. So our assumption that [a,b] is not compact
leads to a contradiction.

If T is of any of the forms (—o0,+0), (a,+00),
[a,+00), (—00,b) or (—o0,b]) then let G be the set
of sets of the form I N (—r,r) for » > 0. This
is an open cover of I. It has no finite subcover
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{(=r1,71)y. .., (="m,™m)} because I contains ele-
ments of absolute value at least maxi<;j<p, ;. So I is
not compact. Similarly [a,b) and (a,b) are not com-
pact because the set of sets of the form I N (—o0,x)
for < b are an open cover without a finite subcover
and (a, b] is not compact because the sets of the form
(y, +00) for y > a form an open cover with no finite
subcover. O

There’s an alternate characterisation of compact
spaces in terms of closed sets.

Proposition 3.12.4. The following two conditions
are equivalent:

(a) (X, T) is compact

(b) For every set C of closed subsets of X with the
property that

V+#e

vee&
for all finite £ C C we have

NV+#e

vec

Proof. Suppose (X,T) is compact and C is a set of
closed subsets of X with the property that

V+#e

VeeE
for all finite £ C C. Define G to be the set of subsets
of X of the form X \V for some V' € G. The elements
of G are open subsets. Suppose £ C C is finite and
define F to be the set of subsets of X of the form
X\ V for some V € £. Then F C G.

(0

veé&
because (e V # @. If G were an open cover of
(X, T) then it would have no finite subcover by what
we’ve just proved. So G is not an open cover of X.
Its elements are open sets so

Ju#x

Ueg

Juv=UJ&xx\v)=x\

UeF vee



Therefore
(V=[)&X\U)=Xx\ (ﬂ U) 4.
vec Ueg Ueg

C was an arbitrary set of closed subsets of X with the
property that

V+#e
VeF
for all finite £ C C and we’ve shown that
V+e.
Vec

So the first of the conditions in the statement of the
proposition implies the second.

Suppose, conversely, that for every set C of closed
subsets of X with the property that

V+#e
VeF

for all finite £ C C we have
V+e.
vec

Suppose G is an open cover of (X, T). Define C to be
the set of subsets of X of the form X \ U for some
U € G. The elements of C are closed subsets of X.

Also,

since G is an open cover of (X, 7). So there must be
a finite £ C C such that

V=2
vee&

Define F to be the set of subsets of X of the form
X\ V for some V € £. Then F C G and

(v

vVeeg
So F is an open cover and hence a subcover of G.
We’ve found a finite subcover for the arbitrary open
cover G of (X, T), so (X,T) is compact. This shows
that the first condition in the statement of the propo-
sition follows from the second. O

AV=[&X\U)=Xx\

vec Uveg

Nvu

Ueg

)X\X@

Juv=U&xEx\v)=x\

UeF vee

)X\@X.
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The proposition is most often applied to C =
{K1, K3, ...} where the K’s are a nested sequence of

non-empty compact subsets, i.e. K1 O Ko D ---.

The following lemma is often useful for proving the
compactness of subsets.

Lemma 3.12.5. Suppose (X,Tx) is a topological
space and (A, Ta) is a subspace. Then (A, Ta) is com-
pact if and only if every A C X. Then A is compact
if and only if every open cover of A with respect to
(X,Tx) has a finite subcover.

Proof. Suppose A is compact and G is an open cover
of A with respect to (X, Tx). Let

H=("),(9).
We note that G C Tx so

H=(i"),(9) € ("), (Tx) = Ta.

Also,
Uv= U v= U Vv
Ver Ve(i*), (G) Ueg,V=i*(U)
=Jirw) =i (U U)
veg Ueg

and G is a subset of A C UUeg U so

U U) =W
Ueg VeH
On the other hand, V C A for all V € H so

YJveca

VeH

A= JW

VeH

A:i*(A)Ci*<

and hence

So H is an open cover of (A, T4). It therefore has a
finite subcover, which we call £. The restriction of i*
to G is a surjection from G to H. By Proposition|2.7.2
there is a function s: H — G such that i* o s is the



identity on H. Let F = s.(€). Then F is the image
of a finite set and hence is finite. Note that

() () [y

UeF UeF vee

=JirGsvy=Jv=4
veé veeE
" Ac

UeF

So F is a cover of A with respect to (X, Tx).
F C G, so it is finite subcover.
A is compact then every open cover with respect to
(X, Tx) has a finite subcover.

Suppose now that every open cover with respect
o (X,7Tx) has a finite subcover and that H is an
open cover of (A, T4). Using Proposition again
there is a function s: 74 — Tx such that ¢* o s is the
identity on T4. Let

Also

g

)

s«(H).

>>> (

Then

ﬂ(UU Uvu U s

Ueg Ueg VeH
=JirGsvy=Jv=4
VeH VeH
SO
Ac uw
Ueg

So G is an open cover of A with respect to (X, Tx).
By assumption it has a finite subcover, which we’ll
call F. Let

&= ("), (F).

£ is the image of a finite set and so is finite.

EC(1),(9) = (1), (s.(H)) = (i 05), H = H.

Also,

Uv

UeF

This shows that if
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So € is a finite subcover of H. O

Compact sets have many interesting and useful
properties.

Proposition 3.12.6. If (X,T) is compact and K €
p(X) is closed then K is compact.

Proof. We use Lemma [3.12.5] which says that K is
compact if and only if every open cover of K with
respect to (X, T) has a finite subcover.

Suppose G is an open cover of K with respect to
(X, T). In other words

KgUU.

Uveg

Let
H=GU{X\K}.

X \ K is open and
) (X \K) =

so H is an open cover of X. (X,7T) is compact so H
has a finite subcover. This finite subcover is also an
open cover of K with respect to (X, 7). This cover
may or may not include X \ K but if it does we can
remove X \ K and the result will still be a cover of
K. This new open cover is a finite subcover of G. So
every open cover of K with respect to (X,7) has a
finite subcover. In other words, K is compact. O

Uu

Ueg

Uvu

X=KU(X\K)C (
UcH

Proposition 3.12.7. Suppose that (X, T) is a topo-
logical space and Ki,...,K,, € p(X) are compact.
Then so is |Jj~, K.

Proof. Again we use Lemma [3.12.5] Suppose G is an
open cover of | Jj~, K; with respect to (X, T). Then
it’s also an open cover of each K; with respect to
(X,T). K, is compact so there’s a finite subcover
Fj. Then J;_, F; is an open cover of [Ji_, K. As
a finite union of finite sets it’s finite and so is a finite
subcover of G. O

Proposition 3.12.8. Suppose (X, Tx) and (Y, Ty)
are topological spaces and f: X — Y is a continuous
function. If K € p(X) is compact then so is f.(K).



Proof. As usual we use Lemma [3.12.5] Suppose G is
an open cover of f,(K) with respect to (Y, Ty ). Let

H=(f).(9):

Then H C Tx by Lemma[3.1.2] If # € K then f(z) €
f+(K) so f(xz) € V for some V € G. But then z €
f*(V) and f*(V) € H. So H is an open cover of
K. By assumption K is compact so there’s a finite
subcover £ of H. Each element U € £ is f*(V) for
some V € G. There might be more than one such V'
for a given U but choose one and let F be the set of
those V. There are then at most as many elements
of F as of £ so F is a finite subset of G. If y € f.(K)
then y = f(z) for some x € K. Then « € U for
some U € £ and this U is f*(V) for some V € F.
Then z € f*(V) so f(z) € V, i.e. y € V. So every
y € f«(K) is an element of some V € F. So F is a
finite subcover of G. O

Lemma 3.12.9. Suppose (X, T) is a Hausdorff space
A € p(X) is compact and y ¢ A. Then there are
VW €T suchthat ACV,yeW and VNW = @.

Proof. For each x € A we have z # y so by the
definition of Hausdorff there are V., W, € T such
that x € V,, y € W, and V;, "W, = &. Then

A= U {z} C U Va
z€A z€A

so this is an open cover of A. A is compact so there
is a finite subcover. In other words, there is a finite
F € p(A) such that

AC U V.
zel
Let
v=|JV
zEF
and
W= )W,
zeF

Then A C V. Finite unions or intersections of open
sets are open so V € T and W € T. Also, y € W,
for each z soy e W. If z €e VNW then z € V,
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for some z € F. But W, C W so z € W, as well.
V. NW, = &, so there is no z € V. NW. In other
words, VNW = @. O

Proposition 3.12.10. If (X, T) is a Hausdorff topo-
logical space and A € p(X) is compact then A is
closed.

Proof. The lemma implies that for each y € X \ A
there is a V, € O(y) such that V,, C X\ A. But then

A= U e U v

yEX\A yeEX\A
and
U wecx\4
yeEX\A
SO

x\Aa= (J v,

yeEX\A

is a union of open sets and hence open. A is therefore
closed. O

Proposition 3.12.11. Suppose (X, T) is a Haus-
dorff topological space and KC is a set of compact sub-
sets of X. Then (e K is compact.

Proof. Each K € K is closed by Proposition
Any intersection of closed sets is closed 50 ()¢ K is
closed. It is a closed subset of any particular K € K
and closed subsets of a compact space are compact

by Proposition [3.12.6} so [ K is compact. [

Proposition 3.12.12. Suppose that (X,Tx) and
(Y, Ty) are compact spaces. Then (P, Tp) is compact,
where P = X XY and Tp is the product topology.

Proof. Suppose G is an open cover of P. For each x €
X and y € Y there is a Z € Tp such that (z,y) € Z
and Z € G. By Proposition [3.10.4] there are V € Tx
and W € Ty suchthatz € V,y € Wand VxW C Z.
Let Z; 4, Vo and W, , be such Z, V and W. For
given x € X the sets W, , are an open cover of Y.
Y is compact so there’s a finite subcover. In other
words, there is a finite subset F, of Y such that the
set of W, with y € F, cover Y, i.e.,

Y= |J Way
yEF,



Define

Us= () Vau-
YyEF,

Then z € U, and U, € Tx, since it’s a finite intersec-
tion of open sets. These sets therefore form an open
cover of X. X is compact so there’s a finite subcover.
In other words, there’s a finite subset E of X such
that the set of U, with x € F cover X, i.e.

X = UUw.

zEE

Suppose (s,t) € P. Then s € X so s € U, for some
x € E. Then t € W,y for some y € F,. Also,
s € Vg, since U, C V,, for all y € F,. So (s,t) €
Vay X Wy, and therefore (s,t) € Z,,. So the sets
Zyy Where x € F and y € F, cover P. This is a
finite union of finite sets and so is finite, so it is a
finite subcover of G. O

The proposition was stated for the product of two
sets but can easily be extended to the product of
finitely many sets by induction. Tychonoft’s Theo-
rem is the corresponding statement for all products.
This is considerably more difficult to prove, so we will
skip it for now.

Proposition 3.12.13. Suppose (X, T) is a compact
Hausdorff space and A, B € p(X) are closed subsets
such that ANB = @. Then there are V,W € T such
that ACV,BCW and VW =a.

Proof. A and B are closed subsets of a compact
Hausdorff space and so are compact by Proposi-
tion [3.12.10] By Lemma there are, for each
y € B, open V,, and W, such that A C V,,, y € W,
and V, "W, = @.

B:U{y}g UWy
yeB yeB

so these form an open cover of B. B is compact so
there is a finite subcover. In other words, there’s a
finite F' € p(Y') such that

Bc |Jw,
yeF

Let
V=V,
yeF
and
w=Jw,
yeF

Finite intersections or unions of open sets are open
so V and W are open. A C V, for each Y so AC V.
We've already seen that B C Wy,. If z € VNW then
z €W, for somey € F. But V CV, so z € V,. But
VyNW, = @, so there is not z € VNW and therefore
VnWw=a. O

The next two theorems are particularly important.
The following theorem is known as the Heine-Borel
Theorem.

Theorem 3.12.14. A subset S € p(R™) is compact
if and only if it is closed and bounded.

Proof. Suppose S is compact. R"™ is Hausdorff so S
must be closed by Proposition [3:12:10] The open sets
B(0,r) for r > 0 cover S and therefore must have a
finite subcover {B(0,71),...,B(0,r.,)}. So

S C U B(0,r;) =B (0, max rj)
j=1

1<j<m

and S is therefore bounded.

Suppose conversely that S is closed and bounded.
There is then an r > 0 such that S C B(0,r). S is
then a subset of the product of n copies of the interval
[—r, r]. This interval is compact by Proposition
and the product is compact by Proposition
S is thus a closed subset of a compact set. By Propo-
sition [3:12.6] it is compact. O

The following theorem is known as the Extreme
Value Theorem.

Theorem 3.12.15. Suppose (X,T) is a compact
topological space and f: X — R is a continuous
function. Then f attains a mazimum and minimum
value. In other words, there are w,z € X such that

fw) < f(x) < f(z) for allx € X.
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Proof. f«(X) is compact by Proposition (3.12.8) and
therefore is closed and bounded by the Heine-Borel

Theorem. The fact that it’s bounded implies that it
has an upper bound and hence a supremum. Call this
supremum b. Then y < b for all y € f.(X). If b were
not in f,.(X) then there would be a 6 > 0 such that
B(b,6) CR\ fu(X), since f.(X) is closed. But then
b — §/2 would be an upper bound for f.(X) lower
than the supremum. This is impossible so b € f.(X).
In other words, there is a z € X such that f(z) = b.
Soy < f(z) for all y € f.(X) or, equivalently, f(z) <
f(2) for all z € X. The proof that there is a w € X
such that f(w) < f(z) for all © € X is similar. O

The following theorem is known as the Bolzano-
Weierstrass Theorem.

Theorem 3.12.16. Suppose K C R" is compact.
a: N = X is a sequence such that a,, € K for all n.
Then o has a convergent subsequence.

Proof. For m € N set
T ={neN:m<n}

and
Cm = s (Thy).

Let C be the set of all C,, from m € N. Then
C satisfies the hypotheses of Proposition be-
cause for any finite subset &€ = {Ciy,...,Cpm,. } We
have o, € (g V where n = max(my, ..., mg), 50

Nyee V # 9. Tt then follows from Proposition [3.12.4

that
V=) Cn#e.

vec meN

There is therefore a z € (), ,cn Cm- Suppose Z €
O(z). By Proposition [3.2.2]| a.(T,) N Z # @. In

other words, there is an n > m such that «,, € Z.
This holds in particular for Z = B(z,1/2¥) for k € N.
So for each k£ € N there is an nj € N such that

;. € B(z,1/2%).

Then

lim a,, = 2.
k—o0

O
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3.13 Normal spaces

Proposition [3.12.13| motivates the following defini-
tion.

Definition 3.13.1. A topological space (X,7T) is
called normal if for any closed A, B € p(X) that
AN B = @& there are VW € T such that A C V,
BCWandVNW=go.

Proposition [3.12:13| shows that compact Hausdorff
spaces are normal. We’ll see later that metric spaces
are also normal.

For an example of a topological space which is not
normal, consider an infinite set X with the cofinite
topology 7. If a,b € X and a # b then A = {a} and
B = {b} are closed sets and ANB =g. If V and W
are open and A CV and B C W then V and W are
non-empty so X \ V and X \ W are finite. But then

X\(VnW)=(X\V)U(X\W)

is finite. Therefore X \ (VNW) # X and so VNW #
J.
The following result is known as Urysohn’s Lemma:

Lemma 3.13.2. Suppose (X,T) is a normal topo-
logical space and A and B are closed subsets of X
such that AN B = @. Then there is a continuous
function f: X — [0,1] such that f(z) = 0 for all
x €A and f(x) =1 for all x € B.

Proof. Note that the following three statements are
equivalent for and P, Q € p(X):

e PNQ=0.
e PCX\Q.
e QC X\ P.
Also, the following three are equivalent:
e PUQ = X.
e X\PCQ.

e X\QCP.



We'll need these facts repeatedly below with various
choices of P and Q.

We begin the proof by constructing some set valued
functions. Let Dj be the set of rational numbers of
the form j/2F where j and k are integers such that
0 < j < 2*. By induction on k we show that there are
functions V': D U{1} = p(X) and W: Dy U {0} —
p(X) with the following properties:

V(y),W(y) €T,

)
b) ACV(y) and B C W (y),
)

(
(

(c) If y1 < w2 then V(y1) NW(y2) = @, and

(d) If y; < yo then W(yy) UV (y2) = X.

These are to hold for any y, y; and yo for which the
functions are defined.

We start from £k =0, W(0) = X \ A and V(1) =
X \ B. [(a) is satisfied because A and B are closed.
[(b)]is satisfied because ANB = @, s0 A C X\ B and
B C X\ A is vacuously true for k = 0 because
there are no y; < yo for which V(y;) and W(y2) are
both defined. @ is satisfied because

W(1uV(0)=(X\A4)U(X\B)
=X\g=X.

= X\ (ANB)

For the inductive step we assume V and W have
been defined on Dy U {1} and Dy, U {0} respectively
in a way which satisfies all the conditions above and
then define them on Djy1 U {1} and Dy4; U {0} in
such a way that the conditions are still satisfied. If
y € Dy U{1l} or y € Dy U {0} we leave V(y) and
W (y) unchanged. We therefore only need to define
it at the points /2! where 0 < j < 2*¥*! is an
odd integer. We can write this as j = 2i + 1, where
0 <i<2F By from the previous stage of the
induction. W (i/2%) and V((i + 1)/2*) are open, and
hence their complements are closed.

(e () n (v (57))
- (v (3)ov (57))

=X\X=90

by @ of the previous stage.
there are V. W € T such that

(X,7T) is normal so

X\W<2ik) cv,

and
VnWw=go.

We defined V (j/281) and W (j/25*1) to be these V
and W. In other words,

14 (yil) W (2162‘1) €T,
X\W(;k> gv<2,;7'+1>,
X\V(i;) gw(zkjﬂ),
V(Qkﬂl) nw <2k'+1> - 2.

The first of these statements is [(a)] To show [(b)] we
note that

wev (L) exww (£) v (o).

The first of these inclusions was @from the previous
stage of the induction while the second one follows
from |(c)| of the previous stage and the third inclusion
was already established above. Similarly,

e () on ()

This establishes Suppose j1 < jo. If they are
even then we already have
J2
(2k+1) =9

i
4 <2k+1> nw

from the previous stage of the induction. If they are
odd and equal then it was proved above. If they are

and

1+1

BCW<
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odd and unequal then j; = 2¢; + 1 and jo = 2i2 +1 and hence
where 71 + 1 < is.

v(j1 )gX\W(j1 )gv(““) W(2Zi1)UV(2gil>:X,

2k+1

is jo Again, the cases where one j is even and one is odd
CX\W (Qk) cV ( ) are simpler and will be skipped. This establishes @

. and completes the induction.
CX\W( i21> Having defined V on Dy U {1} and W on D U {0}
28 for all k£ we can regard them as defined on the DU{1}

The first of these and fifth of these inclusions follow and D U {0} respectively, where
from the statement

j J _ D= Dy.
V<2k+1>mw(2k+1) =g ICL:JO

proved above, applied to j = ji and j = jz. Similarly, These V and W still satisfy the four properties @

the second and fourth inclusions follow from through @ because for any y, y; and ys in D there
i+1 j is a k such that they are all in Dy,.
X\V( ok ) —W(2k+1) We now define
and Z. ; S@)={yeD:zcV(y)
X\W|=)CV
\ <2k> B <2k+1> and
with 7 = j; and j = jo respectively. The third inclu- T(x)={yeD:xzecW(y}

sion follows from from the previous stage of the
induction. So we have

V(Q}ZL)QX\WGﬁJ’ (i) If x € A then S(z) = DU {1}.
(ii) If z € B then T'(z) = D U {0}.

From the properties through @ it follows that

which is equivalent to
(iii) For all x € X if y; € T(x) and y2 € S(x) then

it J2
V<W>QW(2k+l):®, Y1 < Yo2.
ie. The cases where one of j; or j, is odd and the (iv) For all w € X if y1 ¢ S(z) and yo ¢ T(x) then
other is even are similar, but we only need three in- Y1 <y
clusions instead of five. Suppose now ji < jz. Again 1¢ 54, g (z) and T'(x) are non-empty then it follows
we already have from that
w2 Yuv (2 ) —x ~
ok+1 ok+1 ) — inf S(z) > sup T'(z)

if j1 and jo are both even. If they are both odd then while it follows from that
we proceed as follows.
inf S(z) < supT(x).

jl 2.1 + 1 ig
() () ()
2k+ 2k 2" It therefore makes sense to define

J
cv (Qk}rl) f(a) = inf S(z) = sup T'(x)
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for such . We define f(z) = 0 if T(z) = @ and
f(z) = 1if S(x) = @. We then have y € T(z) if
y< f(x)andy € S(x)ify > f(z). f(xr)=0ifz e A
by while f(z)=1ifz € B by

The only thing remaining to be proved is that f
is continuous. If f(x) > a then a < supT'(z) so a is
not an upper bound for T'(z) and there is a g € T'(z)
with ¢ > a. Therefore x € W(q) for some ¢ > a. In

other words,
T € U Wy.

q>a

Conversely, if z € |J,, Wy then ¢ € T(z) for some
g > a so a is not an upper bound for T'(z) and there-
fore a < supT'(z). Then f(x) > a. So f(z) > a if
and only if z € U, Wy. In other words,

£ ((a,400)) = | We.

q>a

Similarly, if f(z) < b then b > inf S(z) so b is not a
lower bound for S(x) and there is a ¢ € S(z) with
q < b. Therefore x € V(q) for some ¢ < b. In other

words,
T € U Vg
q<b
Conversely, if z € |J,,, V; then g € S(z) for some g <
b so b is not an upper bound for S(x) and therefore
b > inf S(z). Then f(x) < b. So f(z) < bif and only
if z € U, Vg In other words,

F((=oe.0) = U Ve

q<b

Since the preimage of an intersection is the intersec-
tion of the preimages we have that

Fla)= U W@]|n

qgeD,q>a

U v].

qeD,q<b

which is an open subset of X. Every open set in R is
a union of open intervals and the preimage of a union
is the union of the preimages so the preimage of any
open set in R is an open set in X. Therefore f is
continuous. O
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The following theorem is known as the Tietze Ex-
tension Theorem.

Theorem 3.13.3. Suppose (X, T) is a normal topo-
logical space, A € p(X) is closed and f: A — [a,b] is
continuous. Then there is a continuous g: X — [a, b]
such that g(x) = f(x) for all z € A.
Proof. 1t’s easier to work with the midpoint m = “T'H’
and length [ = b — a of the interval than with its
endpoints a and b.

We prove by induction that there is a sequence h
of continuous functions such that

(a)

2k—1
Fla) — b)) < 2
for all x € A.
(b) j—1 k—1
27~ 28—
lhi(2) — hj(z)] < <33 - 3k> l

forall z € X and j < k.

The base case is easy since
ho(z) =m

satisfies both conditions. Assume therefore that hy
has been constructed in such a way that both condi-
tions are satisfied. Let

k—1
P, = {33 € A: f(x) — hi(z) < _;kﬂl}
and
2k—1
Qi = {x € A: f(x) — hg(z) > 3k+1l}'

These are closed sets because f — hy is continuous.
By the Tietze Extension theorem there is therefore a
continuous function e : X — [0, 1] such that ey (z) =
0 for x € P, and ex(z) = 1 for x € Q). We then
define hyy1 by

k—1
hisr () = ha () + ;ﬁz(%m) _).



If ¢ € P, then

2k:71 2k71
3k I < f() = hi(z) < *WL

The inequality on the left is the part of the inductive
hypothesis while the one on the right is the definition
of P,. We also have

2k71
hiq1(z) — hp(x) = _Wl
by the definition of hyi1 so
2k
3k+1l < f(x) = hgya1(z) <0.
If z € Q then

2k—1 2k,—1
vl S (@) = () < =51

The inequality on the left is the definition of @ while
the one on the right is part of the inductive hypoth-
esis. We also have

ok—1
hit1(xz) — hi(z) = Wl
by the definition of hp41 so
ok
0< f@) = hia(2) < gml.
If v € A\ (P, UQg) then
§i+il<f( ) — (a:)<%l
by the definitions of P and Q) while
ok—1 ok—1

—Il < hk+1( ) hk(m) < =1

3k+1 3k+1

by the definition of A1 so

2k ok
3k+1l < f( ) hk+1(.’1/') < Wl
So if x € A then

2k 2k
_Wl < f(@) = hgga(x) < Wl'

In other words,

2k
|f( ) hk+1 )l < 3k+1l

This is @ with k replaced by k + 1. We have

2i=1 2k
aste) - i)l < (2 = 0 )1

trivially if j = k + 1. Otherwise we can use the in-
ductive hypothesis

2j71 2k71
|hi(z) — hyj(z)] < (3] - 3") !
together with

2k—1 2k—1 Qk
e () — P ()| < 3k+ll = T3k = 3k:+1l’

which follows from the definition of hi11 to get

211 ok
A1 () = hy(@)] < <3J - 3k+1>l

This is @ with k replaced by k + 1. This completes
the inductive construction of the sequence h.
For any € > 0 there is an m such that

2m—1

3 [ <e

and hence if n > m then

2n1

m l<e

and therefore

|hi(x) — f(z)] < e
for all z € A. Therefore

lim hg(x) = f(2)

k—o0

for all x € A. We can also define

g(z) = ler{:O hi(z)
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for all z € X. The convergence follows from Cauchy’s
criterion and the inequality
2j—1 2k:—1
\hie(x) = hy(2)] < (3] - 3k> !
If we take m large enough that
2m—1

3’ITL

<e€

then for all z € X and j,k > m we have
|hie(x) — hj()] <e.

The fact that this m is independent of x means the
Cauchy criterion is satisfied uniformly, so the se-
quence converges uniformly. Since each hy is contin-
uous the limiting g is also continuous. It clearly sat-
isfies g(x) = f(z) for x € A. It satisfies g(z) € [a, b]
because applying

2]'71 2k71
3 3k >l

ha() — hy ()] < (

with j = 0 gives

1 2kt 1

and taking the limit as k tends to infinity gives
1
l9(a) —m] < 51

O

The following proposition will be useful when we
define integrals.

Proposition 3.13.4. Suppose (X,T) is a normal
topological space and let C be the set of closed subsets
of X. that K: L — C and U: L — T are indezed
collections of sets with the following properties.

(a) X =Uxer Kx-
(b) K(A\) CU(N) forall A€ L.

(c) For all x € X there is V. € O(z) such that the
set {\ € L: VNU(XN) # @} is finite.
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Then there is a function g: L x X — [0,1], contin-
uwous in its second argument, satisfying the following
conditions.

(i) For each X\ € L the set {z: g(\,z) > 0} is a
subset of U(N).

(ii) For each x € X we have ) . g(\ ) = 1.

Note that the Condition [3.13.4il ensures that the
sum in Condition has only finitely many non-
zero terms. A function g satisfying the conditions
above is called a partition of unity.

Proof. Urysohn’s Lemma, applied to X \ U(\) and
K (\) gives a continuous function f: X — [0, 1] such
that f(z) = 0 for z ¢ U(X\) and f(z) = 1 for x €
K (X). This function depends on A, so we write it as
fx ).

Let h(z) = >\, f(A, x). For each x € X there is,
by Condition aV €T and a finite F' € (L)
such that VNUW\) = @ if X ¢ F. f(\y) = 0if
yeVad VNU(N) =9d so

h(y) =Y f(\y)

AEF

for y € V. A finite sum of continuous functions is
continuous so h is continuous in V. By the lemma
below h is therefore continuous in X. If x € X
then x € K(\) for some A € L by Condition
f(\, z) =1 for this z and all the other summands are
non-negative so h(x) > 1. In particular, the function
h has no zeroes so the quotient

(A )
h(z)

g(>\,(£) =

is a continuous function of its second argument. It
follows from f(A,z) € [0,1] and h(z) > 1 that

g(A\, ) € [0,1]. Also,
> gha) =D f(\a)/h(z) = h(z)/h(z) = 1.
AEL AEL

O

Lemma 3.13.5. Suppose (X,Tx) and (Y,Ty) are
topological spaces, G is an open cover of X and



f: X =Y is a function such that for all V € G the
restriction of f to V is a continuous function from
V', with the subspace topology, to Y. Then f is con-
tinuous.

Proof. Suppose W € Ty-. Then

W)y =Xnfw) = (U V) nf*(W)
veg
=UJ vnrm).
vVeg

VN f*(W) is the preimage of W under the restriction
of f to V and so, by the continuity hypothesis, is an
open subset of V' in the subspace topology. In other
words,

VnfrW)=vnU

for some U € Tx. Finite intersections of open sets
are open so VNU € Tx and hence VN f*(W) € Tx.
Unions of open sets are open so

U vnrm))ex

veg

and hence f*(W) € Tx. So f is continuous.

4 Metric spaces

4.1 Review and elementary properties

Metrics were given in defined in Definition and
their elementary properties were given in the sections
that followed. One of the most important is Propo-
sition which tells us that metric spaces are
Hausdorff topological spaces, with the topology being
that of open sets, defined in Definition [1.8.1} Unless
otherwise specified, when talk about metric spaces
we always consider them with this topology. All the
notions from the last chapter therefore apply to met-
ric spaces. In some cases though general definitions
which apply to all topological spaces can be replaced
by simpler criteria in the case of metric spaces.

Proposition 4.1.1. Suppose (X, d) is a metric space
and A € p(X).
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(a) x € A° if and only if there is an r > 0 such that
B(z,r) C A.

(b) x € A if and only if for all > 0 we have
B(z,r)NA# @.

(¢) x € OA if and only if for all > 0 we have
B(z,m1)NA# @ and B(z,r)N (X \ A) # 2.

Proof. We use the criteria from the last three parts
of Proposition |3.2.2

If © € A° then there is a W € O(x) such that
W C A. W is open and x € W by the definition
of O(x). By Definition this means there is an
r > 0 such that B(z,r) C W. But then B(z,r) C A.
If, conversely, there is an 7 > 0 such that B(z,r) C A
then there is a W € O(z) such that W C A, namely
W = B(z,r). So z € A°.

If z € Athen for all W € O(x) we have WNA # @.
B(z,r) € O(z) so

B(z,r)NA# @.

If, conversely, B(z,7r) N A # & for all » > 0 and
W € O(x) then there is, by Definition [I.8.1} an r > 0
such that B(z,r) C W. Therefore B(xz,r) N A # @.
But

B(z,r)yNACWNA

and supersets of non-empty sets are non-empty so
WNA#@. Sox e A
If z € OA then for all W € O(x) we have WN A #
@ and
WnN(X\A) #a.

B(z,r) € O(z) so B(z,r)N A # & and so
B(z,m)N (X \ A) #£@.
If, conversely, B(xz,r) N A # & and
B(z,r)N(X\A) # o
for all » > 0 and W € O(x) then there is, by Defini-
tion(1.8.1} an r > 0 such that B(x,r) C W. Therefore
B(z,r)N A # @ and

B(x,r)N (X \ A) # 2.



But B(z,r)NACWNA and
B(z,m)N(X\A) CWnN(X\A

and supersets of non-empty sets are non-empty so
WNA#@ and

WnN(X\A) #o.
So x € 0A. O

Proposition 4.1.2. Suppose (X,d) is a metric
space, a: N — X is a sequence, and z € X. Then
limy, o0 an, = 2z if and only if for all € > 0 there is
an m € N such that o, € B(z,€) for alln > m.

This is a proposition, not a definition. Limits of
sequences have already been defined as the special
case U = N of Definition [LI81]

lim o, = 2

n—oo
therefore means that for all Z € O(z) there is an
a € R such that if n € N and n > a then «,, € Z.

Proof. Suppose that

lim o, = 2

n—oo
If > 0 then B(z,r) € O(z) so there is an a € R
such that if n > a then «,, € B(z,r). Choose any
non-negative integer m such that m > a. If n > m
then n > a so ay, € B(z,r). So for every r > 0 there
is an m € N such that if n > m then o, € B(z,7).

Suppose, conversely, that r > 0 there is an m € N

such that if n > m then a,, € B(z,r). If Z € O(z)
then there is an 7 > 0 such that B(z,r) C Z. There
is an m € N such that if n > m then «,, € B(z,r)
and hence a,, € Z. Let a = m. Then if a > x then
an € B(z,r). So for every Z € O(z) there is an
a € R such that if ¢ > z then o, € B(z,r). In other
words,

lim a, = z.
n—oo

O

Proposition 4.1.3. Suppose (X, d) is a metric space
and A € p(X). Then z € A if and only if there is a
sequence a: N — X such that a,, € A for alln € N
and lim,, o 0ty = 2.
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This holds also with nets in place of sequences
by Propositions and Also, the “if” part
was Proposition [3.3.3] None of those propositions
required the topology to be metrisable.

Proof. As noted above, we only need to prove the
“only if” part. Suppose that z € A. For each n € N
we have B(z,1/2") € O(z) so

B(z,1/2Y) N A £ @
by Proposition Choose
an € B(z,1/2") N A.

If ¢ > 0 then there is an m such that 1/2™ < e.
Then also 1/2™ < € for all n > m. So a,, € B(z,¢€)
for all n > m. Since we’ve just shown that for any
€ > 0 there is an m € N such that if n > m then
oy, € B(z,¢€) it follows from Proposition that

lim o, = 2.
n— oo

O

Proposition 4.1.4. Suppose (X, d) is a metric space
and A € p(X). Then A is dense if and only if for
every x € X and r > 0 we have B(z,r) N A # @.

Proof. By definition, A is dense if and only if A =
X, ie. if and only if # € A for all z € X. By
Proposition x € Aif and only if for all » > 0 we
have B(z,7) N A # @. O

Proposition 4.1.5. Suppose (X, d) is a metric space
and A € p(X). Then A is dense if and only if for
every z € X there is a sequence a: N — X such that
an € A for allm € N and lim,, .o oy = 2.

The corresponding statement for nets was Proposi-
tion[3.4.3] It didn’t require the topology to be metris-
able. Every sequence is a net so the “if” part of this
proposition follows from the “if” part of that propo-
sition.

Proof. By the remarks above it suffices to prove the
“only if” part of the statement. Suppose A is dense
and z € X. Then z € A. By Proposition there
is a sequence a: N — X such that a,, € A for all
n € N and lim,,_ o @y, = 2. L]



Proposition 4.1.6. (a) Suppose

(b)

(c)

(d)

(X,7Tx) and
(Y, Ty) are topological spaces and f: X — Y
is a function. Then f is continuous at x € X
if and only if for all V. € O(f(x)) there is a
U € O(zx) such that U C f*(V).

Suppose (X, Tx) is a topological space, (Y,dy)
is a metric space and f: X — Y is a function.
Then f is continuous at x € X if and only if
for all e > 0 there is a U € O(x) such that U C

fr(B(f(x),€)).

Suppose (X,dx) is a metric space, (Y, Ty) is a
topological space and f: X — Y 1is a function.
Then f is continuous at x € X if and only if
for all V. € O(f(x)) there is a & > 0 such that
B(z,0) C f*(V).

Suppose (X, dx) and (Y,dy) are metric spaces
and f: X =Y is a function. Then f is contin-
wous at x € X if and only if for all € > O there
is @ § > 0 such that B(z,d) C f*(B(f(z),€)).

Proof. We prove these in turn.

(a)

This is nearly the definition. Definition m
says that f is continuous at x if and only if
f*(W) € N(z) whenever W € N(f(x)). Sup-
pose f is continuous at z and V € O(f(z)).
Then V € N(f(z)) so f*(V) € N(z). By the
definitions of neighbourhoods and open neigh-
bourhoods there is then a U € O(z) such that
U C f*(V). So for all V€ O(f(x)) there is a
U € O(z) such that U C f*(V).

Suppose, conversely, that for all V€ O(f(x))
there is a U € O(z) such that U C f*(V). Sup-
pose W € N(f(x)). By the definitions of neigh-
bourhoods and open neighbourhoods there is a
V € O(f(z)) such that V' C W. There is then
a U € O(z) such that U C f*(V). But V C W
implies f*(V) C f*(W) so U C f*(W). Since
f*(W) contains an open neighbourhood of x it
is a neighbourhood of z, i.e. f*(W) € N(x).
Therefore f is continuous at x.

In this and the remaining parts we use the previ-
ous part as our criterion for continuity. Suppose
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f is continuous at z.
B(f(x),e) € O(f(x))
so there is a U € O(x) such that

U C fA(B(f(x),€))-

Suppose, conversely, that for every € > 0 there
is a U € O(x) such that

U C fA(B(f(x)€))-

Suppose V € O(f(z)). By the definition of open
sets in a metric space there is an € > 0 such that
B(f(z),e) C V. There is a U € O(x) such that

U C A (B(f(x),€))-
From B(f(x),e) C V it follows that
[ (B(f(x),€)) € f7(V)

so U C f*(V). For every V € O(f(x)) we have
a U € O(z) such that U C f*(V), so f is con-

tinuous at x.

Suppose f is continuous at x. Suppose V €
O(f(z)). Then there is a U € O(x) such that
U C f*(V). By the definition of open neigh-
bourhoods in a metric space there is then a é > 0
such that B(z,0) CU. So B(z,d) C f*(V).

Suppose, conversely, that for every V € O(f(z))
there is a 0 > 0 such that

B(z,d) C (V).

B(z,0) € O(x), so there is a U € O(x) such that
U C f*(V). Therefore f is continuous at x.

Suppose f is continuous at x and € > 0.
B(f(x),e) € O(f(x))

so there is a U € O(x) such that
U C fH(B(f(x),€))-

There is a 6 > 0 such that B(z,d) C U so

B(z,0) € f*(B(f(z),€))-



Suppose, conversely, that for all € > 0 there is a
0 > 0 such that

B(x,0) € f*(B(f(z),€)).

Suppose V' € O(f(x)).
such that

Then there is an € > 0

B(f(x),€) C V.

Then
[ (B(f(z),€)) € fH(V).
There is a § > 0 such that

B(z,0) € f*(B(f(x),€)).

Taking U = B(xz,d) we have U € O(x) and U C
f*(V). So f is continuous at z.

O

All of the various theorems which were proved for
continuous functions between topological spaces con-
tinue to hold when one or both spaces are metric
spaces, because metric spaces are topological spaces.
For example, a function is continuous if and only if it
is continuous at each point in its domain and the com-
position of continuous functions is continuous. It’s
only worth revisiting theorems on topological spaces
when their statements can be either simplified or im-
proved in the case of metric spaces, as below, where
we can replace nets by sequences.

Proposition 4.1.7. Suppose (X,dx) is a metric
space and (Y,dy) is a topological space. A function
f: X =Y is continuous at x if and only if for every
sequence o: N — X such that lim,,_, a, = x we

have limy, o f(an) = f(x).

The corresponding statement for nets is Proposi-
tions [3.6.6] and [3.6.7] It doesn’t require the topology
on Y to be metrisable. Every sequence is a net, so
the “only if” part follows from Proposition [3.6.6

Proof. By the remarks above it suffices to prove the
“if” part. Suppose f is not continuous at z. By
Proposition[L.1.6c|there is a V' € Ty such that no U €
O(x) is a subset of f*(V). In particular, B(z,1/2")
is not a subset of f for any n € N. So for each such n
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there is an ay, such that «,, € B(x,1/2") but v, ¢ V.
So

lim o, =
n—oo

but
lim_f(an) # ().
O

Suppose (X,dx) is a metric space and A € p(X).
There are at least two ways to get a topology on A.
There is a topology Tx consisting of the open sets
with respect to the metric dx. We can then take
the subspace topology on A. Or we can restrict the
metric dx from X x X to A x A. The result, as
shown in Lemma [1.6.3] is a metric. The set of open
sets with respect to this metric is a topology on A.
Fortunately these two topologies are the same.

Proposition 4.1.8. Suppose (X,dx) is a metric
space and A € p(X). Let Tx be the topology of open
sets with respect to the metric dx and let T be the
subspace topology on A. Let dy: A x A — R be the
restriction of dx and let To be the topology of open
sets with respect to the metric dao. Then Ty = Ta.

Proof. We need to distinguish balls in X from balls
in A. For purposes of this proof we’ll therefore write

Bx(z,r)={y € X: dx(x,y) <r}
for x € X and and
Ba(z,r) ={y € A: da(z,y) <r}

for z € A. The second of these could equally well be
written with dx in place of d 4 because the two agree
whenever both are defined. Suppose U € 7;. Then
U=ANYV for some V € Tx. For each x € U we
have x € V and V is an open set in Tx so there is an
r > 0 such that Bx(z,7) C V. The fact that there is
such an r for each z € A means that

UC U Bx(z,71).

z€U,r>0
Bx (z,7)CV

On the other hand, each element of the union is a
subset of V' so

zcU,r>0
Bx (z,m)CV

BX(‘TaT) g V.



Therefore

ANUC AN U Bx(z,r) | CANV.

z€U,r>0
Bx (z,r)CV

But ANU and ANV are both U, so

U=AnN

U Bx(z,r)

zeU,r>0
By (z,r)CV

U (AnBx(zr).

zeU,r>0
Bx (z,r)CV

But
ANBx(z,r)={ye X:z € A dx(z,y) <r}
={ye A:dx(x,y) <r} = Ba(z,r).

So

U= |J Ban).

zeU,r>0
Bx (ar)CV
Each B4(z,r) is an open set in T2 so their union is
in 7. In other words U € T5. So
Ti € Ts.

Suppose, conversely, that U € T3. For each z € U
there is an r > 0 such that Ba(z,r) C U, so

LJ ‘BA(x,T)

zeU,r>0
By (2,r)CU

U:

Using again the fact that ANBx (z,7) = Ba(z,7) we

find
U= |J (AnBx(x,r)
z€U,r>0
Ba(2,r)CU
=AnN U Bx(z,71)
zceU,r>0
Ba(e.m)CU
Let
V= U Bx(z,7).

z€U,r>0
B (xz,r)CU
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Then U = ANV. Each element of the union is an
element of Tx so V € Tx. Therefore A € 71. So

T2 CTh.
Since we already have the reverse inclusion we get

Ti="Ta.

4.2 Boundedness

Definition 4.2.1. A metric space (X,d) is called
bounded if there is an r > 0 such that d(z,y) < r for
all z,y € X. A subset A € p(X) is called bounded if
it is bounded as a metric space with the restriction
of d as its metric.

As simple examples, the intervals (a,b), [a,b), (a, ]
and [a,b] are all bounded, as is the empty interval.
The intervals [a, +00), (a, +00), (—00,b], (—00,b) and
(=00, +00) = R are not bounded.

The image or preimage of a bounded set under a
continuous function needn’t be bounded. The func-
tion f: (0,400) — (0,+00) defined by f(z) = 1/x
provides counter-examples. (0,1) is bounded but
(1, 400), which is both its image and preimage under
f, is not bounded.

The following lemma gives various conditions
equivalent to boundedness.

Lemma 4.2.2. Suppose (X,d) is a metric space and
X is non-empty. The following conditions are equiv-
alent.

(a) X is bounded, i.e. there is an r > 0 such that
d(x,y) <r foralz,ye X.

(b) There is an r > 0 such that d(z,y) < r for all
z,y € X.

(c) There is an r > 0 such that X = B(x,r) for all
reX.

(d) There is an r > 0 such that X = B(x,r) for all
zeX.

(e) For all x € X there is an v > 0 such that X =
B(z,r).



(f) For all x € X there is an v > 0 such that X =
B(z,r).

(9) Thereis an x € X and an r > 0 such that X =
B(z,r).

(h) There is an x € X and an r > 0 such that X =
B(x,r).

Proof. @ implies @ If » > 0 then r/2 > 0. X
is bounded so d(z,y) < r/2 for each z,y € X. If
d(z,y) <r/2 then d(z,y) < r.

[(b)] implies If d(z,y) < r for all y € X then
X C B(z,r). The reverse inclusion is trivial so X =

B(x,r).

implies @ B(x,r) € B(x,7) € X so if
B(z,r) = X then B(z,r) = X.

@ implies @ Since there’s an r > 0 which works
for all x € X there’s one which works for each z € X.

@ implies There is an s such that X =
B(x,s). Let r = 2s. Then

(X,s) C B(z,r) C X

B(z,s) = X so B(z,r) = X.

implies X is non-empty, so if a statement
holds for all x in X then there is an € X for which
it holds.

implies B(x,r) C B(x,r) C X so if
B(x,r) = X then B(z,r) = X.

implies @ If X = B(x,r) and y,z € X then

d(y,z) < d(z,z) +d(y, z) < 2r.

Let s = 2r. Then s > 0 and d(y,z) < s for all
y,z € X. So there is an s > 0 such that d(y,z) < s
for all ¥,z € X. So X is bounded. O

The empty set is bounded.
There are corresponding statements for subsets.

Lemma 4.2.3. Suppose (X,d) is a metric space and
A € p(X) is non-empty. The following conditions
are equivalent.

(a) A is bounded, i.e. t here is an r > 0 such that
d(z,y) <r foralz,ye A.

(b) There is an r > 0 such that d(z,y) < r for all
z,y € A.

(¢) There is an r > 0 such that A C B(x,r) for all
r € A.

(d) There is an r > 0 such that A C B(x,r) for all
r € A.

(e) For all x € A there is an v > 0 such that A C
B(x,r).

(f) For all x € A there is an r > 0 such that A C
B(z,r).

(9) There is an x € A and an r > 0 such that A C
B(z,r).

(h) There is an x € A and an r > 0 such that A C
B(x,r).

The balls are meant to be balls in X, although the
lemma would still hold if they were interpreted as
balls in A.

Proof. This follows from the preceding lemma and
the fact that Ba(z,7) = ANBx(z,r) and Ba(x,r) =
AN Bx(z,r). O

The following properties are straightforward to
prove.

Proposition 4.2.4. Any subset of a bounded set is
bounded.

Proof. Suppose (X,d) is a metric space and A, B €
p(X). If AC B and d(z,y) <r for all x,y € B then
d(z,y) <rforall z,y € A. O

Proposition 4.2.5. Suppose (X,d) is a metric
space. If Ay, ...A,, are bounded subsets of X then
Uj=, A; is bounded.

Proof. Any empty A’s don’t contribute to the union
and so can be ignored. We can therefore assume that
all A’s are non-empty. We can also assume that m >
0 for the same reason.

For each j there is, by Lemma [£.2.2} an z; € A;
and an r; > 0 such that such that

Aj C B(wj,75).
Let

r= max (d(zy,2;) +7r;).
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If y € A; then
d(z1,y) < d(21,25) + d(z;,y) < d(z1,2;) +7r; <7

SO
A; C B(x1,7)

and

U Aj Q B(xl,r).
j=1

By Proposition it follows that UJj_, A; is
bounded. O

There is also a notion of total boundedness, which
is stronger than boundedness.

Definition 4.2.6. A metric space (X,d) is called
totally bounded if for every r > 0 there is a finite
F € p(X) such that

X = U B(x,r).

zeF

Proposition 4.2.7. If (X, d) is totally bounded then
it 45 bounded.

Proof. Each B(x,r) is bounded so this follows from
Proposition O

For an example of a metric space which is bounded
but not totally bounded, consider the discrete met-
ric d on an infinite space X. X is bounded because
d(z,y) <1for all z,y € X. It is not totally bounded
because 1/2 > 0 and

U B.1/2)=F.

zeF

Proposition 4.2.8. Suppose (X,d) is a compact
metric space. Then X is totally bounded.

Proof. The set of balls B(xz,r) for x € X is, for each
r > 0, an open cover of X and therefore has a finite
subcover. O
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4.3 Lipschitz and uniform continuity

The following two definitions introduce notions which
are stronger than continuity for functions between
metric spaces.

Definition 4.3.1. Suppose (X, dx) and (Y, dy) are
metric spaces. Then f: X — Y is called Lipschitz
continuous if there is a K > 0 such that

dy (f(s), f(t)) < Kdx(s,1)
for all s,t € X.

Note that if X contains more than one point then
the restriction to K > 0 is redundant, since there
are then s,t € X such that dx(s,t) > 0 while
dy (f(s), f(t)) > 0. If K were less than zero we would
have Kdx (s, t) < dy(f(s), f(t)).

Definition 4.3.2. Suppose (X, dx) and (Y, dy) are
metric spaces. Then f: X — Y is called uniformly
continuous if for all € > 0 there is a § > 0 such that
forall z € X

B(z,0) € f*(B(f(x),€))

Proposition 4.3.3. Suppose (X,dx) and (Y,dy)
are metric spaces and f: X =Y is a function.

(a) If f is Lipschitz continuous then it is uniformly
continuous.

(b) If f is uniformly continuous then it is continu-
ous.

Proof. Suppose f is Lipschitz continuous. In other

words, there is a K > 0 such that

dy (f(5), f(t)) < Kdx(s,1)

for all s,t € X. For € > 0 let

If
dx(s,t) <4

then

dy (f(s), f()) < K6 < (K +1) =



So f is uniformly continuous.
Suppose f is uniformly continuous. In other words
for all € > 0 there is a 4 > 0 such that for all x € X

B(z,0) € f*(B(f(x),€)).

Then for every x € X and € > 0 there is a § > 0 such
that

B(x,0) € f*(B(f(x),€)).

So f is continuous. O

Neither of the converses hold in general.
f:10,1] — [0,1] is defined by

fl@)=Vx

then f is uniformly continuous but not Lipschitz con-
tinuous. It’s uniformly continuous because if

§ = &

then
B(z,6) C f*(B(f(z),€))

for all z € [0,1]. To prove this suppose y € B(z,d)
and let w = min(z,y) and z = max(x,y). Then
w < z and f(w) < f(2). Then

dr(f(2), f(y))* =
=(f(=) -
< (f(2) -
= f(2)* -

= dR(w, Z) = dR($, <= E

y) <

Then
dr(f(2), f(y)) <e.

In other words, f(y) € B(f(x),e) or y €

fr(B(f(x),€)). So
B(x,0) € f*(B(f(x),€)).

It’s not Lipschitz continuous because if there were a
K > 0 such that

dr(f(s), f(t)) < Kdr(s,1)

If
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for all s,t € [0, 1] then taking s = 0 we would have
Vt < Kt

for all ¢t € [0,1]. Squaring this would give t < K?t2.
For t € (0,1] we can divide by ¢ to get 1 < K?t for
all such ¢. This implies K2 > 0 so we the have

b= 1=

for all t € (0,1]. But this isn’t true, no matter which
K we choose, so f is not Lipschitz continuous.

If f: R — R is defined by f(z) = 22 then f is
continuous but not uniformly continuous. Suppose
that there were for each € > 0 a § > 0 such that

B(z,6) C f*(B(f(z),€))
for all z € R.
z+6/2 € B(z,9)

SO

f(z+6/2) € B(f(x),¢).

wn

dr(f(z+0/2), f(z)) = f(@)]

1
= (51""‘162 < €

|f(z+0/2) =

for all x € R. Taking z = § gives

1
6+§52 <e€

which is false, so f is not uniformly continuous.
There is however one important case in which we
can deduce uniform continuity from continuity.

Proposition 4.3.4. Suppose (X,dx) and (Y,dy)
are metric spaces and X is compact. If f: X =Y is
continuous then it is uniformly continuous.

Proof. Suppose € > 0. Then ¢/2 > 0 as well, so for
every x € X there is a § > 0 such that

B(z,0) € f*(B(f(x),€/2)).



For any such ¢ we have z € B(x,0/2), so

U

z€X,6>0,B(z,0)Cf*(B(f(x),e/2))

The balls B(z,d/2) for such  and ¢ therefore form
an open cover of X. X is compact, so there is a finite
subcover. In other words, there are x1,...,x, € X

X = B(z,5/2).

and d1,...,d,, > 0 such that
B(xj76j) c f*(B(f(J}]),E/2))
and .
X = B(z;,5,/2).

j=1

Let
6= 1 in 9;
o 2 1glgnm 7

Suppose z € X and y € B(x,d), i.e.
d(z,y) < 4.

x € B(z;,0;/2) for some j because these sets cover
X. In other words,

d(l‘,l‘j) < (5j/2.
d<0;/2s0
d(z,y) < d;/2.
It follows that
d(SCj,y) < 5j-
From this and d(z,z;) < 6;/2 < 6 we get
d(f(z;), f(y)) < /2

and
d(f(x;), f(z)) < e/2.
Therefore

d(f(z), f(y)) <e.
So f(y) € B(f(x),¢€) or, equivalently,

ye [1(B(f(x),€)).
For all z € X we’ve shown that if y € B(x,¢) then
ye f1(B(f(x),€)).
In other words,
B(x,0) € f*(B(f(x),€)).

So f is uniformly continuous. O

This can’t be strengthened to obtain Lipschitz con-
tinuity, as the example of f(z) = /z on [0, 1] shows.

The following properties are all straightforward
consequences of the definitions.

Proposition 4.3.5. Suppose (X,dx) and (Y,dy)
are metric spaces and A € p(X). Let da be the re-
striction of dx to A x A. Suppose f: X — Y is
Lipschitz continuous and g is the restriction of f to
A. Then g is Lipschitz continuous.

Proof. If

dy (f(s), f(t)) < Kdx(s,1)
for all s,t € X then

dy (f(s), f(t)) < Kdx(s,1)
for all s,¢ € A and therefore

dy (g9(s),g(t)) < Kda(s,1)
since g(s) = f(s), g(t) = f(x) and

da(s,t) =dx(s,t)

for all such s, . O

Proposition 4.3.6. Suppose (X,dx) and (Y,dy)
are metric spaces and A € p(X). Let da be the re-
striction of dx to A x A. Suppose f: X — Y is uni-
formly continuous and g is the restriction of f to A.
Then g is uniformly continuous.

Proof. For each ¢ > 0 there is a & > 0 such that
Bx (z,0) C f*(By(f(z),€))
for all 7 € X.
9" (By (f(z),€)) = AN f*(By (f(x),€))

g(w) € By (f(z), €)

if and only if w € A and

f(w) € By (f(z),€).
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If x € A then we can write this as

9" (By (9(2),€))
Also,

= AN f*(By(f(z),€)).

BA(.’E, (S)

f is uniformly continuous, so for each € > 0 there is
a d > 0 such that

Bx(z,6) C f*(By
for all z € X.

= AﬂBx<$,5).

(f(2),€))

AN Bx(x,0) C AN f*(By(f(x),¢€))

Ba(x,6) € g"(By (9(x), €))

for all z € A. In other words, g is absolutely contin-
uous. O

Proposition 4.3.7. Suppose (X,dx), (Y,dy) and
(Z,dz) are metric spaces and f: X - Y andg: Y —
Z are Lipschitz continuous. Then g o f is Lipschitz
continuous.

Proof. g is Lipschitz continuous so there is an L > 0
such that

dz(9(p),9(q)) < Ldy (p,q)

for all p,q € Y. This holds in particular for p = f(s)
and ¢ = f(t) where s,t € X, so

dz(9(f(s)),9(f(s))) < Ldy (f(s), f(t))

for all s,t € X. f is uniformly continuous, so there
is a K > 0 such that

for all s,t € X. Therefore

dz(9(f(5)),9(f(s))) < KLdx(s,t)

for all s,t € X. There is therefore an M > 0, namely
M = KL, such that

dz((go f)(s), (g0 f)(s)) < Mdx(s,1)

for all s,t € X. In other words g o f is Lipschitz
continuous. O

Proposition 4.3.8. Suppose (X,dx), (Y,dy) and
(Z,dz) are metric spaces and f: X =Y andg: Y —
Z are uniformly continuous. Then go f is uniformly
continuous.

Proof. Suppose € > 0. g is uniformly continuous, so
there is a @ > 0 such that for each y € Y

By (y,0) € g"(B(9(y),€))-

This holds in particular for y = f(x) where x € X,
S0

By (f(z),0) C g*(B(g(f(z)),¢€))
for all x € X. It follows that
f*(By (f(2),0)) € f*(g"(B(g(f(z )) €)))
= ([T g")(B((go f)(z),€))
= (g0 )" (B((go f)(x),¢€))

for all x € X. f is uniformly continuous and 6 > 0
so there is a § > 0 such that

for all z € X. So

BX($75) - (g © f>*(B((g © f)(l‘),E))

for all z € X. So for each € > 0 there is a § > 0 such
that the inclusion above holds for all z € X. In other
words, g o f is uniformly continuous. O

Proposition 4.3.9. Suppose (X,dx) and (Y,dy)
are metric spaces, (X,dx) is bounded and f: X =Y
is Lipschitz continuous then f.(X) is bounded.

Proof. (X,dx) is bounded so there is an 7 > 0 such
that
dx(s,t) <r

for all s,t € X. f is Lipschitz continuous so there is
a K > 0 such that

dy (f(s), f(t)) < Kdx (s, 1)

for all s, € X. Suppose w,z € f.(X), i.e. that
w = f(s) and z = f(t) for some s,t € X. For these s
and t we have

dy (w, z) < Kdx(s,t).

101



Let
q=Kr+1.

Then
dY (w7 Z) < q

This holds for all w,z € f.(X). Since there is ¢ >
0 such that dy(w,z) < ¢ for all w,z € f.(X) we
conclude that f,(X) is bounded. O

This proposition wouldn’t be true if we replaced
Lipschitz continuity with uniform continuity. Con-
sider the inclusion f: Z — R, with the discrete met-
ric on Z and the usual metric on R. This is uniformly
continuous because

Bz(n,1/2) = {n} C Br(n,€) = Br(f(n),€)

for all e > 0. Z is, like any set, bounded with respect
to the discrete metric. R is, of course, not bounded.

Proposition 4.3.10. Suppose (X,dx) and (Y,dy)
are metric spaces, (X,dx) is totally bounded and
f: X = Y is uniformly continuous then f.(X) is
totally bounded.

Proof. Suppose r > 0. f is uniformly continuous so
there is a § > 0 such that for all x € X

Bx(x,0) € f*(By (f(z),7)).

(X, dx) is totally bounded so there are 1, ...
X such that

, T €

X =

-

Bx (xj? 6)
1

J
Then

fo(X) = [ UBX(%CS) = J £e(Bx(x;,9)).

=1
From
Bx(zj,0) C f*(By (f(z;),7)).
it follows that
f*(BX(xja 5)) c BY(f(Ij)aT)'
Therefore

f*(X) - U BY(yj’T)

where y; = f(x;). So for any r > 0 there are

Y, Ym € Y such that
f(X) € By (7).
j=1
In other words, f.(X) is totally bounded. 0

This proposition would not be true if we replaced
uniform continuity by continuity.

One important source of Lipschitz functions is the
following proposition.

Proposition 4.3.11. Suppose (X,d) is a metric
space and A € p(X) is non-empty. Definer: X — R
by
= inf d .
r(z) o (z.y)

Then r(z) >0 for all x, r(z) = 0 if and only if v € A

and r is Lipschitz continuous.

It then follows from Proposition [£:3.3] that r is uni-
formly continuous and continuous.

Proof. d(z,y) > 0 for all y € A and there is at least
one y € A so the infimum exists and is non-negative.
Suppose x € A. By Propositionfor eachd > 0
we have
AN B(z,d) # o.

In other words, there is a y € A such that d(z,y) < §
and therefore r(z) < d. Since this holds for all § > 0
we have r(z) < 0. Combined with the inequality
r(z) > 0 which we already have this gives r(z) = 0.

Suppose, conversely, that r(z) = 0. For each § > 0
we have r(z) < 0 and hence § is not a lower bound
for d(z,y). So there is a y € A with d(z,y) < 4.
Therefore AN B(x,d) # @. This holds for all § > 0
so x € A by Proposition

Suppose s,t € X and § > 0.

t) 4+ 6 > inf d(t
r(t) + >ylrelA(7y)

so r(t) + ¢ is not a lower bound d(¢, y) there is there-
fore a y € A with

d(t,y) <r(t) +9.
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But then
d(s,y) < d(s,t) +d(t,y) < d(s,t)+r(t) + 9.
y € A so
r(s) < d(s,t) +r(t)+ 9.
This holds for all § > 0 so

r(s) <d(s,t) +r(t)

r(s) —r(t) <d(s,t).

The same argument with the roles of s and ¢ reversed
gives
r(t) —r(s) < d(t,s) = d(s,t).

So
dr(r(s),r(t)) = |r(s) — r(t)|

= max(r(s) — r(t),r(t) — r(s))
< d(s,t).

This is the Lipschitz condition with K = 1. O

The special case X = R, A = {0} shows that the
absolute value function on R is Lipschitz continuous.
This can, of course, also be proved directly.

The following corollary to Proposition will
be needed in the proof that metric spaces are normal.

Corollary 4.3.12. Suppose (X,d) is a metric space,
A, B € p(X) are closed and non-empty, and ANB =
&. Then there is a continuous function f: X — [0,1]
such that f(x) =0 forx € A and f(x) =1 forz € B.

Proof. Let
TA(QS) = lng d(:C,y),

ye
TB(x) = yuelg d(ﬂ?,y),
and
o) = — A

ra(z) +rp(@)

r4 and rp are continuous by Proposition 4.3.11] and
ra(z) = 0 for x € A and rg(z) = 0 for x € B.
ra(x) + rp(x) = 0 if and only if

re ANB=AnNB,

but this set is empty, so
ra(z) +rp(x) > 0.

f is therefore continuous and f(z) = 0 for € A and
f(z) =1for x € B. O

We’ve already seen that compact Hausdorff spaces
are normal. The following proposition gives us many
more normal spaces.

Proposition 4.3.13. Metric spaces are normal.

Proof. Suppose (X, d) is a metric space, A, B € p(X)
are closed, and AN B =@. If Ais empty let V =g
and W = X. Then V and W are open, V C A,
BCWand VNW = @. If A is non-empty but B is
empty thenlet V=X and W = @. Again, V and W
areopen, VC A BCWand VNW =g. If Aand B
are non-empty then Corollary guarantees the
existence of a continuous function f: X — [0,1] such
that f(z) =0for z € A and f(z) =1 for x € B. Let

V=r10,1/3), W= f"((2/3,1]).

[0,1/3) and (2/3, 1] are open in the subspace topology
on [0,1] so V and W are open. A CV, B C W and
VNW =g, so (X,d) is normal. O

4.4 Filters and convergence

A number of useful constructions are most easily
described in terms of filters. These were discussed
briefly in Chapter 1 but we will need more.

Proposition 4.4.1. Suppose X and Y are sets,
f: X — Y is a function and F is a filter on X.
Then f**(F) is a filter on Y.

Proof. We check conditions through [[.15.1d}
X = f*%Y)and X € FsoY € f*(F). This
establishes [L15.1a] If @ € f**(F) then f*(2) € F.
(@) = @ and @ ¢ F so f*(&) ¢ F and hence
@ ¢ f**(F). This establishes [I.15.1b]
If A, B € f**(F) then f*(A) € F and f*(B) € F.
By Lemma then

frA)NfH(B) e F.
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But
[H(A) N fH(B) = f"(AN B).

So f*(C) € F, where C = AN B. But then C €

f**(F) and C C AN B. This establishes
Suppose A € f**(F) and A C B. Then f*(4) € F
and f*(A) C f*(B). F is upward closed so f*(B) €
F. Therefore B € f**(F). This establishes [[.15.1d]
O

Proposition 4.4.2. Suppose Fy, Fi, - ..
quence of filters on a set X such that

are a Sse-

FoCF1 CF C

Let

:U]:J

=0
Then G is a filter on X.

Proof. We check that G satisfies the four conditions
through Each F; is non-empty so
their union is also non-empty. The empty set belongs
to none of them, so it also doesn’t belong to their
union.

If Ac Gand B € G then A € F; and B € Fj, for
some j and k. Let m = max(j, k). Then F; C Fp,
and Fi, C F,,. F, is a filter so there is a X € F,,
such that C C AN B. But F,, C G, so there is a
C € G such that C C AN B.

Suppose A € Gand A C B C X. There is a j such
that A € F;. F; is afilter so B € F;. But F; C G so
Beg. O

The following definitions will be used to relate nets
to filters.

Definition 4.4.3. Suppose (D, <) is a non-empty
directed set. Define a function 7: D — p(D) by

7(a) ={be D:a < b}

The eventuality filter of (D, <) is a the upward clo-
sure of 7.(D). If X isaset and f: D — X is a
net then the tail filter of f is the upward closure of
f**(F) where F is the eventuality filter of (D, <).

The name “eventuality filter” wouldn’t make much
sense if it weren’t a filter. Fortunately it is. Note that
(1+(D), D) is a directed set by Proposition
and so 7,(D) is a prefilter by Proposition
The eventuality filter is then a filter by Proposi-
tion Similarly, the tail filter is a filter by

the following proposition.

Proposition 4.4.4. Suppose (D, <) is a non-empty
directed set, X is a set and f: D — X is a net. Let
G be the tail filter of f. Then W € G if and only if
there is an a € D such that f(b) € W for allb € D
such that a < b.

Proof. Let F be the eventuality filter of (D
= [ (F).

Each of the following statements is equivalent to
the preceding one:

(a) Weg.
(b) f*(W) e F.
)
)

<), so

(¢) There is an a € D such that 7(a) C f*(W).

(d) There is an a € D such that if b € 7(a) then
be f*(W).

(e) There is an a € D such that if a <
w.

< bthen f(b) €

O

The following definition gives a different point of
view on limits.

Definition 4.4.5. Suppose (X,7T) is a topological
space. A filter F on X is said to converge to z € X
if N(z) C F. A prefilter £ is said to converge to z if
its upward closure converges to z. Suppose (D, <) is
a directed set and f: D — X is anet. Then f is said
to converge to z € X if its tail filter converges to z.
A filter, prefilter or net on X is said to be convergent
if there is some z € X such that it converges to z.

The definition of convergence may look unfamiliar,
but convergence of nets is the same as the notion of
limits we met earlier. In the case where the directed
set is (N, <), i.e. when the net is a sequence, this is
the usual notion of limits of sequences.
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Proposition 4.4.6. Suppose (X, T) is a topological
space, (D, %) is a directed set and f: D — X is a net.
Then f converges to z € X if and only if lim f = z
in the sense of Definition[1.18-3

Proof. Suppose f converges to z. Then N(z) C F,
where F is the tail filter of f. O(z) C N (z) so O(z) C
F. In other words, if U € O(z) then U € F. By
Proposition this is equivalent to the statement
that if U € O(z) then there is an a € D such that
f(b) € U for all b € D such that a < b. In other
words, lim f = z.

Suppose, conversely, that lim f = z, i.e. that if
U € O(z) then there is an a € D such that if U €
O(z) then there is an a € D such that f(b) € U for
all b € D such that a < b. By Proposition [£.4.4] this
is equivalent to the statement that O(z) C F. But
F is a filter and N (z) is the upward closure of O(z)
so it follows from Proposition that O(z) C
F. In other words, F converges to z, so f converges
to z. O

We now have a long series of lemmas, most of which
will be needed in the next section.

Lemma 4.4.7. Suppose X is a set and F is a filter
on X. If B C F is finite then

(] B+# .
BeB

Proof. The intersection of a pair of elements of F is
an element of 7 by condition from the defini-
tion of a filter. We can extend this to the intersection
of finitely many elements by induction, so

(1 BerF.

BeB

But @ ¢ F by the condition [1.15.1b| from the defini-
tion. O

Lemma 4.4.8. Suppose (X, d) is a metric space, z €
X and F is a filter on X. Then F converges to z if
and only if there is an n > 0 such that

B(z,nr) € F

for all v > 0.

Proof. If N'(z) C F then
B(z,nr) e F

because B(z,nr) € N(z). This proves the “only if”
part of the lemma.

To prove the “if” part, suppose that there is an
n > 0 such that

B(z,nr) e F

for all » > 0. If V € N (z) then there is a 6 > 0 such
that B(z,0) C V. Let r = ¢/n. Then

B(z,nr) C V.
It follows from [LI5.1d] that
VeF.
This holds for all V € N(2) so
N(z) CF.
In other words, F converges to z. O

Lemma 4.4.9. Suppose (X,d) is a metric space, F
and G are filters on X, x,y € X and r > 0. If
B(z,r) € F and B(y,r) € FNG then B(z,3r) € G.

Proof. B(z,r) € F and B(y,r) € F so
B(x,r)N B(y,r) # @
by Lemma [£.4.7] There is therefore a
z € B(x,r)N B(y,r).
Suppose w € B(y,r). Then
d(z,w) < d(z,z) +d(z,y) +d(y,w) <r+r+r

0
w € B(z,3r).

Since this holds for all w € B(y,r) we have
B(y,r) C B(x,3r).
But B(y,r) € G so
B(z,3r) e g
by 0
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Lemma 4.4.10. Suppose F is a filter on a set X
and Uy, ..., Uy € p(X) are such that

X =

=

U;.

j=1

Then there a j such that for all V € F we have
u,nv + O

Proof. Otherwise there is for each 7 a V such that
U; NV = @. This V will in general depend on j so
call it V;. Then

Uj n ‘/} = J.
Let m
W=V
j=1
Then V; € W for each j so
Uj NW =g.
Therefore

mW:O@mW:g

Jj=1

W=XnW= 0@
j=1

But
W #£g

by Lemma [1.4.7] O

Lemma 4.4.11. Suppose X is a set, U € p(X), and
F is a filter on X. Let G be the set of W € p(X)
such that there is a Ve F with UNV C W. Then
G is a filter if and only if

UNV #o
forallV e F.

Proof. F # & so thereisa Ve F. Then UNV C
UNVsoUNYV € G and hence

G +#0o.
So G satisfies the condition

Suppose W1, W5 € G. Then there are Vi,Vo € F
such that UNV; C Wy and UNV, C Wy, Fis a filter
so there is a T' € F such that T"C V3 N V5. But then

UNT CUN(WViNV,) = (UNV)N(UNV,) C WiNWs.
Since there is a 1" such that
UNT CWiNnW,
we conclude that
WinWs, eqg.

So G satisfies the condition

If W e G and W C Z then there is a V € F such
that UNV C W and hence UNV C Z. So Z € G.
Soif W e Gand W C Z then Z € G. So G satisfies
the condition [[L15.1d

The only remaining condition is[L.15.10] G is there-

fore a filter if and only if[L.15.1b|is satisfied. If[1.15.1b
is satisfied and V € F then U NV € G and hence

UNV # @. Conversely, if U NV # & then every
W € G contains a non-empty set and so is non-empty.
Therefore G satisfies the condition [1.15.1b O

Lemma 4.4.12. Suppose F is a filter on a set X
and Uy, ..., Uy € p(X) are such that

Then there is a filter G and a j such that F C G and
Uj €qg.

Proof. By Lemma there is a j such that U; N
V # @ for all V € F. Let G be the set of W € p(X)
such that thereisa Ve F with UNV C W. Then
G is a filter by Lemma [{.4.11] F is a filter and hence
non-empty so thereis a Ve F. Then UNV € G.
But UNV C U and G is upward closed so U € G. [

Proposition 4.4.13. Suppose (X, T) is a topological
space. Suppose that for every filter F on X there is
a convergent filter G such that F C G. Then (X, T)
18 compact.
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Proof. Suppose C is a non-empty collection of closed
subsets of X such that any intersection of finitely
many elements of C is non-empty. Let £ be the set
of such finite intersections. It’s non-empty because
CC & and C # ©@. Also @ ¢ C by the finite inter-
section assumption above. The intersection of two
elements of £ is again an element of £. Therefore
£ is a prefilter. Let F be its upward closure. Then
F is a filter on X so there is, by the hypotheses of
the proposition, a convergent filter G on X such that
F C G. G is convergent so there is a z € X such that
N(z) € G. We have

CCECFCY

so C € G. Suppose W € C and U € N(z). Then U
and W are both elements of G so

UNW £ o

by Lemma[£.4.7 For a given W € C this holds for all
U € N(z). By Proposition [3.2.2] then z € W. But
W is closed so z € W. This holds for all W € C so

zEﬂW

wec

Therefore

(| W+#e.

wec

We’ve just seen that if C is a non-empty set of closed
subsets of X such that the intersection of finitely
many elements of C is non-empty then the inter-
section of all of them is non-empty. By Proposi-

tion [3.12.4] the space (X, 7)) is compact. O

4.5 Cauchy filters and completeness

The following definition will play a large role in the
remainder of this chapter.

Definition 4.5.1. Suppose (X, d) is a metric space.
A filter F is said to be Cauchy if for all r > 0 there
is an z € X such that B(z,r) € F. A prefilter € is
said to be Cauchy if its upward closure is Cauchy. A
net f: D — X is said to be Cauchy if its tail filter is
Cauchy.

Note that we need X to have a metric, not just a
topology, for the definition to make sense.

Proposition 4.5.2. If (X,d) is a metric space and
F is a convergent filter on X then F is a Cauchy
filter. If it’s a convergent prefilter then it’s a Cauchy
prefilter. If (D,<) is a directed set then any net
f: D — X which is convergent is Cauchy.

Proof. The statements about prefilters and nets fol-
low from those on filters, so it suffices to prove that
every convergent filter is a Cauchy filter. If F con-
verges to z then for each r > 0 we have B(z,r) €
N(z) and hence B(z,r) € F. O

Proposition 4.5.3. Suppose (D, <) is a directed set
and (X,d) is a metric space. Then a net f: D — X
is Cauchy if and only if for every e > 0 there is an
a € D such that d(f(b), f(c)) < € for allb,c € D such
that a < b and a < c.

Proof. Suppose f is a Cauchy net. Let F be its tail
filter. Then F is a Cauchy filter, so there is an x € X

such that B(z,¢/2) € F. By Proposition this
means that there is an a such that

f(b) € B(x,€/2)

if a < b, i.e that

d(f(b),x) < 5

if @ < b. Then of course

d(f(c),x) <

DN ™

if a < ¢. But d is a metric, so

d(f(b), f(c)) <e

fagbanda<ec.
Suppose, conversely, that there is an a such that

d(f(b), f(c)) <€

if a < band a < c. Apply this with ¢ = a to get

d(f(b), f(a)) <e.
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So there is an a € D such that

f(b) € B(f(a),e)

for all b € D such that a < b. By Proposition 4.4.4
this is equivalent to the statement that

B(f(a),€) € F.

So for every € > 0 there is a ball of radius € in F. F is
therefore a Cauchy filter and f is a Cauchy net. [

As a corollary of the previous proposition we have
the following.

Proposition 4.5.4. Suppose (X, d) is a metric space
and a: N — X is a Cauchy sequence. Then ., (N)
is bounded.

Proof. Choose an ¢ > 0 and then an m € N such
d(aj, o) < € for all k,m € N such that j,k > m. In
particular, d(a;, ap,) < € for all k > m. Let

q= OIgnja<)§n d(aj, o).
Then d(aj, o) < ¢ for j < m and d(a;, ) < € for
j >m. So d(e,am) < rfor all j € N, where

r = max(q, €).

In other words «a; € B(ayy,,r) for all j € N or, equiv-
alently, © € B(au,) for all z € a.(N). So a.(N) C

B(aym,r) and a,(IN) is therefore bounded. O

Although Proposition shows that every con-
vergent filter, prefilter, net or sequence is Cauchy,
not every Cauchy filter, net or sequence is conver-
gent. To see this, consider the interval X = (0, +00)
with the usual metric and the sequence a: N — X
defined by «,, = 1/2™. To see that this is a Cauchy
sequence note that for any € > 0 there is an n such
that 1/2" < e, and therefore |a; — ax| < e for all
4,k > n. To see that it’s not convergent suppose
lim,, o0 p, = x for some x € X and then set € = /2
and choose m € N such that |a, — 2| < e for all
n > m. Choose k € N such that 1/2" < z for all
n>k. If n > k then

an =1/2" < x/2.

Let
n = max(m, k + 1).

Then
|z] < | — | + || < =z,

which is impossible, so there is no x € X such that
lim,,_, @, = x. This gives an example of a Cauchy
sequence which is not a convergent sequence. It also
gives a Cauchy net which is not a convergent net,
since nets are sequences. To get a Cauchy filter which
is not a convergent filter we take its tail filter. This
example might seem artificial in that there is a larger
metric space, R, in which this sequence is convergent.
We'll see later, when we discuss completions, that this
is not an accident.

Definition 4.5.5. A metric space (X,d) is called
complete if every Cauchy filter is a convergent filter.

It’s an immediate consequence of the definitions
that if (X, d) is complete and f: D — X is a Cauchy
net then f is a convergent net and therefore that
Cauchy sequences are convergent.

Proposition 4.5.6. R", with the usual metric, is
complete.

Proof. Every closed ball in R™ is compact by
the Heine-Borel Theorem, Theorem [3.12.14] so the
proposition follows from Proposition below. O

Proposition 4.5.7. Suppose that (X,d) is a metric
space such that every closed ball in X is compact.
Then X is complete.

Proof. Suppose F is a Cauchy filter. Let
Q=A{(r)e XxR:r>0,B(z,r) € F}

and choose some (y,s) € Q. We know there is one
because F is a Cauchy filter. If (x,7) € Q then
B(x,r) € F because

B(x,r) C B(z,r)

and F is upward closed. If (z1,71), ..
then

o (TmyTm) €Q

ﬂ B(xj,rj) 7& .

j=1
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by Lemma Let C be the set of sets of the form
B(x,7) N B(y,s) for (z,7) € Q. By Lemma m
again the intersection of finitely many elements of C is
always non-empty. The elements of C are closed sub-

sets of the compact set B(y, s). By Proposition|3.12.4
the intersection of all elements of C is non-empty. In

other words,
ﬂ (B(z,7) N B(y,s)) # 2.
(z,r)EQ
But

So there is a

z € ﬂ B(z,r).

(z,r)€Q

For any given r > 0 choose an x such that B(z,r) €
F. There must be one because F is a Cauchy filter.
Then (x,7) € Q so z € B(z,r). Suppose y € B(z,7).
Then

d(z,y) <r
and

d(z,z) <r
S0

d(y, z) < 2r

In other words, y € B(z,2r). This holds for all y €
B(z,r) so

B(z,r) C B(z,2r).
But B(z,r) € F and F is upward closed, so

B(z,2r) € F. So for every r > 0 we have B(z,2r) €
F. Therefore F converges to z by Lemma [{.4.8 [

Proposition 4.5.8. Suppose F and G are filters on
a metric space (X,d), F C G, F is Cauchy and G is
convergent. Then F is convergent.

Proof. G is convergent, so there is some z € X such
that M'(z) C G. F is Cauchy, so for every r > 0 there
is an € X. such that B(z,r) € F, and hence also
B(z,r) € FNG, since F C G. Also B(z,r) € N(z).
By Lemma we then have B(z,3r) € F. By
Lemma then F converges to G. O

Proposition 4.5.9. Every compact metric space is
complete.

Proof. Every closed ball is closed by Proposi-
tion [1.11.3] Every closed subset of a compact space
is compact by Proposition [3.12.6] Therefore every
closed ball in X is compact. The result then follows
immediately from Proposition [£.5.7] O

Proposition 4.5.10. Suppose (X,d) is a totally
bounded metric space and F is a filter on X. Then
there is a Cauchy filter G such that F C G.

Proof. We define H; inductively by Ho = F and
Hpy41 is a filter which contains Hjy and a ball of ra-
dius 1/2™. There must be such a Hyy1 by Proposi-
tion [£:4.12] since there is a finite set of balls of radius
1/2™ which cover X. Then

g = U 7‘[]'
j=0

is a filter by Proposition It contains balls of
radius 1/2™ for all n > 1. Since it’s upward closed it
contains balls of radius r for any r > 1/2". But every
r > 0 is greater than 1/2™ for some n. So it contains
a ball of radius r for each » > 0 and therefore is a
Cauchy filter. It contains F since Hy = F. O

Proposition 4.5.11. A metric space (X,d) is com-
pact if and only if it is totally bounded and complete.

Proof. Suppose (X,d) is compact. Then it’s totally
bounded by Proposition and is complete by
Proposition

Suppose (X,d) is totally bounded and complete.
If F is a filter on X then there is a Cauchy filter
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G such that F C G by Proposition This G
is then convergent by the definition of complete. It
then follows from Proposition that (X,d) is
compact. O

4.6 Completion

We begin with four simple but useful lemmas.

Lemma 4.6.1. Suppose F is a filter on a metric
space (X,d). Then there is at most one z € X such
that F converges to z.

Proof. Metric spaces are Hausdorff by Proposi-
tion [1.10.3] so by Theorem |1.15.8| there is at most
one z such that

N(z) C F.
O

Lemma 4.6.2. (a) If (X,T) is a topological space,
F is a convergent filter on X and G is a filter on
X such that F C G then G is a convergent filter.

(b) If (X,d) is a metric space, F is a Cauchy filter
on X and G is a filter on X such that F C G
then G is a Cauchy filter.

Proof. If F is convergent then there is a z € X such
that
N(z) C F.

But then
N(z)C G

because F C G.

If F is Cauchy so for each r > 0 there is an x € X
such that B(z,r) € F. F C G so B(z,r) € G. So for
each r > 0 there is an « € X such that B(z,r) € G.
Therefore G is a Cauchy filter on X. O

Lemma 4.6.3. Suppose S is a non-empty set of fil-
ters on a set X. Then (\geg G is also a filter on X.

Proof. As usual, we check conditions through

1.15.1dl Let F = ﬂges G. X eGforall G eSS
so X € F and therefore F # @. This establishes

[CI5Tal
@ ¢ G for each G € S so @ ¢ F. This establishes

LI5TH

If A,B € F then A, B € G for each G € S. There-
fore AN B € G for each G € S and hence AN B € G.
This establishes [[.15.1cl

If Ae Fand A C B then A € G for each G € S
and hence B € G for each G € S. But then B € F.
This establishes [[L15.1dl O

Lemma 4.6.4. Suppose (X,T) is a topological space,
ze€ X, and A € p(X).

(a) If G is a filter on X, A € G and G converges to
z then z € A.

(b) If z € A then there is a filter G on X such that
A€ G and G converges to z.

Proof. (a) G converges to z so N(z) € G. In other
words, if V € N(z) then V € G. By Proposi-
tion 4.7 it follows that

ANV £ 0

for all V € N (z). Therefore z € A by Proposi-
tion 3.2.21

If 2 € Athen ANV # @ for all V € N(2), again
by Proposition Apply Lemma [£.4.11] with
U= Aand F =N(z). The set G of W € p(X)
such that thereisa V € N(z) with ANV C W is
a filter since ANV # @ forall Ve N(z). If V €
N(z) then V € G since ANV C V. Therefore
N(z) € G. In other words, G converges z. Also
XeFand ANX CAsoed.

O

Definition 4.6.5. A minimal Cauchy filter on a
metric space (X,d) is a Cauchy filter G such that
if F is a Cauchy filter and F C G then F = G.

Proposition 4.6.6. Suppose (X, d) is a metric space
and z € X. Then the neighbourhood filter N'(z) is a
minimal Cauchy filter.

Proof. N(z) is a Cauchy filter by Proposition [4.5.2]
N (z) converges to z because N'(z) C N(z). If F is
a Cauchy filter and F C N(z) then F converges to
z by Proposition In other words, N (z) C F.
Combined with F C N(z) this gives F = N(z). So
N(z) is a Cauchy filter and if F is a Cauchy filter
with F C N(z) then F = N(z). In other words,
N (z) is a minimal Cauchy filter. O
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Proposition 4.6.7. If H is a Cauchy filter on a
metric space (X,d) then there is a unique minimal
Cauchy filter F such that F C H.

Proof. Let

F=)0

GCH

Then F is a filter by Lemma[4.6.3] Also, G C H and
if G is a Cauchy filter with G C H then F C G. It
remains only to prove that F is a Cauchy filter.
Suppose G C H. Both G and H are Cauchy fil-
ters so there are x,y € X such that B(x,r) € H
and B(y,r) € G. Then B(y,r) € G N H since
GNH = G. It follows from Lemma [£.4.9] that
B(x,3r) € G. This holds for all G such that G C H so
B(z,3r) € F. Suppose s > 0. Then r = s/3 > 0 so
by the argument above there is an © € X such that
B(z,3r) = B(z,s) € F. So F is a Cauchy filter. [

The following definition and pair of propositions
give an alternate characterisation of minimal Cauchy
filters.

Definition 4.6.8. Suppose (X, d) is a metric space
and F is a filter on X. F is said to be round if for
all A € F there is an r > 0 such that if B(z,r) € F
then B(z,r) C A.

Proposition 4.6.9. If G is a round Cauchy filter on
a metric space (X,d) then it is a minimal Cauchy

filter.

Proof. Suppose F is a Cauchy filter and F C G. G
is round so for every A € G there is an r» > 0 such
that if B(x,r) € G then B(z,r) C A. F is Cauchy so
there is a B(z,r) € F and F C G so B(x,r) € G and
therefore B(z,r) C A. B(z,r) € F and F is upward
closed so A € F. We've just shown that if A € G then
A e F,ie. that G C F. But we already had F C G
so F = G. Soif F is a Cauchy filter and F C G then
F = G. Therefore G is a minimal Cauchy filter. [

Proposition 4.6.10. Suppose G is a filter on a met-
ric space (X,d). Let b: G x (0,400) = p(X) be de-
fined by

b(A,r) = | Bx,r).

T€A

Let £ = b,.(G x (0,+0)) and let F be the upward
closure of £.

(a) F is a filter.

(b) F is round.

(¢c) FCG.

(d) If G is a Cauchy filter then F is a Cauchy filter.

(e) If G is a minimal Cauchy filter then F = G and
G is round.

Proof. b(X,r) = X so X € £ and therefore £ # @.
If Aec Gand r > 0then A # @ and A C b(A4,r) so
b(A,r) # @. Therefore @ ¢ £. Suppose V1, Vs € &,
i.e. that there are A, As € G and 1,75 > 0 such that
Vi = b(Al,’I’l) and V5 = b(A27T2). Then A1NAy € G
since G is filter. Also

b(A1 N Ag,min(rq,72)) C b(Ay,71) Nb(Ag,12))
=ViNnl,

and
b(A1 N As, IIlin(’Ij7 ’1“2)) eé.

So & is prefilter and its upward closure F is therefore
a filter. This establishes [£.6.10al

Suppose V € F, i.e. that there are A € G and
s > 0 such that b(A,s) C V. Let r = s/2. If
B(z,r) € F then there are C € G and ¢t > 0 such that
b(C,t) C B(z,r). But C C b(C,t) so C C B(x,r)
and therefore B(z,r) € G, since G is upward closed.
Therefore AN B(xz,r) # @. Choose y € AN B(x,r).
If z € B(x,r) then

d(y,z) < d(y,z) +d(z,z) <r+r=s

so z € B(z,s). Butz € Aso z € b(A, s) and therefore
z € V. This holds for all z € B(z,r) so B(z,r) C V.
So we’ve shown that for every V' € F thereisanr > 0
such that if B(x,r) € F then B(z,r) C V. In other
words, F is round. This establishes

Suppose V € F, i.e. that there are A € G and
r > 0 such that b(A,7) CV. ACb(A,r)s0o ACV.
G is upward closed so V' € G. This holds for all V € F
so F C G. This establishes

Suppose > 0. Let s = r/2. Then s >
0. G is Cauchy so there is an x € X such that
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B(z,s) € G. If y € B(z,s) and z € B(y,s) then
z € B(x,2s) = B(z,r) so b(B(z,s),s) € Bl(x,r).
Therefore B(x,r) € F. So for each r > 0 there is
an € X such that B(z,r) € F. Therefore F is a
Cauchy filter. This establishes

If G is a minimal Cauchy filter then F C §
by and F is Cauchy by [£.6.10d so F = G
by the definition of a minimal Cauchy filter. F is
round by so G is round.

Together Propositions [4.6.9 and [4.6.10¢| show that
a filter on a metric space is a minimal Cauchy filter
if and only if it is a round Cauchy filter.

O

Proposition 4.6.11. Suppose F and G are filters on
aset X andUNV #@ forallU € F andV € G.

(a) There is a filter H on X such that F CH,G CH
and if FCZ and G CZ then H CT.

(b) If d is a metric on X and F and G are Cauchy
filters for (X, d) then so is H.

(c) If d is a metric on X and F and G are minimal
Cauchy filters for (X,d) then F =G.

Proof. Let H be the set of W € p(X) such that there
areU e Fand V € Gwith UNV C W. We prove
that H is a filter by checking the conditions
through [[.15.1d}

XeF, XeG,and XNX C XsoW € H and
hence H # &. This establishes

If W € H then there are U € F and V € G with
UNV C W. Then UNV # @ by hypothesis, so
W # @. This establishes

If Wy,Wy € H then there are U;,U; € F and
ViNV, € G such that U;NV; € Wy and UsNVy C W
But then

(UL NU:) N (Vi N Va) = (U N Vi) N (Us N Va)
CWinNWs.

UiNnUs e Fand ViNV, € Gso Wy NWy € H. This
establishes [[L15.1d

If W e H and W C Z then there are U € F and
VeGsuchthat UNV CW. But then UNV C Z
so Z € H. This establishes So H is indeed a
filter.

Suppose U e F. UNX CUand X € Gso U € H.
This holds for all U € F so F C H. Suppose V € G.
XNV CVand X € FsoV € H. This holds for all
Vegsog CH.

Suppose [ is a filter on X such that F C Z and
F CZ. Suppose W € H. Then there are U € F and
V € G such that UNV C W Then U € 7 because
F CTZTandV € T because G C Z. 7 is a filter so
UNV € 7 and then W € Z. For al W € H we
therefore have W € Z. It follows that H C Z.

We’ve now finished Part (a). The other two parts
are simple consequences of it. F C H and F is a
Cauchy filter so ‘H is a Cauchy filter by Lemma |4.6.2
If 7 is a minimal Cauchy filter then F C G since
F C H and G C H. Similarly, if G is a minimal
Cauchy filter then G C F since G C H and F C H.
So if both are minimal Cauchy filters then F = G. O

Proposition 4.6.12. Suppose F and G are min-
imal Cauchy filters on a metric space (X,d) and
F # G. Then there are x,y € X and r > 0 such
that B(z,r) € F, B(y,r) € G and d(x,y) > 3r.

Proof. F and G are minimal Cauchy filters and F #
G then by there are U € F and V € G.
F is also a round filter by Proposition S0
there is an s > 0 such that if B(z,s) € F then
B(z,s) C U. F is a Cauchy filter and s/3 > 0 so
there is an « € X such that B(z,s/3) € F. F is
upward closed an B(x,s/3) C B(x,s) so B(z,s) € F
and hence B(z,s) C U. Similarly there’s a y € X
such that B(y,t/3) € G and B(y,t) € V. Let
r = min(s/3,t/3). If d(z,y) < 3r then = € B(y,3r),
but
B(y,r) € B(z,t) CV

sox € V. But x € U so x € UNV, which is im-
possible because U NV = &. Therefore d(z,y) > 3r.
From B(z,s/3) € F and B(y,t/3) € G it follows that
B(z,r) € F and B(y,r) € G, since F and G are up-
ward closed. O

Proposition 4.6.13. Suppose F is a filter on a set
X and G is a filter on a set Y. Let H be the set of sets
W € p(X,Y) such that there are U € F and V € G
such U xV CW. Then H is a filter on X X Y.
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Proof. As usual, we check the conditions [1.15.1a

through [[.15.1d}

XeFandY € Gso X xY € H and therefore
H # @. This proves

If W € H then there are U € F and V € G such
UxV CW. ThenU #Zand V #@soU XV # &
and hence W # @&. So @ ¢ H. This proves

Suppose Wy, Wy € ‘H. Then there are Uy,Us € F
and Vl,‘/z € Gsuch Uy xVy C Wy and Uy x Vo C W,
F is a filter so U; NU, € F. Similarly, G is a filter so
ViNnVe € G. But

(UlﬂUQ) X (Vlﬂ‘/g) = (U1 X Vl)ﬂ(UQ X ‘/2)
ngmW27

so W1 N Wy € H. This proves

If W e H and W C Z then there are U € F and
VegGsuchthat U xV CW. Butthen U x V C Z
so Z € M. This proves [[.I5.1d} O

The filter H is called the product of the filters F
and G.

You may have noticed a similarity between the
proofs of Propositions [4.6.11b] and 4.6.13] In fact
it’s possible to prove Proposition by applying
Proposition to the filters 7*F and 73*G on
X x Y, where m; and mo are the projections onto X
and Y respectively, but it’s just as easy to prove it
directly.

Lemma 4.6.14. If F is a filter on a set X, x,y € X,
p,q >0, and B(x,p), B(y,q) € F thend(x,y) < p+q.

Proof. B(z,p) N B(y,q) # @ by Lemma So
there is a z € B(x,p) N B(y, q). Then

d(w,y) < d(z,2) +d(z,y) <p+q.

O

Theorem 4.6.15. Suppose (X,dx) is a metric
space. Let X be the set of minimal Cauchy filters on
X. Define dx: X x X — R as follows. If F,G € X
then let H be the product of F and G in the sense of
Proposition [4.6.13, Then I = d¥(H) is a Cauchy

filter on R. R is a complete metric space so there is

a unique z € R such that Z converges to z. We de-
fine dx(F,G) = z. Then dx is a metric on X. The
function i: X — X defined by i(x) = N(z) satisfies

dx (i(z),i(y)) = dx(z,y)
for all z,y € X. Also, (X,dx) is complete.

The metric space (X, dx) is called the completion
of (X, dx)

Proof. We begin by proving a number of statements
which will be needed repeatedly in the proof:

(a) A € Z if and only if there are U € F and V €
G such that for all s € U and t € V we have
dx(S, t) € A.

(b) If Bx(z,r) € F and Bx(y,r) € G then

Br(dx(x,y),2r) € L.

(c) If Bx(z,r) € F and Bx(y,r) € G then

ldx (F,G) — dx(z,y)| < 3r.

@ is simply a matter of unwrapping the various def-
initions. Each statement in the following sequence is
equivalent to the one which precedes it:

e AcT.
Aedy(H).
o di(A) e H.

e There are U € F and V € G such that U x V C
d (A).

e There are U € F and V € G such that for all
se U and t € V we have (s,t) € d% (A).

e There are U € F and V € G such that for all
s€ U and t € V we have dx(s,t) € A.

This proves@
Suppose Bx(z,r) € F, Bx(y,r) € G and r > 0. If
s € Bx(x,r) and ¢t € Bx(y,r) then

dx(s,t) < dx(s,r) +dx(z,y)+dx(y,s)
< dX(xay) + 2r
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and

dx(x,y) < dx(z,s) +dx(s,t) +dx(t,y)
< dx(s,t)+2r

S0
ldx (z,y) —dx (s, t)| < 2r

In other words,
dx(s,t) € Br(dx(z,y),2r).

So there are U € F and V € G, namely U = Bx (z,r)
and V = Bx(y,r), such that for all s€e U and t € V
we have

dX(Sv t) S BR(dX (:L’, y)7 2T)'
It follows from @ that

BR(dX(‘ra y)v QT) S

This is [(b)}

Since Z converges to dx (F,G) we have
N (dx(F,G)) CT.
From
Br (dx(F,G),r) € N (dx(F,G))
it follows that
Br (dx(F,G),r) € T.

By Lemma [£.6.14] applied to Z we then have

dr (dx(F,G),dx(x,y)) < r+2r = 3r.
This is

Various things need to be checked in order to be
sure that dx is well defined. H is a filter on X x X by
Proposition and dx is a function from X x X
to R. So d¥'(#) is a filter on R by Proposition [£.4.1]
We've defined Z to be d¥(H). We need to check
that it is Cauchy. F and G are Cauchy so there are
z,y € X such that Bx(x,r) € F and Bx(y,r) €
G. By|[(b)] we have Br(dx(z,y),2r) € Z. So for all
r > 0 there is a w € R, namely w = dx(z,y), such
that Bx(w,2r) € Z. Tt follows that Z is a Cauchy

filter. R is complete by Proposition so T is
convergent, i.e. there is a z € F such that N(z) C
Z. By Lemma there is at most one such z. It
therefore makes sense to define dx (F, G) to be this z.
If € X then N () is a minimal Cauchy filter on X,
i.e. and element of X, by Proposition {4.6.6] so 7 is
well defined.

To prove that dx is a metric we check the condi-
tions through

F and G are Cauchy so for each r > 0 there are
x,y € X such that Bx(z,r) € F and Bx(y,r) € G.
From it follows that

dx(F,G) > dx(x,y) —3r > —3r
since dx (x,y) > 0. This holds for all » > 0 so
dx(F,G) > 0.
Also,
dx(F,F) <dx(z,x)+ 3r=—-3r
for all » > 0 so
dx(F,F) <0
and hence
dx(F,F)=0.

F and G are minimal Cauchy filters so if F # G
then there are, by Proposition z,y € X and
r > 0 such that Bx(x,r) € F, Bx(y,r) € G and
dx(z,y) > 3r. If s € Bx(z,r) and t € Bx(y,r) then

dX(J},y) < dX(m?S) + dX(Sat) + dX(tvy)
<r+dx(st)+r

SO

dx(s,t) >dx(z,y) —2r>r

This holds for all s € Bx(x,r) and ¢t € Bx(y,r) so
by [(a)] it follows that (r,4oc0) C Z.

Bgr(0,7)N (r,4+00) = @

so Br(0,7) ¢ Z. Br(0,7) € N(0) so NV(0) is not a
subset of Z. Therefore Z does not converge to 0 so
dx(F,G) # 0if F # G. We have now proved that dx
satisfies [L6.1D
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From we also get for all x,y € X.
Suppose § is a Cauchy filter on X. Then § contains

dx (F,G) < dx(z,y) +3r balls of every positive radius so there is a function
=dx(y,z)+3r G: (0,400) — X such that for each r > 0 we have
< dx(G,F) + 6r Bx(G(r),r/4) € §. Each G(r) is also Cauchy so we

can find an z: (0,400) such that Bx(z(r),r/4) €
for all » > 0 and hence G(r) for each » > 0. Suppose 3r > g,r. Then

Bx(G(q),q/4) and Bx(G(r),r/4) belong to § so so

dx(G(q), G(r)) <q/4+r/4<r/2

dx(F,G) < dx(G,F).

Similarly,
by Lemma If s € Bx(z(q),q/4) and t €
dx(G,F) <dx(y,x) +3r Bx ((r),r/4) then
= dX(xay) +3r
< dx(F, g) + 6r dX(:c(q),x(r)) S dx(iﬂ(q),s) + dX(Sat) + dX(t,SC(T))
<dx(s,t)+q/4+r/4
for all » > 0 and hence <dx(s,t)+71/2
dx (G, F) <dx(F,9). so

dx(s,t) € (dx(x(q),z(r)) —r/2,400).
Combining these gives x(s,8) € (dx (2(g), 2(r)) / )

This holds for all s € Bx(z(g),q/4) and t €
dx(9,F) = dx(F,9), Bx(x(r),r/4) and Bx(z(g),q/4) € G(g) and
Bx (x(r),r/4) € G(r) so
which is [LE.TH xen /€9t
If also J is a Cauchy filter on X then for all > 0 (dx(x(q),z(r)) —7/2,400) €T

there is a z € J such that Bx(z,7) € J. Then
by @ and hence

dx(F,J) < dx(z,z) + 3r
dx(2(q), z(r)) —r/2 < dx(G(q),G(r))

)
<dx(x,y)+dx(y,z) + 3r

<dx(]:,g)+dx(g,j)+9r by@amd SO
for all » > 0 and hence dx (z(q),z(r)) <r
dx(F,J) < dx(F,9) +dx(G,T). If ¢ < r then dx(z(q),z(r)) < r so considering x
o ) ) as a net with domain the directed set ((0,+00),>)
which is so dx is a metric on X. we have that so Bx(z(r),r) belongs to the tail fil-

Suppose #,y € X and r > 0. Then Bx (z,7) € i(%) ter of 4. In particular, for each r > 0 there is a

and Bx (y,7) € i(y) so ball of radius r in the tail filter, which is therefore

. . B Cauchy. Let F be the unique minimal Cauchy filter

ldx (i(),i(y)) — dx(z,y)| < 3r contained in the tail filter. F is Cauchy so there is a

by [(c)} This holds for all 7 > 0 so y € X with Bx(y,r) € F. Then Bx(x(r),3r) € F
by Lemma [£.4.9]

Bx(x(r),r/4) € G(r)
and hence
and

dx (i(x),i(y)) = dx (z,y) Bx (x(r),r/4) € Bx (x(r),3r)
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Bx (xz(r),3r) € G(r).

From this and Bx(z(r),3r) € F it follows from

that
dx(F,G(r)) < 9r.

Therefore
Bx(G(r),r) C Bx(F,10r).
Bx(G(r),r/4) € Bx(G(r),r) so
Bx(G(r),r/4)) € Bx(F,10r).
Bx(G(r),r/4)) € § and § is upward closed so
B(F,10r) € 3.

Therefore § converges to F by Lemma We've
now shown that every Cauchy filter in X converges,
i.e. that X is complete. O

4.7 The Banach Fixed Point Theorem

The following theorem is very useful, despite the fact
that its proof is not particularly difficult.

Theorem 4.7.1. Suppose (X,dx) is a non-empty
complete metric space, ¢ < 1 and p: X — X satisfies
the inequality

dx (p(x), ¢(y)) < cdx(x,y)

for all x,y € X. Then there is a unique z € X such
that p(z) = z.

Proof. For the uniqueness, suppose ¢(w) = w and
©(z) = z. Then

dx (w, z) = dx (p(w), p(2)) < cdx (w, 2)

(1= c)dx(w,2) <0.

1 — ¢ > 0 so we can divide both sides by it to obtain
dx(w,z) <0.

But dx(w, z) > 0 so dx(w, z) = 0 and hence w = z.

To prove the existence of z we choose an a € X
and define a sequence av: N — X by

agy = a, a1 = p().

We show by induction on n that for all m < n we

have

¢ —c"

dX(arru an) <

<2 dx (v, o).

For n = 0 the only m < n is m = 0 and the statement
is trivially true. For n = 1 the only m < n arem =0,
where the statement reduces to

dx (ap, 1) < dx (oo, 1),

which is clearly true. Suppose that n > 2 and the
statement is known for all smaller values. If m = n
then

m n

c’—c

dx (0, o) < dx (o, aq)

1-c
holds trivially. If m < n then

cm n—1

dX (Oém, an—l) S

Also,

Cn72 _ Cnfl

- dx (o, ar).

dX (Oén—Q; an—l) S
Using the assumption on ¢ we find

dx (an—1,an) = dx (p(an-2),p(an-1))

< cdx(on—2,0m-1)

n—2

A

c Cnfl

1—c¢

IA
o

dx (ag, 1)

Then

dx(Oém,Oén) S dX(amaan—l) + dX(an—laan)
cm _Cn—l
< —d
< 7 dx (a0, )
n—1 "
+ Tch(aOaal)
Mo — "
= d .
1_c X(a07a1)
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This completes the induction. Similarly, if n < m
then

n m

c”—cC

1—c

A

dX(a’mvan) =~ dx(Oéo,Oél).

In general,

min(m,n) _ .max(m,n)

c c
d m n <
x(a a)_ 1—c

Cmin(m,n)

< ﬁd}((ao, 0[1)

If € > 0 then there is a k£ such that

ck

1—c¢c

dx (ag, 1)

dx(ao,al) < €

and hence

dx(am,an) < €
for all m,n > k. The sequence « is therefore a
Cauchy sequence by Proposition 4.5.3] (X, dx) is
complete so a converges to some z € X by the re-
marks after Definition 4.5.5] In other words, there is
some z € X such that

lim «a, = z.

n—oo
By Proposition we have
lim ape1 = lim @(ay,) = ¢( lim a,) = @(2).
n— o0

n—roo n—oo

But limy, o0 apy1 = limy, 00 @y 50 (2) = 2. O

4.8 Function spaces

We begin with two propositions and a definition
which could have appeared in earlier sections, but
which we will need for our discussion of function
spaces.

Proposition 4.8.1. If (X,dx) and (Y,dy) are met-
ric spaces, f: X — Y is a uniformly continuous func-
tion and F is a Cauchy filter on X then f**(F) is a
Cauchy filter on Y.

Proof. f**(F) is a filter by Proposition m Sup-
pose € > 0. f is uniformly continuous so there is a
0 > 0 such that

Bx(x,0) € f*(B(f(x),¢))

for all x € X. F is a Cauchy filter so there is an
x € X such that B(z,d) € F. F is upward closed so

[*(B(f(x),€) € F.

In other words,

B(f(x),€) € f*(F).

So for every € > 0 there is a y € Y such that B(y,€) €
**(F). Therefore f**(F) is a Cauchy filter. O

Proposition 4.8.2. Suppose that (X,dx) is a com-
plete metric space and A is a closed subset of X.
Then (A,da) is a complete metric space, where da
is the restriction of dx .

Proof. Suppose F is a Cauchy filter on A. Let
i: A — X be the inclusion function i(z) = x. i is
uniformly continuous so ¢**(F) is a Cauchy filter on
X by Proposition (X, dx) is complete so there
is a z € X such that i**(F) converges to z, i.e. such
that

Nx (2) €@ (F).

The subscript X indicates that this is the neighbour-
hood filter of x with respect to the topology on X
coming from the metric dx. We’'ll use N4 to denote
the neighbourhood filter of a point in A with respect
to the topology coming from the metric ds. Simi-
larly O with subscripts will be used for the sets of
open neighbourhoods with respect to the two differ-
ent topologies.

If 2 ¢ Athen X\ A€ N(z)and so X\ A € i**(F)
Then i*(X \ A) € F. But i*(X \ A) = @ and F is a
filter so @ ¢ F. Therefore z € A.

Suppose V' € N4(z). Then there is a U € O4(z)
such that U C V. By Proposition [3.8:2] there is a
W € Ox(z) such that U = AN W, or, equivalently,
such that U = i*(W). W € Nx(z) and Nx(z) C
i**(F). **(F) is a filter and so is upward closed, so

W e i*™(F)

and hence
U=(W)eF.

F is upward closed and U C V so

VerF.
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So if V € N4(z) then V € F. In other words,
Na(z) € F

and F converges to z. We've shown that for every
Cauchy filter F on A there is a z € A such that F
converges to z. So (A,da) is complete. O

Definition 4.8.3. Suppose X is a non-empty set and
(Y,dy) is a metric space. Then f: X — Y is called
bounded if f.(X) is a bounded subset of Y.

Proposition 4.8.4. Suppose X is a non-empty set
and (Y,dy) is a metric space. Let Z be the set of
bounded functions from X toY. Thendyz: Z X Z —
R, defined by

dz(f,g) = sup dy (f(z),9(x)),

is a metric on Z.

Proof. First note that since f.(X) and g.(X) are
non-empty and bounded there are y € f.(X), z €
g«(X) and 7, s > 0 such that f.(X) C By (y,r) and
9+(X) C By(z,s). If x € X then

dy (f(z),g(x)) < dy(f(z),y) +dy(y,2)
+dy (z,9(x))
<r+dy(y,z)+r.

Thus dy(y,z) + 2r is an upper bound for
dy (f(x), g(z)) so the supremum exists. To prove that

it is a metric we need to check through

The supremum of a set of non-negative numbers is
non-negative so dz(f,g) > 0forall f,ge Z. If f =g
then

dy (f(z),g(x)) =0
for all x € X so dz(f,g) = 0. Conversely, if f # ¢

then there is an « € X such that f(r) # g(z) and
therefore

dy (f(z),g(x)) > 0.

Therefore dz(f,g) > 0. So dz(f,g) = 0 if and only
if f = g. This establishes

From

dy (f(z),9(x)) = dy (g(x), f(x))

it follows that
dz(f,g) = sup dy (f(z),g(x))
zeX

= sup dy (g9(z), f(z)) = dz(g, f).

zeX

This establishes [[.6.1D]
If f,g,h € Z and z € X then

dy (f(z), h(x)) < dy (f(2), 9(x)) + dy (9(x), h(z))
< dZ(fag)+dZ(gah)

This holds for all x € X so

dz(f,9) = sup dy (f(z), h(z)) < dz(f,g) +dz(g,h).

This establishes [[.6.1bl O

Proposition 4.8.5. Suppose (X,T) is a non-empty
topological space and (Y,dy) is a metric space. Let
Z be the set of bounded functions from X to Y with
the metric

dz(f,9) = sup dy (f(2), g(x))-

zeX

Let W be the set of bounded continuous functions
from X toY. Then W is a closed subset of Z.

Proof. Suppose f € Z\ W. By Proposition [4.1.6b
then there are x € X and € > 0 such that there is a

U € O(z) but
U f*(By(f(z),e)).

The non-inclusion means there is a y such that y € U
and

y ¢ f*(By (f(x),€)).

In other words,

f(y) & By (f(z),€)

or
dy (f(), f(y)) = e

Suppose g € Bz(f,e/3). From g € Bz(f,€¢/3) it

follows that

dy (f(z),9(x)) < dy(f,g) <€/3
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and

dy (9(y), f(y)) < dy (g, f) < ¢€/3.

From the last three inequalities we deduce that

e <dy(f(x), f(y))
< dy(f(x),9(x)
<€/3+dy(g(x),9(y)) +€¢/3

and hence
dy (g9(z),9(y) > €/3.

Other ways of expressing this are

9(y) & By (g(x),€¢/3)

or
y ¢ 9" (By(g(x),€/3)).
Since y € U we conclude that

UL g"(By(g(x),¢/3)).

z)) +dy (9(),9(y)) + dy (9(y), f(y))

complete so this Cauchy filter is convergent. Define
f: X = Y by saying that f(z) is the element of X
to which eX*(F) converges. We now show that F
converges to f.

Suppose € > 0. F is a Cauchy filter so there is an
h € W such that

By (h,€) € F.

ok

€y

(F) converges to f(z). In other words,
Ny (f(@)) € e (F).

By (f(z),€) € Ny (f(x)) for all € >0 so

By (f(z),€) € ;" (F).

Therefore

Now

Another application of Proposition shows that if and only if

g is not continuous, i.e. that g € Z\ W. We've

therefore shown that if f € W\ Z then there is an ex(g) € By (f(x),¢€).
r > 0, namely r = ¢/3 with e as above, such that

Byz(f,r) € Z\ W. Therefore Z \ W is open and W But ex(g) = g(x), so

is closed.

O

g € ex(By(f(z),€))

Proposition 4.8.6. Suppose that (X, Tx) is a non-

empty topological space and (Y,dy) is a complete
metric space. Let W be the space of bounded con-

tinuous functions from X to Y with the metric

dw (f,g) = sup dy (f(z), g(x)).

zeX

Then (W,dw) is a complete metric space.

if and only if

9(x) € By (f(x),€),

i.e. if and only if

dy (f(x),9(z)) <e.

In other words,

Proof. Suppose F is a Cauchy filter on W. For each

xz € X let e,.: W = Y be defined by

Then

dy (ex(9), ex(h)) = dy (9(x), h(x)) < dw (g, h)

& (By (f(z),€)) = {g € W: dy(f(2), g(z) < e}.

The set on the right is therefore an element of F.
We’ve already seen that By (h,¢€) € F so

{g e W:dy(f(z),9(z) < e} N Bw(h,e) #2.

There is therefore a

so e, is uniformly continuous. By Proposition
then ef*(F) is a Cauchy filter on Y. (Y,dy) is ge{geW:dy(f(x),g(z) <e} N Bw(h,e) # 2.
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For such a g we have

dy (f (@), h(z)) < dy (f(2),9(x)) + dy (g(x), h(z))
< €+ €= 2e.

This holds for all x so
dw (f,h) < 2e.
It follows that
Bw (h,€) € Bw(f,3e).

By (h,€) € F and F is upward closed so By (f, 3¢) €
F. This holds for all € > 0 so F converges to f by
Lemma £.4.8 O

Corollary 4.8.7. Suppose that (X,Tx) is a non-
empty compact topological space and (Y, dy) is a com-
plete metric space. Let W be the space of continuous
functions from X to'Y with the metric

dw(f,9) = Sup dy (f(x),9(x)).

Then (W,dw) is a complete metric space.

Proof. For every continuous function f from X
to Y we f.(X) is compact by Proposition
It’s bounded by Proposition Therefore f is
bounded. So we can replace the words “bounded
continuous” in the statement of Proposition by
“continuous”. O

Definition 4.8.8. Suppose (X, 7x) is a topological
space and (Y, dy) is a metric space. A set A of func-
tions from from X to Y is called equicontinuous if for
every x € A and € > 0 there is a V € N(z) such that
for all f € A we have

V< f1(B(f(x)€))-

Definition 4.8.9. Suppose (X, dx) and (Y, dy) are
metric spaces. A set A of functions from from X to Y
is called uniformly equicontinuous if for every € > 0
there is a > 0 such that for all f € Aand z € X
we have

B(z,0) € f*(B(f(x),€)).

Proposition 4.8.10. Suppose (X,Tx) is a non-
empty compact topological space, (Y,dy) is a met-
ric space and A is an equicontinuous set of functions
from X to Y. Suppose further that for each x € X

the set
L= J{f()}

feA
is totally bounded. Then A is totally bounded.

Proof. Suppose r > 0. Let e = r/4. Let
R={(z,U)e X xTx:x € U,U C f(B(f,€))}
If z € X then there is a V' € N (z) such that
V< [F(B(f(x),€))-
There is then a U € O(x) such that U C V and hence
U c f(B(f(x)€))-

In other words, (z,U) € R. Therefore

X:UU.
(

z,U)

X is compact so there is a finite subcover. In other
words, there are (x1,U1), ..., (Xm,Un) in R such
that

For each j the set I, is totally bounded so the
union U;nzl 1; is totally bounded. There are therefore
Y1, -+, Yp in Y such that

m n
U Ixj - BY(yk‘7 6)'
j=1 k=1
Let T be the set of functions from {1,...,m} to
{1,...,n}. T has n™ elements and so is finite. For

each s € T' we define A; to be the set of f € A such
that

f(x;) € By (ys(5),€)

for each j € {1,...,m}. Let S be the set of s € T
such that Ay # @. S is a subset of the finite set 7" and
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so is finite. For each f € A and each j € {1,...
we have

ym}

f(x;) € I, € | By (vk, ©).
k=1

In other words, there is a k € {1,...,n} such that

f(x;) € By (y,€).

Therefore every f € A belongs to A for some s € T'.
Suppose f,g € A;. If z € X then x € U; for some
j€e{l,...,m}. Then

dy (f(2), g(x)) < dy (f(2), f(z;)) + dy (f(z;), ys(5))
+dy (Ys(), 9(;)) + dy (9(z;), g(x))
<et+etete=r.

This holds for all x € X so

d.A(f? g) S r.

By definition the set A is non-empty for each s €
S. There is therefore an f; € A, for each s € S. If
g € A, then da(fs,g) < r and hence g € Ba(fs,7).
Every g € A is in A, for some s € S so

A= U BA(fsvr)'

ses

So for every r > 0 there is a finite set of elements
of A such that the closed balls of radius r centred at
them cover A. Therefore A is totally bounded. [

The following theorem is known as the Arzela-
Ascoli Theorem.

Theorem 4.8.11. Suppose (X,Tx) is a compact
topological space, (Y,dy) is a complete metric space
and A is an equicontinuous set of functions from X
toY. If A is closed and

U (/@)
feA
is totally bounded for each x € X then A is compact.

Proof. A is totally bounded by Proposition

It is complete by Propositions and It is
therefore compact by Proposition O

Corollary 4.8.12. Suppose (X,Tx) is a compact
topological space, (Y,dy) is a compact metric space
and A is an equicontinuous set of functions from X
toY. If A is closed then A is compact.

Proof. (Y,dy) is complete and totally bounded by
Proposition The subsets (J;¢ 4{f(z)} are sub-
sets of Y and hence also totally bounded. Theo-
rem therefore implies that A is compact. [

5 Normed vector spaces

5.1 Basic definitions

As stated in Definition if V is a vector space
then we say that p: V' — R is a norm on V if it has
the following three properties:

(a) For all v € V, p(x) > 0 and p(v) > 0 unless
v=0.

(b) Forall « € R and v € V, p(av) = |a[p(v).
(¢) For all v,w € V, p(v +w) < p(v) + p(w).

Also, a pair (V,p) consisting of a vector space V' and
a norm p on V is called a normed vector space. The
elementary properties of norms were given in Propo-
sition

As shown in Theorem [1.6.2] if p is a norm on V
then d: V x V — R, defined by

d(x,y) = p(x —y),

is a metric on V. Unless otherwise specified we al-
ways assume that a normed vector space is equipped
with this metric and the topology consisting of its
open sets. This is true in particular in th following
definition, since the definition of completeness refers
to the metric space structure.

Definition 5.1.1. A complete normed vector space
is called a Banach space

Definition 5.1.2. Two norms p and ¢ on a vector
space V are called equivalent if there are ¢,C > 0
such that for all ve V

ep(v) < q(v) < Cp(v).
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The sense in which these norms deserve to be called
equivalent is explained by the following proposition.

Proposition 5.1.3. If p and q are equivalent norms
on on a vector space V and T, and T, are the asso-
ciated topologies then T, = Tg.

Proof. Let ¢,C be as in the definition of equivalent
norms. Suppose U € T,. This means that for each
x € V there is an r > 0 such that the ball of radius
r about x, with respect to the metric from the norm
p, is contained in U. In other words, if p(x —y) <r
then y € U. Let § = c¢r. If g(y — x) < ¢ then

—_

5
— < — —_ - =
p(y —x) < cq(y x) < L=

soy € U. Soq(y —x) < 0 implies y € U. But
q(y —x) < ¢ if and only if y is in the ball of radius §
about x, with respect to the metric from the norm g,
so this ball is contained in U. So for all x € U there
is a d > 0 such that the ball of radius § about x, with
respect to the norm ¢, is contained in U. Therefore
UeT, SoT, C 7T,

The same argument, with p and ¢ reversed and c
replaced by 1/C, gives the inclusion 7, C 7,. Com-
bined with the inclusion found above, this gives

Tp =Tq-
O

The term “equivalent” certainly suggests that
equivalence should be an equivalence relation in the
sense defined earlier. This is indeed true.

Proposition 5.1.4. Suppose p, q and r are norms
on a vector space V.

(a) p is equivalent to p.
(b) If p is equivalent to q then q is equivalent to p.

(c) If p is equivalent to q and q is equivalent to r
then p is equivalent to r.

Proof.
ep(v) < p(v) < Cp(v)

with ¢ = C' = 1. So p is equivalent to p.

If p is equivalent to ¢ then

cp(v) < q(v) < Cp(v).

So

—_

Sa(v) S p(V) < ~a(v).

Therefore ¢ is equivalent to p.
If p is equivalent to ¢ and ¢ is equivalent to r then
there are ¢,C' > 0 and k, K > 0 such that

cp(v) < q(v) < Cp(v).

and
kq(v) < r(v) < Kq(v).
Then
ckp(v) <r(v) < CKp(v).
So p is equivalent to 7. O

Although equivalent norms give rise to the same
topology they give rise to different metrics and com-
pleteness is defined in terms of Cauchy filters, which
in turn are defined in terms of a metric. The following
proposition is therefore not obvious.

Proposition 5.1.5. If p and q are equivalent norms
on on a vector space V and F is a Cauchy filter for
the norm p then it is also a Cauchy filter for the
norm q, and vice versa. If (V,p) is a Banach space
then (V,q) is a Banach space, and vice versa.

Proof. Let ¢,C be as in the definition of equivalent
norms. Suppose 7 > 0. F is a Cauchy filter for the
norm p and cr > 0 so there is an x € V such that

By(x,cr) € F.

Here B, is the ball with respect to the metric from
the norm p. In other words,

By(x,8) ={y € Vip(x—y) < s}.

We define balls B, with respect to the metric from the
norm ¢ similarly. If y € B,(x, cr) then p(x —y) < cr
so g(x —y) < r and hence y € By(x,r). In other
words,

B,(x,cr) C By(x,1).
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Now B,(x,cr) € F and F is upward closed so
B,(x,7) € F. There is therefore, for each r > 0,
an zinV such that By(x,r) € F. In other words, F
is a Cauchy filter for the norm gq.

Conversely, if F is a Cauchy filter for the norm ¢
then it is a Cauchy filter for the norm p. The proof is
the same, but with p and ¢ switched and c¢ replaced
by 1/C.

Suppose (V,p) is a Banach space. If F is a Cauchy
filter for ¢ then it is, by what we’ve just proved, also a
Cauchy filter for p. (V,p) is a Banach space so F is a
convergent filter for p. Convergence is defined purely
in terms of the topology and p and ¢ induce the same
topology by Proposition [5.1.3|so F is convergent for
q as well. So every Cauchy filter for ¢ is convergent
for g. In other words, (V,q) is a Banach space.

Conversely, if (V, q) is a Banach space then (V, p) is
a Banach space. The proof is identical, except with
p and ¢ switched. O

5.2 Bounded linear transformations

In this section we follow some of the standard no-
tational and terminological conventions of linear al-
gebra. In particular linear functions from a vector
space to a vector space will sometimes be called lin-
ear transformations. They will generally be written
without parentheses, unless the parentheses are re-
quired to specify the order of operations. So Av is
the linear transformation A evaluated at the vector
v. Also, composition of linear functions will gener-
ally be written without the o sign. So (AB)v is the
composition of A and B, evaluated at v. By the defi-
nition of composition of functions this is the same as
A evaluated at the vector Bv, i.e. A(Bv). We there-
fore see the the parentheses are unnecessary, since
(AB)v and A(Bv) are the same vector. One way in
which I will not follow the standard notation of linear
algebra is that a superscript * continues to refer to
the preimage rather than conjugate transpose, as it
often does in linear algebra.

Definition 5.2.1. Suppose (V,p) and (W, q) are
normed vector spaces and A: V — W is a linear
transformation. K > 0 is said to be a bound for

a A if, for all v € V, we have
q(Av) < Kp(v).

A linear transformation is called bounded if has a
bound.

There is an unfortunate conflict of terminology
here, since we already defined boundedness for func-
tions from a set to a metric space. Normed vector
spaces are sets and metric spaces, so one might hope
that the previous definition would agree with the new
one, but it does not. In fact the previous definition,
that the image of the function should be a bounded
set, is not satisfied by any non-zero linear transfor-
mation.

Proposition 5.2.2. Suppose (V,p) and (W,q) are
normed vector spaces and A:V — W is a linear
transformation. The following statements are equiv-
alent.

(a) A is bounded.

(b) A is Lipschitz continuous.
(c) A is uniformly continuous.
(d) A is continuous

(e) A is continuous at 0.

(f) There is a x € V such that A is continuous at
X.

Proof. If K is a bound for A and x,y € V then

dw (Ax, Ay) = q(Ax — Ay) = q(A(x —y))
< Kq(x—y) = Kdy(x,y).

Here dy and dw are the expected metrics on V' and
W, namely the ones coming from p and ¢ respec-
tively. So if A is bounded then it’s Lipschitz continu-
ous. Lipschitz continuity implies uniform continuity
by Proposition [£.3.3] and uniform continuity implies
continuity by the same proposition. Continuity im-
plies continuity at every point by Proposition refcon-
tloc, so in particular it implies continuity at 0. If A
is continuous at O then there is certainly an x € V
such that A is continuous at x. The non-trivial part
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of the proposition is that the last statement implies
the first.

Suppose that A is continuous at z. By Proposi-
tion [L.1.6] there is, for every € > 0, a § > 0 such
that

By (x,0) C A*(Bw (Ax,¢)).

Choose such an € and ¢§. If v 2 0 then set

y=X+_-—F/—=V.
p(v

Then
vy =) =ply %) =p 50 v)
2p(v)
B ‘21?((5\’) P(v)= g <0
SO
y € By (x,0)
and hence

y € A" (Bw(Ax,€)).

In other words
Ay € By (4x,¢€)
or

a(Aly —x)) = q(Ay — Ax) = dw (Ay, Ax) <e.

Now
Av=A (2p((sv) (y — x)) = @A(y - X)
olav) = | 2 gty - < 20

Let K =2¢/4. Then K > 0 and
q(Av) < Kp(v)

for all v # 0. This inequality holds trivially though
for v=20so
q(Av) < Kp(v)

for all v € V. K is therefore a bound for A and A is
bounded. O

Proposition 5.2.3. Suppose (V,p) and (W,q) are
normed vector spaces and A: V — W is a bounded
linear transformation. Then there is a least bound for

A.

Proof. Let S be the set of bounds for A. Then S is
non-empty and K > 0 for all K € S so

L =infS§

exists. If € > 0 then L + € > L so L + € is greater
than than the greatest lower bound for S and so is
not a lower bound. In other words, there is a K € S
such that K < L +e€. This K is a bound for A so for
all ve V we have

q(Av) < Kp(v) < (L + €)p(v).
For any v € V we have
q(Av) < (L + €)p(v)
for all € > 0 so
q(Av) < Lp(v)

L is therefore a bound for A, i.e. an element of S.
The infimum of S belongs to S and is therefore a
minimum of S. O

Proposition 5.2.4. Suppose (V,p) and (W,q) are
normed vector spaces. The set of bounded linear
transformations from V to W is a vector space. For
each a bounded linear transformation A: V. — W let
r(A) be the minimum bound for A, the existence of
which was proved in the previous proposition. Then
7 18 a norm on the space of bounded linear transfor-
mations.

Proof. The set of bounded linear transformations is a
subset of the set of all linear transformations, which
is a vector space. To show that the bounded linear
transformations are a vector space it therefore suffices
to show that any scalar multiple of any bounded lin-
ear transformation is bounded and that the sum of
any two bounded linear transformations is bounded.
This will be done in the course of checking that r
satisfies the requirements to be a norm.
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We defined bounds to be non-negative so r(A) > 0
for all A. If A is the zero linear transformation then
q(Av) = q(0) < 0p(v)

for all v.€ V so 0 is a bound for A. If must be
the least bound so 7(A) = 0. Conversely, if A is a
non-zero linear transformation then thereisav eV
such that Av # 0 and hence g(Av) > 0. This is
incompatible with

q(Av) < 0p(v)

so0 0 is not a bound and so the minimum bound r(A)
must be positive. This establishes

If « € R, A is a bounded linear transformation
from V to W and v € V then

q((ad)v) = g(a(Av) = |alg(Av) <|alr(A)p(v).

So |a|r(A) is a bound for aA. Tt follows that A is
bounded and
r(ad) < lafr(A),

since the minimum bound is less than or equal to any
other bound. If o # 0 then we also have

4(Av) = (o~ (aAv)) = [a~| g(adv)
< la|'r(ad)p(v)
so |a|1r(aA) is a bound for A. Therefore
r(A) < |a| r(ad)

since the minimum bound is less than or equal to any
other bound. Equivalently,

r(ad) > |a|r(4).

This was proved for a # 0 but clearly holds for & = 0
as well. Combined with the inequality we already
obtained, this gives

r(ad) > |a|r(4).

This establishes [[L4.10]
Next, observe that
q((A+ B)v) = q(Av + Bv) < q(Av) + q(Bv)
< r(A)p(v) +r(B)p(v)
= (r(A) +r(B))p(v)

since r(A4) and r(B) are bounds for A and B. It
follows from

q((A+ B)v) < (r(A) +r(B))p(v)

that r(A) 4+ r(B) is a bound for A + B. Therefore
A + B is bounded and, since the minimum bound is
less than or equal to any other bound,

r(A+ B) <r(A)+r(B).
This establishes [[L4.1d O

We are therefore justified in referring to the min-
imum bound of A as the operator norm of A. The
operator norm is submultiplicative in the following
sense.

Proposition 5.2.5. Suppose (U,py), (V,py) and
(W,pw) are normed vector spaces. Let py.u, pw,v
and pw,u be the operator morms on the spaces of
bounded linear transformations from U to V, from
V to W and from U to W, respectively. If A is a
bounded linear transformation from V to W and B
is a bounded linear transformation from U to V then

pw,u(AB) < pw,v(A)pv,u(B).
Proof.
pw ((AB)v) = pw (A(BV)) < pw,v(A)pv(BV)
< pw,v(A)pv,u(B)pu(v)

so pw,v(A)py,u(B) is a bound for AB and therefore

pw,u(AB) < pw,v(A)pv,u(B).

O

5.3 Equivalence of norms on finite di-
mensional normed spaces

Proposition 5.3.1. Suppose that p and q are norms
on a finite dimensional vector space V. Then p and
q are equivalent.

Proof. The assumption that V is finite dimensional
means that there is a finite basis uy, ...u, for V.

p(w) < p(w —z) + p(z)
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and
p(z) < p(z = w) + p(w)
—p(z—w) < p(w) —p(z) < p(w — 2z)
In other words,
lp(w) — p(z)| < p(w — 2).

Define f: R® — V by

f(X) - Z Ty,
j=1

Then

l9(x) — g(y)| = [p(£(x)) — p(f(y))| < p(£(x) — £(y))

=p(f(x—y) =p (D (z; —yj)u,
j=1
<> g = yilp (uy)
j=1
< Dl =yl | Do p(wy)?
j=1 j=1
=K|x -yl

where K =

the usual Euclidean norm on R™. So g is Lipschitz,
hence continuous.

Let S={xe€R": ||x||=1}. If x € S then x # 0
and hence f(x) = > 7, x;u; is a non-trivial linear
combination of basis vectors of V. So f(x) # 0 and
therefore g(x) = p(f(x) > 0.

Similarly if ¢ is a norm on V' and h(x) = ¢(f(x))
then h is continuous and is positive on S. ¢/p is
therefore a continuous positive function on S.

S is closed and bounded, hence compact, so h/g
has a minimum and maximum on S, both of which
must both be positive. There are therefore ¢, C' > 0
such that

D (u;)?. The norm in [|x — y]| is

h(x)
CSg(X) =¢

for all x € S. If y # 0 then

1
X=-—y
|l

is an element of S.

h(x)
=900 = ¢
and
q(f(y)) _ q(Edlylx) _ q(lylf(x))
pE(y))  p(E(lylx)  p(lylf(x))
_ lylla(f(x) _ hx)
Iylp(f(x))  g(x)
SO

cp(f(y)) < a(f(y)) < Cp(t(y))-

This was proved for y # 0 but clearly also holds for
y=0.

uy,..., U, is a basis for V so if v € V then v =
> j—1yju; for some y1, ..., y,. In other words, v =
f(y) for some y. Therefore

ep(v) < g(v) < Cp(v).

So p and q are equivalent. O

5.4 Useful inequalities

Proposition 5.4.1. Suppose w,x € R" and w; > 0
for all j. Suppose that ¢: R — R is strictly convez.

Then
; D wiT - >y wig (x5)
ZTL —_ ZTL

=1 Wj j=1Wj

with equality if and only if all x’s are equal.

Proof. This is clear if n = 1. For n > 1 it is proved by
induction. It’s convenient to introduce the quantities

m m
Om = E W3, ﬂm = E Wy,
i=1

Jj=1

m
Ym = > _wip ().
=1
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Our induction hypothesis is then
(o /Br) < i/ B

and we wish to prove the same with k replaced by
k+1. Let

B Wkt o

Brs1’ Brs1’ B’
Then s,t > 0 and s+t = 1 so, by the definition of
strict convexity,

e(sp+tr) < sp(p) +to(v).
with equality if and only if 4 = v. Now

V=2xk41-

Qg WEk4+1Tk+1 Qpt1
Sp = ——, ty = okl su+ty = tH
Br+1 Br+1 Br+1
and hence

Brp (ar/Br) + wrp (Try1)

Ok+1
<
4 <5k+1 ) -

Br+1
with equality if and only if
Qg
E = Th+1-

Combining this with the induction hypothesis,

k41
<
7 <5k+1 ) -

with equality if and only if both

Ve + Wk (Trt1)
Br+1

_ e
Br+1

ag
- = Tk+1-
Br

and 1 = 9 = --- = z. This happens if and only
if xt1 = 9 = -+ = xg41, so the inductive proof is
complete. O

We are mostly interested in the special case

n
E wj = 1,
j=1

in which case the inequality simplifies to

n n
ijxj < ijgo(atj).
j=1 j=i

This is known as Jensen’s Inequality. Clearly we can
allow some of the w’s to be zero, but nothing is really
gained by doing so.

Corollary 5.4.2. Suppose w,x € R" and a; > 0
and w; > 0 for all j.

n n
Wi "y
[T <> wja
i=1

j=1
with equality if and only if all a’s are equal.

Proof. If any of the a’s are zero then then the product
on the left is zero while the sum on the right is non-
negative, so the inequality holds. If all a’s are positive
then we take z; = loga; and ¢ = exp in Jensen’s
Inequality. O

The special case w; = 1/n,

1/n
. / D14y
=17
[[as] ==,
. n
Jj=1

is known as the Arithmetic-Geometric Mean Inequal-
ity.

Proposition 5.4.3. Suppose B is an m X n matriz,
w € R", and by, > 0, w; > 0 for all k and j. Sup-
pose also that Y ,_, wr, =1 Then

Zbl/wk

Proof. We begin by noting that if there is a k& such
that b;r = 0 for all j then both the left and right
hand sides of the inequality are both zero and so the
proposition holds. We therefore only need to consider
the case where for each £ there is a j with b, > 0.
Let

Wk

L pWk
Cjk = bj,k'

Then c;; > 0 and ¢; > 0 if and only if b, > 0 so
we only need to consider the case where for each k
there is a j with ¢;, > 0. We may therefore apply
the inequality

n n

w
Hak’“ < E WAk
k=1 k=1

to
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since the denominator is non-zero. We find
n e W n s
T () <
k1 iz Cik iz Cik
Summing over 1 < j < m gives

m n c wy,
=2 ) <1
Z : (Z?L Ci,k) -

J=1lk=
or

This is just
m n n m / Wk
1/u
S Tlne< I (S0
j=1k=1 k=1 \i=1

This, except for the name of the index of summation
on the right hand side, is exactly the inequality from
the proposition. O

The proposition below is known as Holder’s In-
equality.

Proposition 5.4.4. Suppose that x,y € R™, and
that p,q € (1,+00) are such that

1 1
- +-=1
p q
Then
" m Ve s 1/q
}:aﬁyj < §:|$ﬂp }:\yﬂq
j=1 j=1 Jj=1

Proof. We apply the preceding inequality with n = 2,
wyp = l/p, Wy = 1/(]7 bj71 = |I]‘ and bj72 = |yj| This
produces

1/p

m m
> Lyl < >yl
j=1 j=1

The result now follows from the elementary inequality

m m
> wiy| <> layl-
=1 j=1

1/q
m

PNEZ T

j=1

The special case p = g = 2 is known as the Cauchy-
Schwarz Inequality.

m m m

S wiyp| <D D Lyl
=1 =1 =1

The following is known as Minkowski’s Inequality.

Proposition 5.4.5. Supposer > 1 and A is an mxn
matriz. Let z € R™ be defined by

n
5= ik
k=1

Then
1/r

m n m

1/r
<D | D el

Jj=1 k

1 \j=1

Proof. We begin by noting that

n n
S ajr] < lajkl.
k=1 k=1

Summing this over j from 1 to m gives the case r = 1
of the proposition, so it only remains to consider the
case r > 1. Then

25| =

n
21" = 121"z < Mzm Y lagx

k=1
n
= 15 gkl
k=1

Summing over j,

m n n m
25" <D0 I el = DD 1zl ag
1 j=1k=1

k=1 j=1

m

Jj=

We apply Holder’s Inequality with p = r/(r — 1),
q=r,x; =|z|""! and y; = |a;x|. This gives

r—1
rs

1/r

m m m
D Iz agkl < [ D 1z17 > ajnl”
j=1 j=1 j=1
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Therefore

m n m : m 1//,’
PIETES BN D NET > lajil”
j=1 k=1 \j=1 j=1
= 1/r
m n m
=1 Iyl S lajel”
j=1 k=1 \j=1
r—1
Dividing both sides by (Z;n:l |zj|r) " gives
1/r 1/r
m n m
PNENH <Y D ekl ]
j=1 k=1 \j=1
which is what we were looking for. O

5.5 Inequalities for infinite sums

All of the inequalities above have analogues for infi-
nite sums. Of course infinite sums needn’t converge
so we need to be careful to note which sums we need
to assume converge in the hypotheses of the proposi-
tions and which sums converge as part of the conclu-
sion of the propositions.

Proposition 5.5.1. Suppose that p,q € (1,400) are

such that
1 1
S4-=1.
P q

Suppose that S is a set and f,g are functions from S

to R such that
S )P
seSs

> la(s)l

seS

and

are convergent. Then

D f(s)g(s)

ses

is also convergent and

< (Z f(S)p>1/p (Z 9(8)Iq> 1/‘1'

ses sES

S F(s)g(s)

ses

Proof. This will require some properties of infinite
sums which we won’t prove until a later section, but
the proofs there won’t depend on anything in this
section so the argument isn’t circular.

Let
u=">"|f(s)
ses
and
v= lg(s)|
ses

These exist, by the hypotheses of the proposition.
The sums are of non-negative terms so in fact

u=sup y |f(s)]"
seH

and

v=sup Y _lg(s)|,

seH
where the supremum is over finite subsets H of S.
For each such H we have

1/p 1/q
D 1f(9)g(s)] < (Z If(8)|p> (Z Ig(8)|q>

seH seH seH
< ul/Pyt/a

by the finite version of Holder’s Inequality, which we
proved in the last section. This holds for all F' so

sup Y [f(s)g(s)] < u'/Pu'/,
seH

where the sum is again over all finite H C S. Using
again the fact that this is a sum of non-negative terms
we get

D 1f(9)g(s)| = sup Y [f(s)g(s)].
seS sc€H

As with series, absolute convergence implies conver-
gence so

S 7(s)g(s)

seS
exists. The same theorem shows that

> F()g(s)

seS

< Y1 ()gs)] < uPotfs.

ses
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In a similar way we get the infinite version of

Minkowski’s Inequality.
1/r
(Saer)

ses

Z ag(s)

k=1

r\ 1/7 n
) <%
k=1

The sum over s € S on the left hand side converges
provided that the sums on the right do.

=

ses

5.6 The spaces (?(N)

Definition 5.6.1. Suppose p € [1,+00). Then
¢P(N) is the set of functions a: N — R, i.e.
quences in R, such that

oo
> ol
=0

se-

is convergent.

Proposition 5.6.2. Then

1/p

o0
lafly = { > lay P
§=0

is a norm on (P (N).

Proof. The first two properties of norms are straight-
forward. The third is Minkowski’s inequality. O

¢P(N) also complete, as will be proved in a later
section, and so ¢P(N) is a Banach space.

Proposition 5.6.3. Suppose 1 < p < g < +oo Then

(P(N) € L1(N),

and

lally < fledlp.
Also,

P(N) C ¢1(N)
ifp<q.

Proof. Suppose a € ¢P(N).
aj/||e|lp. Then

If @ # 0 then set 8; =

P

SOIBIP ="l P/ lelly = llellp/llell, = 1.
§=0

Jj=0

Each summand is non-negative so |5;|? < 1. It fol-
lows that

18;]9 = (|Bj\p)qm <16/
Multiplying by ||al|¢,

T < [ [Pl 579

By the comparison test 77 |a;|? is convergent and
afld < |lefblleef|5~2 This also holds if a = 0. In other
words,
PN CEN), Ll < Jall,
as promised.
Define v: N — R by v; = 271/ if 20 < < 2n L
Then

i Iv;1? = i on9—na/T — i g—nlq—r)/r
n=0

§=0 n=0

If ¢ > r then this geometric series converges. If ¢ < r
then it doesn’t. So v € ¢9(N) exactly for ¢ > r If
p < ¢q then we therefore have a strict inclusion

P(N) C ¢4(N)
O

Another way to state the proposition above is that
the inclusion function i: /P(N) — ¢2(N) is a con-
tinuous injection whose image is a proper (linear)
subspace. It’s continuous because |af, < |lafl,, so
K =11is a bound.

Proposition 5.6.4. Let F be the subset of ¢1(N)
consisting of sequences with only finitely many non-
zero elements. Then F is dense in (1(N) for all ¢ >
1. Also, if 1 < p < q then {?(N) is also a dense
proper (linear) subspace of £4(N).
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Proof. Suppose a € £4(N). Define al¥l € ¢7(N) by

k] _ )&
-

if j <k,
if j > k.

if j >k,
if j <k.
So

oo
loe = ™ }j2 =~ oy 2.
j=k

This tends to zero as k tends to infinity, because
Z;io |a;|? is convergent, so

i _ ARl —
Jin o — a7 = 0

from which it follows that ||a—alFl||, — 0 and al*) —
a. ol € Fforall k and o/l - asoa € F. ac
¢1(N) was arbitrary, so F' = £4(N). In other words,
F is dense in ¢7(N) for all ¢ > 1.

If 1 <p<gqthen

F C (7(N) € /(N)

so ¢P(N) is also a dense (linear) subspace of ¢2(N).
We’ve already seen that it’s a proper subset. O

If your intuition is based on finite dimensional
normed spaces then it can be hard to imagine a dense
proper subspace!

Proposition 5.6.5. Closed balls in (P(N) are not
compact for any p.

Proof. Suppose a € ¢P(N) and r > 0. Foreach k € R
define gl¥l € ¢7(N) by

ﬁm:{%+riwh
J aj if j # k.
Then

8% —all =7
and

ol — || = 21/Py

for all k,1 € N. Tt follows that % € B(a,r) for
each k. Let C be the set of all ¥ as k ranges over

N. Then C' is a closed subset of B(a,r). For any
k,l € N and any & € B(«,r) we have

Ha[k] - f”p”f - a[l]llp > ”O‘[k] - a[l]Hp =2!/Py

so at least one of [[al*l — |, or ||¢ — all|, is greater
than or equal to 21/7~1r. Equivalently, at most one
of the al™ belongs to B(&,2'/P~1r), so there is no
finite collection of balls of that radius which covers
B(a,r). Therefore B(a,r) is not totally bounded and
so is not compact. O

Proposition 5.6.6. | ||, and |
lent norms on (P(N) if 1 <p <gq.

llq are inequiva-

Proof. Choose r € (p,q) and define v; = 277/7 if
2" < j < 2™+ ag before and then

k] _ )7
;5 _{0

Then limy,_; v¥! = 4 in £9(N) but the sequence is
unbounded, and hence does not converge, in ¢(¢(N).
Convergence is defined in terms of the topology so
the two topologies are different, but equivalent norms
give rise to the same topology. O

if j <k,
if j > k.

In fact all the (uncountably many) norms || ||, for

p <1 < q are inequivalent.

Proposition 5.6.7. The inclusion i: (P(N) —
4(N) is an injection for 1 < p < q, but has no
bounded left inverse.

6 Infinite sums

Infinite sums of functions defined on arbitrary sets
were defined in an earlier section as limits of nets,
with the directed subset being the set of finite subsets
and the net being the function with assigns to each
finite subset the sum over that subset. We already
derived those properties of sums which are immedi-
ate consequences of the properties of limits, namely
uniqueness, linearity and monotonicity. There are a
number of other properties of series which we would
like to extend to infinite sums, such as the compar-
ison test, which are not immediate consequences of
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any familiar property of limits. We will derive those
properties in this chapter. Many properties of sums
hold for sums with values in a normed vector space
while others require a Banach space or even a finite
dimensional space. For simplicity we’ll consider only
real valued sums, although it’s convenient to consider
also sums with values in the extended reals, which we
now define.

6.1 The extended reals

Sums of real numbers can fail to converge in either
of two ways. Z;’;l j fails to converge because the
partial sums grow without bound while 777, (—1)7
has partial sums which are bounded, but oscillatory.
We’d like to distinguish between these two situations,
both for sums and later for integrals. One way to do
this is to work with the extended real numbers and
allow sums to be infinite.

We write [—o0,+o0] for the set consisting of the
R and two additional points, labeled +o0o0 and —cc.
The order structure and topology on the reals are
extended to the set [—o00,400] and the arithmetic
operations are partially extended.

We extend the order relation by saying that

—o0o < x <400

for all z € [—o0, +oc]. In addition to the empty set
we have four types of intervals:

e (a,b) ={z €[00, +00]: a < x < b},
e [a,b) ={z € [-00,+00]: a < x < b},
e (a,b] ={z € [-o00,+00]: a < x < b},
e [a,b] = {z € [—00,+00]: a <z < b}

Here a,b € [—00,+00]. This notation is consis-
tent with the notation for intervals in R. It is
also self-consistent, since —oo < z < 4oo for all
T € [—00, +00]. The open intervals in [—oo, +00] are
those of the form (a,b), (a, +o0], [—00,b), [—00, +¢]
or &, where a,b € [+00, —c0]. A subset of [—00, +00]
is said to be open if it is a union of open intervals. As
in R = (—o00, +00) we define upper and lower bounds
in terms of the order structure and we define infima

and suprema to be greatest lower bounds and least
upper bounds, respectively.

The following propositions illustrate some ways
in which [—o0,400] is better behaved than R =
(=00, +00).

Proposition 6.1.1. Every subset of [—o0o,+00] has
an infimum and a supremum in [—oo, +00].

Proof. Suppose A € p([—o00,40]). One of the fol-
lowing three statements is true:

1. 400 is a supremum for A.
2. z < —oo for all x € A.

3. 400 is not a supremum for A and there is an
x € A such that z > —oo.

In each case we can show that A has a supremum. In
the first case that supremum is +oo.

In the second case —oo is an upper bound. There
are no elements of [—00, +00] less than —oo and hence
no upper bounds of A less than —oo. —oo is therefore
an infimum of A.

The interesting case is the third one. +o0 is an up-
per bound for A because there are no larger elements
in [—00, +00]. If +00 were an element of A then noth-
ing less than +oo could be an upper bound and so
400 would be a supremum and we would not be in
the third case. Therefore +00 ¢ A. Thereisanz € A
such that z > —oo and we’ve just seen that 400 ¢ A
80  # 400. Therefore —oco < & < +00, i.e. x € R.
Thus RN A is non-empty. 400 is an upper bound for
A but not a least upper bound so there is an upper
bound, which we can call z. Thus w < z < 4+
for all w € A. In particular, + < 2z < 400 so
—00 < z < 400, ie. z € R. Now w < z for all
w € A and hence for all w € RN A. So z is an upper
bound in R for RN A. RN A is a non-empty subset
of R which is bounded by z € R and hence has a
least upper bound in R. Call this bound y. y is an
upper bound for RN A. If w € A then w # +00, so
w € RNAor w= —o0. In either case w < y, so y
is an upper bound for A as well. Any lesser upper
bound for A would also be an upper bound for RN A,
which is impossible because y is a least upper bound
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for RN A. So y is a least upper bound for A, i.e. a
supremum.

The proof that A has an infimum is identical, ex-
cept that the roles of +00 and —oo are reversed and
all inequalities run in the opposite direction. O

Every subset of R is a subset of [—00, +-00] so it fol-
lows from the proposition that every subset of R has
an infimum and a supremum in [—oo, +00], although
it may not have an infimum or supremum in R.

Proposition 6.1.2. Suppose (D, <) is a non-empty
directed set and p: D — [—00,4+00] is a monotone
function. Then ¢ converges to sup . (D).

Proof. Let z = supp,(D). Suppose U is an open
neighbourhood of z. U is a union of open intervals
so there is an open interval I such that z € I and
ICU.

If z = —oo then ¢p(a) < —oo for all @ € D and
hence p(a) = —oo for all a € D. Constant nets are
always convergent, so in this case the conclusion of
the proposition follows trivially. We can therefore
restrict our attention to the case z > —oo.

z €1 sol # @. It must of one of the four types
(o, B), [, B), (v, B] or [, B]. f v = —o0 and z = 400
then 0 € I and 0 < z. If @« = —0c0 and z < +00
then z —1 € T and z—1 < z. If @ > —o0 then
(e +2)/2 € T and (a + 2)/2 < z. For the latter
inequality we need to use the fact that I is an open
interval rather than just an interval, so cannot be of
the from [a, 8) or [«, 8] if @ > —oco. So in every case
there is a w € I such that w < z. z is a least upper
bound for ¢.(D) so w is not an upper bound for
v«(D). In other words, there is an = € ¢, (D) such
that © > w. x € @.(D) so there is an a € D such
that ¢(a) = x, and hence p(a) > w. ¢ is monotone
SO

p(b) > p(b) = p(a) > w

for all b € D such that ¢ < b. Now z is an upper
bound for ¢.(D) so ¢(b) < z. w,z € I and w <
w(b) < z s0 ¢(b) € I and hence p(b) € U. So for
every open neighbourhood U of z there is an a € D
such that ¢(b) € U whenever a < b. Therefore ¢
converges to z. ]

Corollary 6.1.3. Fvery monotone Ssequence in
[—00, +00] converges.

Proof. Sequences are nets. O

Proposition 6.1.4. Suppose S is a set and u: S —
[0, +-00] is a function. Then ) s u(s) converges to

sup Z u(s)
sEF
where the supremum is over all finite FF C S.

Proof. Let D be the set of finite subsets of S, ordered
by C. Define ¢: D — [0, +0o0] by

p(F) = u(s).

sEF

If ;G €D and F C G then
(F) = u(s) <> u(s) = ¢(G)

seF seG

so ¢ is monotone. This is the point at which we use
the fact that ¢(s) > 0 for all s, and so in particular
for s € G\ F. The limit of ¢ is ) _gu(s), by the
definition of sums. We can now apply the previous
proposition to conclude that ) g u(s) converges to

sup Zu(s)

O

The arithmetic operations are extended to
[—00, +00] in more or less the way one might expect.
Addition is defined by

W + 400 = +00 + w = +00,

r+—00=-00+T=—00

for w € (—o0,+o0] and = € [—00, +00). +00 + —00
and —oo + +oo are deliberately left undefined. The

additive inverse is defined by
—+00=—00, — —00 =+

and subtraction is defined in the usual way in terms
of these operations:

u—v=u+(—v).
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Multiplication is defined by

I\

c+00 =2-400=—00
Yy —00=—-00"Yy=—00,

Z-—00=2:—00 =400
for y € (0, 4+o00] and z € [—00,0) and
0-4+00=4+00:-0=0=0-—-00=—00-0.
We define the multiplicative inverse by
(00) 1 = 0 = (=00) !

and division by

uf/v=uvt.

Division by zero remains undefined.

These definitions preserve most of the algebraic
properties of the real numbers, including the commu-
tative, associative and distributive laws. They don’t
fully obey the usual cancellation laws though. From
T+ 2z = y + z it doesn’t follow, for example that
x =y, since 0++o00 = 1+ 400 but 0 # 1. The arith-
metic operations are continuous everywhere they’re
defined, with the exception of multiplication at the
points (0, +00), (0, —c0), (+00,0) and (—o0,0).

One consequence of the continuity of addition is
the limit of a finite sum is the sum of the limits in
[—00, +00], just as it is for limits in R, provided the
sum of the limits is defined, i.e. doesn’t involve both
400 and —oo as summands.

6.2 Comparison

Theorem 6.2.1. Suppose that u and v are functions
from a set S to R. If

[u(s)] < Jv(s)]

for all s € S and

S lols)] < +oo

seS

> _uls)

then

CONVETgES.

Proof. 3 . lv(s)| is a sum of non-negative terms so
it must converge to some element of [0,+o0]. The
assumption

> [v(s)] < +o0

ses

means that it converges to an element of [0,400).
By the definition of sums this means that the net
of partial sums is convergent. It must therefore be
Cauchy. In other words, for each € > 0 there is a
finite subset F' of S such that if ¥ C G and F C H

then
S o) = 3 lo(s)]| < e.

seG seH
This holds in particular for H = F’, so

Do) =D us)l <e
seG seF

if F C G. Removing the outer layer of absolute value
signs is permissible because

Yol =D lel= Y (sl
seG SEF SEG\F

is a sum of non-negative terms and hence non-
negative. Now —|v(s)] < u(s) < |u(s)| for all s € S
and hence

—e< — Z [u(s)| < Z u(s) < Z [v(s)] < e.
SEG\F SEG\F SEG\F
We can rewrite this as
—e< Zu(s) - Zu(s) <e
seG seF
Similarly,
—€< Zu(s) - Zu(s) <e
seH seF

if FF C H. Writing

SUEED SUERIOOPERD oE)

seG seH seG seF
(- Z )
seH seF
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we see that
—2e < Z u(s) — Z u(s) < 2e
seG seH

or

< 2e.

> uls) =Y uls)

seG seH

Thus the net of partial sums of u is Cauchy. Since this
takes values in R and R is complete we conclude that
this net of partial sums is convergent. Using the def-
inition of infinite sums again we see that ) _qu(s)
converges. O

Two special cases are worth singling out.

Corollary 6.2.2. Suppose that u and v are functions
from a set S to R and [0,400) respectively. If

forall s € S and

ses
then
D uls)
ses
converges.
Proof. In this case |v(s)| = v(s). O

Corollary 6.2.3. Suppose that u is a function from
a set S to R. If

Z lu(s)| < 400

ses

> u(s)

then

CONVETgES.

Proof. This is just the special case u = v of the the-
orem. O

This corollary says that absolutely convergent
sums are convergent. We know that series can be
convergent without being absolutely convergent so it
is perhaps surprising to see that this corollary has a
converse.

Proposition 6.2.4. Suppose that u is a function
from a set S to R. If

> uls)
converges then
Z [u(s)] < +o0.

ses

Proof. Since

seS
converges it is Cauchy, i.e. for any € > 0 there is a
finite F' C S such that if G, H C S are finite, FF C G
and I’ C H then

Z u(s) — Z u(s)

seG seEH

We choose any € > 0 and a corresponding F'. Having
done so, suppose K C S is finite. Define

G={seFUK:s¢€ Foru(s)>0}
and
H={seFUK:s¢€F oru(s) <0}
Then G, H are finite, F' C G and F' C H so we have

D uls) =Y uls)

seG seH

If s € F then u(s) appears in both sums, with oppo-
site signs, so those terms cancel. If s € K \ F then
u(s) appears in at most one of the sums, with a sign
which gives us a net contribution of |u(s)|. We also
get such a contribution, trivially, if u(s) = 0, in which
case s is an element of neither G nor H. So

douls) =Y uls)= Y Juls)l.

se€G seH SEK\F
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Taking the absolute value of the sum on the right
would have no effect, since this is a sum of non-
negative terms. It follows that

Z lu(s)| < e
SEK\F
and therefore

Dolus)= Y0 fus)+ Y fuls)]

seK seEKNF sEK\F

<D uls)| +e.

seF

This bound is independent of K so

sup Z lu(s)| < Z lu(s)| + €.

seK seF
and hence
> luls)] < Juls)] + € < oo
seS seF

6.3 Convergence theorems for sums

Suppose S is a set and u a sequence of real valued
functions on S. Is it true that

nhﬁrrgo Z Up(s) = Z nhﬁrr;o Un(s)?

ses seS
Without further assumptions the answer can cer-
tainly be no. The limits or sums may fail to con-
verge, but even if they do the left and right hand
sides needn’t be equal. Consider, for example, what
happens when S = N and u,(s) = 1 if s = n and
un(s) = 0 otherwise. The limit of sums on the left
hand side is then equal to 1 while the sum of limits
on the right hand side is equal to 0. So some further
hypotheses are clearly needed.

Theorem 6.3.1. Suppose (D, <) is a non-empty di-
rected set, S is a set, and f: D x S — [0,4+00] is a
function such that if a,b € D, s € S and a < b then
fla,s) < f(b,s). Then

> Jim f(a,s) = lim > f(a,s)

seS seS

This theorem, or rather the corollary below for se-
quences, is known as the Monotone Convergence The-
orem for sums.

Proof. By Proposition [6.1.2] we have

li -
lim (s) sup f(a,s)

SO

fla.s) < lim f(a,5).

By the monotonicity property of sums we have
< i .
> fla,s) <) lim f(a,s)
ses sES
Using monotonicity of limits we then get
li < i .
g2 fla9) <3 iy 7(as)
seS seS

We now establish the reverse inequality. Suppose
that F' is a finite subset of S. We've already seen
that for finite sums the limit of the sum is the sum
of the limits, so

S lim f(a,s) = lim S fa,s).
seF seF
F C S and the summands are non-negative so
> flas) <D flays)
seF sesS
for each a € D. Using the monotonicity of limits then
iy 0.9 < 30
seF seS
Combining all of these we find that
2 i flas) <l 3 flans).
seF SES
If we take the limit over all finite subsets I’ of S then
we get
. < h .
5l 09 = i e

sES seS
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Corollary 6.3.2. Suppose f: N x S — [0,400] is
such that if m < n then fn,(s) < fu(s) foralls € S.

Then
Jim, D fls) =Dl fuls)
seS seS
Proof. This is just the special case (D, <) = (N, <)
of the previous theorem. O

Theorem 6.3.3. Suppose (D, X) is a non-empty di-

rected set, S is a set, and f: D x S — [0,400] is a
function. Let
T,={be D:a< b}
Then
sup inf f(b,s) < sup inf (b, )
;aegbeip f( ) Gg beT. azf

This theorem is known as Fatou’s Lemma for sums.

Proof. Define g: D x S — [0, 4+00] by

inf f(c,s).

g(a,S)::CeT

This exists because all subsets of [0, +00] have infima.
Also, if a < b then T, C T, and so

inf f(c,s) < mf f(e,s).

ceT,

In other words, if a < b then

9(b, 5)-

It follows from the Monotone Convergence Theorem

that
> lim g(a,s) = lim > g(a,s).

seS SEs

g(a,s) <

These are monotone nets so the limit is the same as
the supremum and therefore

Zsupgas sungas

SeSaED a€D sEs

Now if a g b then b € {c € D: c € T,} and so

gla,s) = inf f(c,s) < f(bs)

ceT,

SO

Zg(a,s) < Zf(b,s).

sES sES
This holds for all b € Ty, so

Zgas<1nf2fbs

seS

and

sungas ) < sup 1anfbs

beT,
a€D seS a€D “se

Combining this with the equation

Zsupgas sungas

ses aED a€D e

obtained earlier, we find that

Zfbs

Zsupg a,s) < sup inf
ses a€D €D bETa

or, in view of how g was defined,

Zsup inf f(b,s) < sup inf Zf (b, s)

aeDEa aEDea

Again, there’s a corollary for sequences.

Corollary 6.3.4. Suppose S is a set and f: NxS —
[0,4+00] is a function. Then

) <
2, 2up, fof, Fu(s) < sup juf 3 Fn(o)
ses™
Proof. This is just the case (D, <) = (N, <) of the
theorem. O

The following lemma extends one of the standard
properties of sequences with values in R to nets with
values in [—o0, +00]. It will be needed in the proof
of the theorem which follows it.

Lemma 6.3.5. Suppose (D, <) is a non-empty di-
rected set and p: D — [—00,+00] is a net. Then

sup inf p(b) < mf sup ¢(b).
acD bET, Dyer,
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If

inf b) < inf (b
Juf, sup () < sup f o (0)

then ¢ is convergent and

inf s b) =1 =s inf ©(b).
;ngellqE:<P() im g = sup blenTa,“”( )

Note that all the infima and suprema exist because
we are working in [—oo, +00].

Proof. Suppose that ¢,d € D. D is a directed set so
there is an e € D such that ¢ < e and d <X e, i.e. such
that e € T, and e € T,; It follows that

i <
Jnf p(b) < p(e)
and
p(e) < sup p(b).
beTy
Therefore

inf ¢(b) < su b).
beTC@( ) _begp( )

Taking the supremum over ¢ we find that

sup inf ¢(b) < su b).
Cegbenw( ) _begw()

Then taking the infimum over d we get

sup inf @(b) < inf sup ¢(b).
ceD beT: (,0( ) deD peT, ‘,0( )

This is the same as

inf o(b) < inf b).
sup blenTaso( )_alngellTri ©(b)

If the reverse inequality holds then we must have

inf sup ¢(b).

sup inf o(b) = Jnf, sup
e a

acD bET,

In this case we let y be their common value. We will
now show that ¢ converges to y.
Suppose z < y and I = (z,+o0]. Then

< inf (b
o< sup iof 0

so, by the definition of the supremum, x is not an
upper bound for infyer, . In other words, there is
an a € D such that

inf ©(b .

Jof o) > =z
It follows that if b € T, then ¢(b) > z. In other

words, if a < b then ¢(b) € I. Similarly, if y < z and
J = [—00, z) then

U A

so, by the definition of the infimum, z is not a lower
bound for supycr, . In other words, there is an a €
D such that

inf

beT,
It follows that if b € T, then p(b) < z.
words, if a < b then ¢(b) € J.

If we have a finite set {K71,..., K, } of intervals all
of the form I or J as above then for each Kj there is
an a; such that if b € D and a; < b then ¢(b) € K.
D is a directed set so there is an a € D such that
a; < a for each j and therefore if a < b then

w(b) < z.

In other

Because the topology of [—oo, +00] is generated by
sets of the form (z,+o0] and [—o0,z) every neigh-
bourhood of y contains an intersection of the form
above, so for every V € N (y) there is an a € D such
that if b € D and a < b then

p(b) e V.
Thus ¢ converges y. O

Theorem 6.3.6. Suppose (D, <) is a non-empty di-
rected set, S is a set, and f: Dx S — R is a function
and g: S — [0,400] is a function such that

(a,5)

lim
aeD

exists for all s € S,

> 9(s) < +o0

ses
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and
£ (a, )] < g(a)

for alla € D. Then
lim > f(a,s) =

seS

5ty )

ses

This is known as the Dominated Convergence The-
orem for sums.

Proof. Define
h(a,s) = g(s) + f(a,s).

Then h(a,s) > 0for alla € D and s € S. By Fatou’s
Lemma,

supmfhbs <sup1nf h(b, s).
eSaEDbe a ( ) aeD beT. aZ

Now

sup inf h(b,s) = g(s) + sup 1nf f(b,s)
aeD b€Ta a€D

= g(s) + lim f(a, 5).
Also,

Zh(a,s) =

ses

> gl

seS

s)+ Y fla,s)

seS

SO

sup inf h(b, s)

beT,
a€D ses

=> g(s)

seS

) + sup inf Zfbs

aEDEa

Therefore

> (s

sesS

)+ lim f(a,s)

seS

<> g(s)

seS

) + sup mfobs

acD?b

Because

Z g(s) < o0

seS

we can conclude that

lim f(a,s) < sup inf
ZaGDf ngT

Zf(b,s).
es

We can apply the same argument with —f(a, s) in
place of f(a,s) to get

2l -

ses

a,s) < sup inf
f egbéT

Z _f(b’ 8),
es

or, equivalently,

It follows that

sup inf
acD bETa

b,s) < inf su (b, )
Zsf( inf sup > f(

To s
and therefore the lemma above shows that

SO

ses

exists and is equal to their common value. So

tay 3 fle) = 3l )

ses seS

O

Corollary 6.3.7. Suppose S is a set and f: DxS —
R is a function and g: S — [0,400] is a function
such that

lim f,,(s)

n—oo

exists for all s € S,

Zg(s) < 400

seS
and

[fu(s)] < g(a)
for alln € N. Then

Ji, 2 fuls) =

seS

2 fim Ja(s)

ses
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6.4 Partitioning sums

Proposition 6.4.1. Suppose A is a set of disjoint
sets. In other words if P,Q € A and P # Q then
PNQ =@. Let S = UpcyP. Suppose f: S —
[0,4+0¢] is a function. Then

D) =D f(s)
ses PcAscP

Note that the sums all exist because these are sums
of elements of [0, +o0].

Proof. Suppose F' C S is finite. Then

F= U PNF.

PcA
PNF#9

This is a finite union of finite disjoint sets so

D f= 2 > I

seF PEA sePNF
PNF#

But PN F C P so

> fls

sePNF

< f(s)

seP

and therefore

d. 2 s > DS

PeA sePNF PeA secpP
PAF# PNF#Q
Also,
{PeA: PNF#2}CA
and

Zf € [0, +o0]

SEP
for all P € A so

Y s <

PeA seP
PNF#2

oD ).

PecAseP

Combining the previous results,

IRIOESIDINIO)

seF PeAseP

Taking limits with respect to the net of finite subsets

F of S gives
PFIOEDIDIFIO)

seS PeAseP

It remains to prove the reverse inequality.
Suppose that G C A is finite. Then

S S H =S s 3 f(s)
PegGscP Peg seFp

where the supremum is over finite subsets Fp of P.
This is the same as

sup D f(s)

Peg selFp

where the supremum is over all choices of an Fp for
each P € G. Each such choice is uniquely determined

by
H= ] Fp,
Peg
which is a finite subset of S with the property that
HNnQ=oif Q ¢ g, since Pr is determined from H
by

Fp=HnNP.
Therefore
DD ) =sup D> D> fls)=sup Y f(s)
PegG seP PeGseHNP seH

where the supremum is over all such finite subsets H.
This is less than or equal to the supremum over all
finite subsets, which is just } ¢ f(s) by definition,

SN ) <D fs)

PegsepP s€S
Taking the supremum over all finite subsets G of A

gives
D IOED IO

PcAscP ses

Since we already have the reverse inequality we con-

clude that
Do)=Y f(s)

ses PecAseP
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There are a number of important corollaries to the
proposition above.

Proposition 6.4.2. Suppose PNQ = <& and f: PU
Q — [0+ 0] is a function. Then

D)= fls)+ > fs)

SEPUQ sEP sEQ

Proof. We just apply the proposition above with S =
PUQ and A= {P,Q}. O

Theorem 6.4.3. Suppose A and B are sets and
f+ Ax B —[0,+00] is a function. Then

ZZf(avb): Z f(avb):ZZf(avb)'

a€AbEB (a,b)eAXB beBacA
This is known as Tonelli’s Theorem for sums.

Proof. To prove the first equation apply the propo-
sition with § = A x B and A the set of subsets of
S of the form {a} x B where a ranges over A. To
prove the second equation we take S = A x B again
but take A to be the set of subsets of S of the form
A x {b} where b ranges over B. O

Theorem 6.4.4. Suppose A and B are sets and
g: Ax B — R is a function such that

> glab)

(a,b)eAXB

is convergent. Then

D> glab) = > D) =Y > glab).

a€AbEB (a,b)eAxB beB acA
This is Fubini’s Theorem for sums.
Proof. By Proposition we have
Z lg(a,b)| < +oo.
(a,b)eAxB
Let
S=AxB

and let D be the set of finite subsets of S, ordered by
inclusion. Define f: D x S — R by

_ Jgla,b) if (a,b) € H,
J(H, (@,5) = {0 if (a,0) ¢ H.
Then
Jim F(H.(0,5) = gla.b)
and
|f(H, (a,0))| < |g(a,d)|

for all H € D. It follows from the Dominated Con-
vergence Theorem, Theorem that

S FH (@) = S dim f(H,(a,b))

HeD
(a,b)eS (a,b)eS

= Z g(a,b).

(a,b)eS

lim
HeD

Also

PO IPIECE

acAbeB

Jim > f(H,

a€A beB

—Zthf a, b))

a€AbeB

= Z Zg(a, b).

ac€AbeB

For each H we have

ZZf(H (a7b>) =

a€AbEB

Y. f(H(ab)

(a,b)eAxB

because there are only finitely many non-zero terms
in these sums, due to the finiteness of H, and so the
order of summation doesn’t matter. Taking limits,

PlllénDZ Zf(H a,b
a€AbeB
lim

:H.GD Z f(H’ (a7b))

(a,b)eAxB

Combining all of these, we find that

> glab= D,

a€AbEB (a,b)eAxXB

g(a,b).
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The equation

D

(a,b)eAxB

g(avb) = Z Z g(avb)

beEB acA

is proved similarly. O

7 Content and measure

7.1 Boolean algebras

Definition 7.1.1. A Boolean algebra on a set X is
a B € p(p(X)) such that

(a) g €B.
(b) If E € B then X \ E € B.
(c) f E,F € Bthen EUF € B.

Proposition 7.1.2. Suppose B is a Boolean algebra
on X. Then

(a) X € B.

(b) If BE,F € B then ENF € B.
(¢c) IfE,F € B then E\ F € B.
(d) If E,F € B then EAF € B.

Proof. X = X\ @ and @ € B. Also
ENF=X\((X\E)U(X\F)),
ENF=X\((X\E)UF),

and
EAF = (X\(X\E)UF)U(X\(BU(X\E)))
so each belongs to B if E and F' do. O

Proposition 7.1.3. The following are examples of
Boolean algebras.

(a) For any set X, B= {2, X} is an algebra, called
the trivial Boolean algebra on X.

(b) For any set X, B = p(X) is an algebra, called
the discrete Boolean algebra on X.

(c) The set B of finite unions of intervals is a
Boolean algebra on R.

Proof. In the first two cases it’s trivial to verify the
conditions, so we’ll concentrate on the last one. The
empty set is the union of an empty collection of in-
tervals, establishing

If P and Q are finite sets of intervals then P U Q
is a finite set of intervals and

(W) ()

s0 Ugepuo F is a finite union of intervals. This es-
tablishes m

is geometrically obvious, but surprisingly
tricky to prove. In order to prove it we need to define
the term “interval”, which we have so far managed to
avoid doing in these notes. In lecture the ten different
types of intervals were listed, namely

:UE

Ee€PUQ

e (a,b), where a < b
e [a,b], where a < b
e [a,b), where a < b

a,b], where a < b

(
(@, +00)

la, +00

)
)

(—00,b

(_OO’ b]
* (—00,+00)
o J

This list is extremely awkward to use as a definition
though since it leads to case by case analysis with
a large number of cases. If we wanted to prove the
elementary fact that the intersection of intervals is
an interval then we’d have to consider 55 different
possibilities for the types of the two intervalsﬂ A
better option is to choose a single defining property.

1This assumes we exploit the fact that ENF = FNE. If
we don’t then there are 100 cases.
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Of course we do sometimes need to know that the list
above is an exhaustive list of the types of intervals,
so we must show that the sets with whatever prop-
erty we’ve chosen are all of one of the ten types above
and then any set of one of those types is an interval.
One option would be to define intervals to be con-
nected subsets of R. This can be made to work, but
few of the properties of intervals follow directly from
connectedness. It’s more convenient to define an in-
terval as a subset I € p(R) such that if z <y < z and
x,z € I then y € R, so that’s what we’ll do. After
proving a few elementary properties we’ll be able to
complete the proof of as Corollary Fi-
nally, we’ll prove that the intervals are according to
this definition are actually of the familiar ten types
listed above. O

Definition 7.1.4. I € p(R) is said to be an interval
if y € I whenever x <y <z and x,z € I.

Proposition 7.1.5. (a) The intersection of any
non-empty collection of intervals is an interval.

(b) If I is an interval then so are

I< = ﬂ(fooay)

yel
and
I> = ﬂ (yv +OO)
yel
Also,
R \ I - I< U I>.

Proof. Suppose A is a set of intervals and

=7

JeA

Ife <y<zandx,2z € I then z,z € J for each
J € A. Since each J € A is an interval it follows that
y € J. Since this holds for all J € A we therefore
have y € I. Soifx <y <zand z,z € I theny € I.
In other words, I is an interval. This establishes the
first part.

From the first part it follows immediately that I
and I are intervals. If y € I and y € I then y €

(—00,¥), which is impossible. Soify € I theny ¢ I,
ie. y € R\ I. In other words,

I. CR\I.
Similarly,
I. CR\I.
and hence
I.Ul. CR\I
Now

R\I. =R\ [](~o0,2)

zel

= R\ (~o0,2)

zel

= U[w,—i—oo).

zel

Similarly,
R \ I> -

Therefore

R\ (IcUL)=R\I)N(R\ 1)

U [z, 4+00) N (=00, 2]

z,z€l

U [z, 2]

z,zel

and so So if y ¢ I U I then there are x, z € I such
that x <y < z. I is an interval so then y € I. So if
y ¢ I UIs then y € I or, equivalently, if y ¢ I then
ye¢ I -Uls,ie.

R\ICI . UI.
We already have the reverse inclusion, so
R\ICI . UI.
O

Corollary 7.1.6. If E is a finite union of intervals
then X \ E is a finite union of intervals.
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Proof. Suppose E = I; U---U I, where I, ...
are intervals. Then

s Im

R\E=R\LH)N---NR\ I,)
= (Il<Ull>)ﬁ"'m(Im<UIm>)'

Writing the intersection of unions as a union of inter-
sections we see that R\ E is a union of 2" sets, each
of which is an intersection of intervals and hence is
an interval. So R\ F is a union of intervals. O

The proof shows not only that the complement of
the union of m intervals is a finite union of intervals
but that we can write it as a union of at most 2™
intervals. A more careful argument shows that we
need at most m + 1 intervals, but we won’t need this
and so won’t prove it.

Proposition 7.1.7. The intervals are precisely the
sets of one of the following ten forms:

(a) (a,b), where a <b
(b) [a,b], where a <b
(c) [a,b), where a < b

(d) (a,b], where a <b
(¢) (a,+00)

(f) la;+00)

(9) (=00,0)

(h) (=o0,0]

(i) (=00, +00)

(j) @

Proof. Verifying that each of these sets is an inter-
val is straightforward. Checking that every interval
is of one of these forms is more complicated. Suppose
I is a non-empty interval. Every non-empty subset
of R which is bounded from above has a supremum,
which may or may not belong to the subset. This
gives three possibilities: I has a supremum belonging
to I, i.e. a maximum, I has a supremum not in I, or
I has no upper bound. Similarly, I has an infimum

belonging to I, i.e. a minimum, an infimum not be-
longing to I, or I has no lower bound. These two
three-way distinctions give nine types of non-empty
interval. We can check that each of them corresponds
to one of the first nine classes listed above.

For example, if I has both a minimum and a maxi-
mum then we call the former a and the latter b. Then
a,b eI and soif a < x < b then x € I, since [ is an
interval. Conversely, if © € I then a < z < b since a
is a minimum and b a maximum for I. So [ is pre-
cisely the set of = such that a < x < b, i.e. the set
[a, b].

If I has a minimum and an supremum, but not
a maximum then we call the minimum a and the
supremum b. If a < & < b then z is not an upper
bound for I so there is a y € I such that z < y. But
then ¢ <z <y and a,y € I sox € I, since [ is an
interval. Conversely, if z € I then a < x < b since
a is a lower bound for I and b is an upper bound.
b ¢ I though so a <z < b. Thus z € I if and only if
a <z <b,ie. if and only if z € [a,b).

If 7 has a minimum but no upper bound then we
again call the minimum a. If a < x < 400 then z
is again not an upper bound for I so = € I, by the
same argument as above. Conversely, if z € I then
a < x < +o00 because ¢ is a minimum for I. So
z € I if and only if ¢ < & < 400, i.e. if and only if
x € [a, +00).

The six remaining cases are similar. O

Proposition 7.1.8. Suppose A is a non-empty set
of Boolean algebras on a set X. Then (\ocp is @
Boolean algebra.

Proof. Let B = (\oca- Then @ € B since @ € C for
each C € A.

If E€Bthen E€CforeachCe€ Aso X\FeC
for each C € A. Therefore X \ E € B.

If EJF € B then E,F € C for each C € A so
EUF €C for each C € A. Therefore FEUF € B. O

Proposition 7.1.9. Suppose A € p(p(X)). Then
there is a smallest Boolean algebra which contains A.

In the setting of the proposition above the Boolean
algebra B is said to be generated by the set A.
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Proof. Let A be the set of Boolean algebras which
contain A. A is non-empty because p(p(X)) is a
Boolean algebra which contains A. B = [Jpcp is
a Boolean algebra by the preceding proposition. It
contains A. It is also a subset of any Boolean algebra
which contains A and so is the the smallest Boolean
algebra which contains A. O

As an example, the set of finite unions of intervals
in R, which we’ve already seen is a Boolean alge-
bra, is generated by the set of intervals, since it is
a Boolean algebra and clearly any Boolean algebra
which contains the set of intervals must contain it.

We also have the following corollary to the propo-
sition.

Corollary 7.1.10. Suppose A is a set of Boolean
algebras on a set X. Then there is a smallest Boolean
algebra which contains | Jge o B.

Proof. We just apply the proposition to A =
Ugea B- O

Proposition 7.1.11. Suppose X, Y are sets and
f: X =Y is a function. If B is a Boolean algebra
on X then f**(B) is a Boolean algebra on X.

Proof. Let

A= f*(B).
Then
ff@)y=0eB
SO
o e f*(B) = A.

If E € Athen f*(E) € BsoY \ f*(E) € B. But
Y\ S (E) = [1(X)\ f*(B) = f*(X \ E)
so f*(X \ E) € B and hence
X\ Ee f*(B) = A
If E,F € A then f*(E), f*(F) € B so
J'(EUF) = f(E)U [*(F) € B.

Therefore
EUF e f**(B)=A.

Thus A satisfies all three conditions to be a Boolean
algebra. O

7.2

Definition 7.2.1. A o-algebra on a set X is a B €
p(p(X)) such that

o-algebras

(a) @ €B.
(b) If E € Bthen X\ E € F.

(¢) If A is a countable subset of B then

U E € B.

EcA

A pair (X,B) where B is a o-algebra on X is
called a measurable space.

Proposition 7.2.2. If B is then it is a o-algebra on
X a Boolean algebra on X.

Proof. The first two conditions in the definitions are
the same. For the third condition, if A is a countable
subset of a g-algebra B then

UEEB.

EcA

Apply this to A = {E,F} where E,F € A to get
that
FEUF e B.

O

Proposition 7.2.3. If A is a non-empty countable
subset of a o-algebra B then

ﬂEeB.

EcA

Proof.

(N EeB=X\({JX\E).

EcA EcA
O

The set B of finite unions of intervals is not a o-
algebra on R. Perhaps more surprisingly, neither is
the set of countable unions of intervals. If it were
then the preceding proposition could be used to show
that the Cantor set is a countable union of intervals.
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Between any two elements of the Cantor set there is a
point which is not in the Cantor set, so none of these
intervals could contain more than one point. But
there are uncountably many elements of the Cantor
set.

Proposition 7.2.4. Suppose X, Y are sets and
f: X = Y is a function. If B is a o-algebra on X
then f**(B) is a o-algebra on X.

Proof. Every o-algebra is a Boolean algebra so B is
a Boolean algebra on X. Then

A= f7(B)

is a Boolean algebra on Y. It therefore satisfies the
first two conditions to be a o-algebra and we need
only check the last one.

Suppose C is a countable subset of A. Then

r(ue)

|JEEeB

EeC

= r@®.

EecC

f*E € B so

and therefore

U Eer®B=A

EecC

O

Proposition 7.2.5. Suppose A is a non-empty set
of o-algebras on a set X. (\oca is a o-algebra.

Proof. Let

B=()c.

CeA

Each C in A is a Boolean algebra so their intersection
B is a Boolean algebra by a previous proposition. To
show that it is a o-algebra it thus suffices to check the
only condition where the definitions differ, namely
that if A is a countable subset of B then

UEEB.

EcA

If £ € Bthen E € C for all C € A. Since C is a
o-algebra it follows that

U Ecc
EcA
This holds for all C € A, so
U Ee(NCc=8
EcA CeA

O

Proposition 7.2.6. Suppose A € p(p(X)). Then

there is a smallest o-algebra which contains A.

This smallest o-algebra which contains A is said to
be generated by A.

Proof. We apply the preceding proposition with A
being the set of all o-algebras on X which contain

A. O

Corollary 7.2.7. Suppose A is a set of o-algebras on
a set X. There is a smallest o-algebra which contains

UBGA B.

Proof. We apply the preceding proposition to A =
Ugea B- O

Definition 7.2.8. Suppose (X,7T) is a topological
space. The Borel o-algebra on X is the o-algebra
generated by T. The Borel sets are the elements of
the Borel o-algebra.

Proposition 7.2.9. Suppose (X,Tx) and (Y,Ty)
are topological spaces f: X — Y is a continuous
function. If E is a Borel subset of Y then f*(E)
18 a Borel subset of X.

Proof. Let Bx be the set of Borel subsets of X and
let By be the set of Borel subsets of Y. Let

A= f"(Bx)
Bx is generated by Tx so
Tx C Bx
and therefore

[ (Tx) € 7 (Bx) = A.
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Now

Ty C [ (Tx)
by Proposition [3.6.2] so
Ty C A.

A is a g-algebra by Proposition and By is the
smallest o-algebra containing 7y by definition so

BYQA7

i.e.
By C f™(Bx).

So if E € By then E € f**(Bx) and therefore
F*(E) € By. 0

Proposition 7.2.10. Suppose (X, Tx) and (Y, Ty)
are topological spaces and that E is a Borel subset of
X and F is a Borel subset of Y. Then E x F is a
Borel subset of X x Y, with respect to the product
topology.

Proof.
Ex F=ni(E)nn3(F)

where 7, and 7y are the projections from X X Y onto
its first and second factors, respectively. These pro-
jections are continuous so 7} (E) and 73 (F) are Borel
subsets of X XY by the preceding proposition. Their
intersection is therefore a Borel subset by Proposi-

tion [T.2.3 O

Proposition 7.2.11. Show that the o-algebra gen-
erated by the set I of finite unions of intervals is the
Borel o-algebra.

Proof. Finite unions are countable unions and every
interval is Borel set so every finite union of intervals
is a Borel set. In other words, Z C B where B is the
Borel g-algebra.

Suppose C is a o-algebra which contains Z. Let T
be the usual topology on R. Suppose U € T, i.e.
that U is an open subset of R. Let A be the set of
intervals (a,b) such that a,b € Q and (a,b) CU. U
is open so if € U then there is some r > 0 such that
B(z,r) C U, i.e. such that (x —r,z+r) C U. There
are rational numbers a € (x —r,x) and b € (z, 2+ 7).
Then z € (a,b) and (a,b) € A. sox € Ugcs E-

This holds for all z € U so U C gy E. On the
other hand, E C U for all E € Aso Jg4 £ CU.
Therefore U = (Jpe 4 £ E € Z for all E € A and
Z CCso E e (C. This holds for all E € Aso . ACC.
Now C is a o-algebra and A is countable so U =
Ugea F € C. This holds for all U € T so T CC. So
C is a o-algebra containing 7 and B was defined to
be the smallest o-algebra containing 7 so B C C.
The o-algebra generated by Z is the smallest o-
algebra containing Z. We’ve now seen that B is such
a o-algebra and that every other such o-algebra con-
tains BB so B is indeed the smallest such o-algebra. [

7.3 Contents

Definition 7.3.1. Suppose B is a Boolean algebra
on set X. A content on (X, B) is a function pu: B —
[0, +00] such that

(a)
w(@) =0.
(b) f E,F € Band ENF = & then
W(EUF) = p(E) + u(F)

A triple (X, B, ) where X is a set, B is a Boolean
algebra on X and p is a content on (X, B) is called a
content space.

Another, more common, name for a content is a
finitely additive measure. That name can be confus-
ing though because we will define measures later and
will see that not all contents are measures. The term
content space is not used outside of these notes but
it’s convenient to have a name for such objects and
there is no standard name.

Proposition 7.3.2. Suppose B is a Boolean algebra
on a set X. The following are examples of contents.

(a) u(E) =0 for all E € B.
(b) uw(@) =0 and p(E) = +oo for all other E € B.

(c)
u(E) = {;

where y € X.

ifyek,
ifyé¢ E.
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(d) uw(E)=nif E is a finite set with n elements and
w(E) = 400 if E is infinite.

(e) u(E) =3 ,cx w(x) where w: X — [0,+00] is a
function.

Proof. The first four are all special cases of the last

one. The first corresponds to w(x) = 0. The second

corresponds to w(x) = 4+o0o. The third corresponds
ifx =y,

to
1
w(@) = {0 if x#y.

The fourth corresponds to w(z) = 1. So we only need
to show that the fifth is a content.

p(@) =Y w(z)=0.

red

Suppose E N F = &. By Proposition [6.4.2| we have

Y w) =) wla)+ Y w(z),

z€EENF zel zeF
which is just
WEUF) = p(E) + p(F).
O

Proposition 7.3.3. Suppose B is a content on a set
X and p is a content on (X,B). Then

(a) If E,F € B then

WEUF)+u(ENF) = pu(E)+ u(F).
(b) If E,F € B and E C F then u(E) < u(F).
(¢) If E,F € B then

p(EUF) < p(E) + p(F).

(d) If Ais a finite subset of B and ENF = & when-
ever E,F € A and ENF = & then

(Ur)-ze

(e) If A is a finite subset of B then

(Yr)sze

EcA
Proof. We have

EUF =EU(F\E)

and
ENn(F\E)=9
SO
W(E U F) = u(B) + u(F \ E).
Also,
F=(F\E)U(ENF)
and

FN(E\F)=o

W(F) = p(F\ E) + u(EN F).

It follows that

w(E) + p(F) = p(E) + p(F\ E) + n(ENF).
=uw(EUF)+u(ENF).

This is [[.3.3al
If E C F then EN F = FE so the equation

u(F) = p(F\E)+p(ENF).
above becomes
p(F) = p(F\ E) + p(E).

Now p(F\ E) > 0so u(E) < p(F). This is|7.3.3b)
By we have

WEUF)+u(ENF)=uE)+ u(F).
But u(ENF)>0so
Hw(EUF) < u(E)+ p(F),

which is [7.3.3d

If A is a finite subset of B then we can write it as

A={FE1,Es,....Epn}
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for distinct E1, Eo,..., E,, € B. We have

0 0
p|UE | =m@)=0=> uE).
j=1 j=1
Suppose
k k
© U Ej) = ZN(EJ)
j=1 j=1
Now
k+1 k
UE =|UE | VB
j=1 j=1
If the E’s are disjoint then
k
U Ei | NEy =2
j=1
SO
k+1 k
I Ej | =p|UJE | +nErn)
j=1 j=1

This gives us

k

k
plUE| =D ulE).
j=1 =1

but with £+ 1 in place of k. Since we’ve already seen
that the equation holds for £ = 0 we conclude that it
holds for all k. In particular it holds for & = m, so

k k

p|UE :Zu(Ej)'

=1

This is [7.3.3dl

The proof of is similar. We have

1t UEj = (@) =0<0=">" u(E).

Suppose

k41 k
UE ={UE|YEwm
j=1 j=1
From we get
k41 k
pl UE | <u | UE | +n(Erp)
j=1 j=1
k
< Z 1(Ej) + p(Err1)
j=1
k+1
= Z n(E;)
j=1
This gives us
k k
n|UE ) <D ueE).
j=1 j=1

but with £+ 1 in place of k. Since we’ve already seen
that the inequality holds for £ = 0 we conclude that
it holds for all k, and in particular for £k = m, so

k

k
pl UE | <D uE).

Jj=1 Jj=1
O

Theorem 7.3.4. Suppose B is a Boolean algebra on
a set X and p is a content on (X,B). Let BT be the
set of F € p(X) such that for every e > 0 there are
D, H € B such that

FAHCD
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and
uw(D) < e.

Then B is a Boolean algebra on X and B C BY. For
F € BT we define

sup u(E)
EeB
ECF

and

inf u(G).
FCG

Then p=(F) = pt(F) for all F € BY. Let uf(F) be
their common value. Then ' is a content on (X, B)
and

for all F € B.
(X, BT, ut) is called the completion of (X, B, ).

Proof. First we show that B C Bf. For any F € B
and € > 0 we choose D = @ and H = F. Then
D, H € B,

FAH=2CD

and
#(D) = u(2) =0 < e
so F € Bf. Soif F € Bthen F € Bf. In other words,

BC B'.

Next we show that BT is a Boolean algebra on X.
@ e Band BC Bf so @ e Bf. This is the first of the
required properties for a Boolean algebra.

Suppose F' € Bf, ie. that for all € > 0 there are
D, H € B such that

FAHCD
and
w(D) < e.
Then
(X\F)A(X\H)=FAHCD,
X\ H € B and

u(D) < e.

So X \ F € Bf. This is the second of the required
properties for a Boolean algebra.

Suppose Fi, F, € B, i.e. that for any 6 > 0 there
are Dy, Hy, Dy, Hy € B such that

F,ANH; C D;
and
,u(Di) <.

Here and in the rest of this proof statements involving
i are to be interpreted as valid for ¢ = 1 and for i = 2.
If € > 0 then €/2 > 0 so there are Dy, Hy, Dy, Ho € B
such that

F,ANH; C D;
and
w(D;) < €/2.
Let
D = D;UDs
and
H = H{UH,.
Then D, H € B,
(F1 UFy)AH = (Fy UFy)A(Hy U Ho)
C (F1AH,)U (FoAH5)
CDi1UDy =D
and

w(D) = pu(D1UD3) < p(Dy)+u(Ds2) < €/2+€/2 =e.
So for every € > 0 there are D, H € B such that
(FLUF)AHC D
and
w(D) < e.

Therefore Fy U Fy, € Bf. This is the third and last
required property for a Boolean algebra so Bf is a
Boolean algebra.

Next we show that if F' € B then u~(F) = p* (F).
If E,BeBand E C F C G then F C G and hence

w(E) € u(G).

Taking the supremum over E and the infimum over
G gives
p~(F) = sup p(E) < inf u(G) = p*(F).

GeB
EEB
Per FCG

150



So
i (F) < it ().
Now we show the reverse inequality. By hypothesis
F € BT so for any ¢ > 0 there are D, H € B such that

FAH CD
and
w(D) < e.
Let
E=H\D
and
G=HUD.

Then F,G € B and
ECFCG

SO
u(E) < p (F)
and
i (F) < (@),

On the other hand, G = EU D so

#(G) < W(E) + u(D) < p(E) + e
Combining these inequalities,

P (F) < p= (F) +e.
This holds for all € > 0 so
pH(F) < (F).

Together with the reverse inequality, which we’ve al-
ready proved, this gives

P (F) = p~ (F).
Next we show that u is a content.

pi(2) =p(2) = sup ()

sup u(E) = (@) = 0.
E=g

That’s the first of the properties of a content.

Suppose Fy,Fy € Bt and Fy N Fy, = @.
{EEBEQFZ}Q{EGBEQFlqu}
SO

p(F;) = sup p(E) <
EeB
ECF;

sup  p(E) = pu(Fy U Fy).
EeB
ECF;UF,
It follows that if u(F;) = +oo then u(F1UFy) = 4o0.
In that case

p(F1 U Fp) = p(F) + p(F2).

It remains to prove this equation when both w(Fy)
and p(Fy) are less than +oo.
Now

p(F) = inf p(Gy).

G,€B
FiCGy

If € > 0 then p*(F};) + € is greater than the infimum
and so is not a lower bound. In other words, there is
a G; € B such that F; C G; and

w(Gy) < pt(Fy) +e.
Then
M(Gl UGQ) < /,L(Gl)-i-,u(GQ) < /.L+(F1)+/J+(F2)+2€.

Now
FiLUF, CGLUG,

and G1 UG5 € B so

+ _ .
pr(FLUF) = il
FlUFyCG

w(G) < u(G1UGy).

Combining these,
pT(FLUFy) < ut(Fy) 4 pt (Fy) + 2.
This holds for all € > 0 so
P (FLU ) < pt (Fy) + pt (Fy).
Similarly,

po(Fy) = sup p(E;).
E;eB

=119
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If € > 0 then p~(F;) — € is less than the supremum
and so is not an upper bound. In other words, there
is an E; € B such that E; C F; and

W(E:) > o (Fy) — .
Then
w(E1UEy) = M(E1)+M(E2) > M_(F1)+M_(F2)—26.

Here we’ve used the fact that Fqy N Ey = &, which
follows from Ey C Fy, Es C Fy and F} N Fy, = &.
Now

FiUEy, C F1UF,

and F1 U Ey € B so

pr(FLUF) = sup p(E) > p(ErU E,).

EeB
ECF{UFy

Combining these,
P (FLUE) > pm (Fy) = p (Fy) — 2e.
This holds for all € > 0 so
po(FrUFy) = p (F1) + p (Fa).
We now have

po(FrUFy) > p™ (F1) +p (Fy)

and
pr(FLUF) < pt(Fy) + pt (F),
but
po () = pl(Fy) = pt (F),
p(Fp) = pl(Fy) = p (Fy),
and

p(FLUR) = p (R UF)=p(FLUFR)

SO
pH(FL U Fy) = pf (Fy) + pl (F).

This is the second required property for a content.
Now we show that uf(F) = u(F) if F € B. If
E € Band EF C F then u(E) < p=(F), by the
definition of ©~. This applies in particular to F = F,
so u(F) < p~(F). Similarly, if G € B and F C G

iH(F) < p(F).

SO

7.4 Jordan content on R

As we already saw, the set of finite unions of intervals
in R is a Boolean algebra, generated by the set of all
intervals. There is a natural content on it.

Definition 7.4.1. If [ is a non-empty interval then
its length is defined to be

£(I) =supl —infI.
The length of @ is defined to be 0.

Proposition 7.4.2. Suppose T is the Boolean alge-
bra on R generated by the intervals. Then there is a
unique content p on (R,Z) such that if I, ..., I,
are disjoint intervals then

m m

UL => .

j=1 i=1

Note that the equation above isn’t suitable as a
definition because there may be more than one way
to write a given set as a union of disjoint intervals
and it’s not immediately obvious that the right hand
side is independent of which way is chosen.

Proof. We define

lim Pn(E)

n—+oo 21

u(E) =

where p,,(F) is the number of points « € F such that
2"z € Z. This limit exists when

m
E:UIj

j=1
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for disjoint intervals I, Io, ..., I, because the num-
ber of points x € I; such that 2"z € Z is within 1
of 2™¢(I;) so pn(E) is within m of 2" Z;nzl oI;). Tt
follows that

F
lim Pn(E)

n—+oo 2N

sz(fj)-

It’s clear that u(@) = @. If ENF = & then
Pr(EUF) = pn(E) + pn(F)
for each n € N and hence
WEUF) = p(E) + p(F).

So p is a content.

The uniqueness of p is immediate since every ele-
ment of Z is of the form F = U;n:l I; for some disjoint
intervals I, ..., I, and the equation

m m

p| UL =D ).
j=1 j=1
determines its value on any such element. O

Definition 7.4.3. The Jordan algebra J on R and
the Jordan content p are the Boolean algebra and
content obtained by completing Z and pz as in The-

orem [.34

It’s worth noting that the formula

w(E) = lim pnl(E)

n—4oo on

holds for E € Z, but needn’t hold for F € 7.

Proposition 7.4.4. Let C be the Cantor set. Then
CeJ and p(C)=0but C ¢ T.

Proof. Let C,, be the union of the 2" intervals of the
form [L ﬂ] which contain an element of C. Then

3n 7 3n
2 n
3 .

Cn,el CCC,and

u(C") =

For any € > 0 there is an n such that
2\" -
- €
3

Then

and
w(Cy) < e.

In other words, for every ¢ > 0 there are D,H € T
such that DAC C H and p(H) < €, namely D =
H = C,,. Therefore C € It = 7. Also, @ C C C C,,

) 0@ <ucn) = (3)

This holds for all n € N so
n(C) =0.

If C' were an element of Z then we could write it
as a finite union of intervals, the sum of the lengths
of which is zero. The only intervals of length 0 are
empty or singletons, so C' would be a finite set. But
we’ve already seen that it’s uncountable. O

Proposition 7.4.5. Q ¢ J.

Proof. Suppose that I is an interval of positive length
which is a subset of Q. Then inf I < sup I so there are
x,z € I such that x < z. In between any two rational
numbers there is an irrational number so there is a
y € R\ Q such that * < y < z. [ is an interval
soy € I. But I C Q, so we have a contradiction.
Therefore there any interval which is a subset of Q
must have length 0 and hence if E is an element of 7
then u(F) = 0. If Q € J then we have

wQ)=p (Q) = sup w(E) = sup 0 =0.

ECQ ECQ

The argument above remains valid if we swap the
roles of Q and R\ Q, so if R\ Q € J then

n(RA\Q) =0.

J is a g-algebra so if Q € J then R\ Q € J and we
have both ;(Q) =0 and p(R\ Q) = 0). But then

n(R) = p(R\QUQ) < p(R\Q)+4u(Q) = 040 = 0.
But of course pu(R) = 400,50 Q ¢ J. O
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7.5 Banach-Tarski

The following theorem is due to Banach and Tarski:

Theorem 7.5.1. There are sets E1, ..., E,, and
Fy, ..., F,, in R3 with the following properties:

(a) E; is congruent to F; for each i.

(b) The E’s are disjoint, i.e. E;NE; =@ ifi # j.
(¢) The F’s are disjoint, i.e. F; N F; =@ if i # j.
(d) U~, E; is a ball of radius 1.

(e) UL, F; is the union of two disjoint balls of ra-
dius 1.

Banach and Tarski’s argument doesn’t give a par-
ticular value of m, it just shows that there is one. It
was shown subsequently by Robinson that one can
take m = 5 or any higher value but not m = 4 or any
lower value.

We’re not going to prove the Banach-Tarski The-
orem, but we will prove the following corollary, as-
suming the validity Banach-Tarski Theorem.

Corollary 7.5.2. Suppose B is a Boolean algebra on
R? and p is a content on (R?,B) with the following
properties:

(a) If E € B and F is congruent to E then F € B
and j(E) = u(F).

(b) B(x,r) € B and p(B(x,r)) = 37r3 for all x €
R? and r > 0.

Then B # p(R3).

This corollary shows that any reasonable theory of
volumes of subsets of R?® must avoid assigning vol-
umes, even infinite volumes, to certain sets. The
meaning of the word “reasonable” is incorporated in
the definitions of Boolean algebras and contents. We
would like to assign a volume to any subsets which
arise naturally in examples, but we can’t hope to as-
sign one to all subsets.

Proof. Suppose there were such a p with B = p(R?).
Let FE1, ..., E,, and Fy, ..., F}, be as in the Banach-
Tarski Theorem. Then Fy, ..., E,, € B so by the first
condition above we have Fi,..., F,, € B and

p(E:) = p(F).

The E’s are disjoint so

1 (U Ez) = ZH(Ei)-

Similarly, the F’s are disjoint so

p (U Fz) =) u(Fi).
i=1 i=1

It follows that

(09)(07)

Now |J;", E; is a ball of radius 1, so

U~ F; is a union of two disjoint balls of radius 1,
i.e there are B; and By which balls of radius 1 such
that |J;", F; = By UBs and By U By = @. Therefore

1 (U F) = u(B1) + u(Bz)

| W~

.

and

4 8
— j(B1) + p(B2) = 27+ 27 = =7
3 3
But of course
4 y 8
T # -7
3 37
so the assumption that there is such a p for B =
©(R3) must be false. O
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Both the theorem and the corollary require the Ax-
iom of Choice and are known not to be true in some
versions of Set Theory which do not include this ax-
iom or which include certain weaker versions of it.

7.6 Measures

Definition 7.6.1. Suppose (X, B) is a measurable
space. A measure on (X,B) is a function pu: B —
[0, 4+00] such that

(a)
w(@) =0.

(b) If A is a countable subset of Band ENF = @
whenever E, F' € A and F # F then

(7)o

EcA
A triple (X, B, ) where (X, B) is a measurable
space and p is a measure on (X, B) is called a
measure space.

Definition 7.6.2. If (X, B, ) is a measure space
then a subset E of X is called a null set if E € B
and p(E) = 0.

Proposition 7.6.3. If (X,B,u) is a measure space
then u is a content on (X, B).

Note that every o-algebra on X is a Boolean alge-
bra on X, so this statement is meaningful.

Proof. The first condition for a content, that u(&) =
0, is part of the definition of a measure. For the
second condition, suppose E, FF € Band ENF = &.
Let A= {E,F}. Then A is a countable subset of B
and G N H = @ whenever G,H € A and G # H, so

(Ye)-zee

GeA
which just means
WEUF) = p(E) + p(F).

So p also satisfies the second condition for a content.
O

Proposition 7.6.4. All of the contents in Proposi-
tion are measures, if B is a o-algebra.

Proof. As noted in the proof of Proposition[7.3.2] the
first four examples are all special cases of the fifth and
last, so we only need to establish that

W(E) = 3 w(z)

rEE

is a measure. We still have u(@) = 0 so we need only
check that if A C B and ENF = & whenever E # F

then
u(U E) = > k).
EcA

EeA
Let S = Jgeca E. By Proposition we have

dow@) =) > w),

€S EcAzeE

(ue)

Not every content on a o-algebra is a measure
though.

which is just

= > wE).

EcA

O

Proposition 7.6.5. Suppose X is an infinite set and
B = p(X). Define pu: B — [0, +00] by setting u(E) =
0 if E is finite and u(E) = +oo if E is infinite. Then
1 is a content but is not a measure.

Proof. () = 0 because & is finite. Suppose E, F €
B. If E and F are finite then F'U F is finite and

MEUF)=0=0+0= u(E) + u(F).
If F or F is infinite then £ U F' is infinite and
w(EUF) =+00 = u(E) + pu(F)

because at least one of p(F) or u(F) is equal to +oo
and the sum of +o0o and anything in [0, +00] is 4o0.
So W(EUF) = p(E) + u(F) in all cases. Therefore p
is a content.
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To show that p is not a measure we chose a count-
able subset S C X and let A be the set of subsets of
X which have a single element, which belongs to S.
Then A C p(X)=B. f E,F € A and E # F then
EUF =g. u(E) =0 for all E € A since a set with
only a single element is finite, so

> uE)=)Y 0=0.

EcA EcA
On the other hand,
sclJeE
EcA

since if 2 € S then {z} € E and hence x € Jgc 4 E.
It follows that |J 4 £ is infinite, so

(W)

Thus
u(U E> LY (),
FEecA EcA
S0 u is not a measure. O

Measures have properties analogous to those
proved for contents in Proposition [7.3.3]

Proposition 7.6.6. Suppose (X, B, 1) is a measure
space. Then

(a) If B,F € B then

WEUF) +u(ENF) = p(E) + pu(F).
(b) If E,F € B and E C F then u(E) < u(F).
(¢) If E,F € B then

WEUF) < p(E) + p(F).

(d) If A is a countable subset of B and ENF = &
whenever E,F € A and ENF = & then

(Ur)-ze

EcA

(e) If A is a countable subset of B then

(Yr)sze

EcA
Proof. Measures are contents so and
follow from [7.3.3al, [7.3.3b] and [7.3.3c} [7.6.6d] is
part of the definition of a measure.

If A is a countable subset of B. The finite case was
covered by Proposition [7.3.3]so we need only consider
the case where A is countably infinite, in which case
we can write it as

A= {E07E15E2a . }
for distinct Eg, B4, Es, € B. Set

Gj:EJ\UEZ

i<j

Then
G; CE;.

Also, for every = € U;io E; there is a first value of j
for which « € E; and so x € G for this j. It follows
that

(@

E; C
§=0 §=0
These inclusions, together with give

n(Gj) < p(Ej)

G;

NG
I

and
plUE | <e|UaG
j=0 j=0
Now G;NGr =@ if j # k so
pl UG =D n(@)).
j=0 j=0

Combining this with the two inequalities which pre-
cede it gives

pl UE | <D uE),
j=0 §=0
which is [7.6.6¢ O
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Proposition 7.6.7. Suppose (X, B, 1) is a measure
space and E: N — B is a sequence of sets which is
monotone increasing in the sense that E; C Ej if
7 <k. Then

o0

] UEj = lim pu(E;).

— 00
i=0 !

Proof. The fact that |J;Z, E; € B, and hence that

w (U;io Ej) is meaningful, follows from the assump-

tion that B is a o-algebra.
As in the proof of define

G;=E;\|JE:

i<j
As before

o0
and the G’s are disjoint SO

(U

7=0

Zu

The same argument gives the corresponding proper-
ties of the partial sums.

s,

||
Cs

7=0 7=0

and
UE | =S ucy)
§=0 §=0

The monotonicity assumption on F means that

So

and

Je | -Soue)

= lim_ z(:) n(G;)
J:

= lim p(Ep).

m—r o0
O

There is a corresponding result for intersections of
decreasing sequences, but it requires and additional
hypothesis.

Proposition 7.6.8. Suppose (X, B, i) is a measure
space and E: N — B is a sequence of sets which is
monotone decreasing in the sense that E; O Ej if

J<k.If u(Ep) < +oo for some m then
m ﬂOEj = lim u(E)).
j=

Proof. Let
Fj = En, \ Ejim.

If j<kthen j+m < k+mso Ejrm 2 Epym and

F; C Fy. It follows from the preceding proposition
that
UFE = Jim p(F%).
j=0
Now
E,=F;UE;1,
and
SO

(Em) = p(Fy) + p(Ejym).
Taking limits,

1(Ep) = lim p(F.

J—)OO

)+ lim p(Ejim)

=pu UF —l—hmu(E)
=0
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Now

UE = B\ Eivm) = Ea\ | [ Eism
=0 ;

j=0 j=0
and -
ﬂ Ej+m g Em
j=0
SO
E,, = ﬂ Ejtm | U U F;
=0 =0
and
o0 o0
() Ejsm | N F| =2
=0 j=0
Therefore
o0 oo
p(Em) =p | () Ejym | +0 | U Fi
=0 j=0

If x € ﬂ;‘;o Ejtm then z € E,, and, by the mono-
tonicity assumption on F, xz € Ej, for all £ < m. But
also x € FE for all k > m because such k can be
written as j + m for some m € N. It follows that
z € (N Ex. Therefore

DX

ﬂ Ej+m c Ey.
j=0

k

0

The reverse inclusion holds as well because if £ =
7+ m and j > 0 then k£ > 0, so

ﬂ Ejym = ﬂ Ej.
j=0 k=0

We therefore have

(8
e

<
I
o

We combine this with the equation

oo

wEn) =p | JF |+ Jim p(E;)
=0

obtained earlier. Either of these equations, to-
gether with the fact that w(FE,,) < +oo, gives

I (U;io Fj> < +00 so we can subtract it from both
sides to obtain

K QEj —jli{EON(EJ)
j=

O

Without the hypothesis that p(E,,) < +oo for
some m the statement would not be true. To see
this, consider N with counting measure and

This gives
o0
(B | =m@) =0
j=0
and

lim p(F;) = lim 400 = +o0.

‘]*)OO j*}OO
Definition 7.6.9. A measure space (X,B,pu) is
called finite if (X) < +oo and is called o-finite
if there is a countable subset A C B such that
X =Ugea F and p(E) < +oo for all E € A.

Note that (X, B, ) does not mean that X is a finite
set. In fact neither of these statements implies the
other.

Definition 7.6.10. Suppose (X, 7)) is a locally com-
pact o-compact Hausdorff topological space. Let B
be the Borel o-algebra on X. A measure p on (X, B)
is called a Borel measure. If it also satisfies the fol-
lowing conditions then it is called a Radon measure:

(a) If K is a compact subset of X then u(K) < +oo.
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(b) If E € B then u(E) = supp(K), where the
supremum is over all compact subsets K of FE.

(c) If E € B then p(E) = inf u(U), where the infi-
mum is over all open supersets U of E.

Lebesgue measure, which we will define in a later
chapter, is a Radon measure on R.

The following theorem is the analogue for measures
of Theorem [7.3.4] for contents.

Theorem 7.6.11. Suppose B is a o-algebra on a set
X and p is a measure on (X,B). Let BT be the set
of F € p(X) such that for every e > 0 there are
D, H € B such that

FAHCD

and
u(D) < e.

Then Bt is a o-algebra on X and B C Bt. For F € Bt
we define
sup p(E)

EecB
ECF

and

inf
GeB
FCG

Then p=(F) = ut(F) for all F € Bf. Let uf(F)
be their common value. Then u' is a measure on
(X,B") and

1(G).

for all F € B.
(X, BT, uT) is called the completion of (X, B, ).

Proof. B is a Boolean algebra and p is a content so
we can use Theorem [7.3.4 to conclude that Bf is a
Boolean algebra on X, that B C BT, that u*(F) =
pu~(F) for all F € BY, that u' is a content on (X, BT)
and that uf(F) = p(F) for all F € B. The only
things which remain to be proved are that B is a o-
algebra rather than just a Boolean algebra and that
ut is a measure rather than just a content. In other
words, we need to show that

UFGBT

FeA

if A is a countable subset of Bt and that
u*(LJ F> = > ui(p)
FeA

FeA
if, in addition, the F’s are disjoint. Only the count-
ably infinite case is needed because for finite A we
already have both statements. We can therefore as-
sume that

A={Fy, F,...}
for some sequence of distinct F’s and prove that
o0
U Fj S BT
j=0
and
W UE | =2kl
j=0 j=0

F; € Bf so for any §; > 0 there are D;, H; € B such
that F;AH; C D; and /L(Dl) < ;. If € > 0 then

€

>0

we can choose D; and H; such that

F,AH; C D;
and ‘
#(Ds) 9it1"
Let -
D:Ua,
i=0
oo
F:UE
i=0
and -
H:Um.
i=0

If v € FAH then x € F and v ¢ H or x € H and
x ¢ F. In the former case x € F; for some i but
x ¢ H; for any j. In particular = ¢ H; so x € F;AH;
and therefore x € D; and « € D. The same argument
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works in the latter case, with the roles of F; and H;
reversed. So

FAH C D.
Also,
o0 o0 o0 €
i=0 i=0 i=0
So F € Bf. Therefore Bt is a o-algebra.
F; C U F;
§=0
SO
pw(F)<p [ EF
§=0
and hence
(oo}
pt(F) <pt [ F
§=0
If uf (F;) = 400 for some i then pf (U;io Fj) = +o0

and so
W\ UE | =D k().
=0 =0

We may therefore restrict our attention to the case
where puf(F;) < +oo for all 4.

pr(F) = inf u(G)

G,€B
FiCGy

If ¢ > 0 then p™(F;) + €/2'T! is greater than the
infimum so there is a G; € B such that F; C GG; and

, (R
wGi) < Pt (F) + -

Let

=0

Then

Now FF C G and G € B so ut(F) < u(G), and
therefore

it (F) < S it (F) +e.
=0
This holds for all € > 0 so
pH(F) <Y pt(F).
i=0

Similarly,

po(Fi) = sup u(E;)
E;eB
EiCF;

If € > 0 then = (F;) — €/2'T! is less than the supre-
mum so there is an E; € B such that F; C F; and

€

u(Ei) < p~ (F) — 5T

Let

Then

|

=
|
3
+

™

=0

In the first line above we’ve used the fact that the
F’s are disjoint so the E’s, which are subsets of the
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F’s, are also disjoint. Now F C F and F € B so and

uw (F) > p(E), and therefore u(D) = 0.
_ =~ _ For any € > 0 we have (D) < e so F € Bt.
W) > S i (F) — e ’ HD)

Suppose, conversely, that F € Bf. 1/2F%1 > 0 so
there are Dy, H; € B such that
This holds for all € > 0 so

. FAH,, C Dy,
—(F) > —(Fy).
po(F) = ;u (F3) and
- 1
D) < ——.
But F; € Bt for each i and F € Bt (D) 2k+1
_ Let
p(Fy) = pl(Fy) = p™ (F) o o
D= D,
and D);L:Jz !
po(F) = pl(F) = p*(F)
and
From oo 00
= H=UJH;:
+ R j
pr(F) < z;u 029 L
7=
and Note that D, H € B. Now
W ()= S (F). .
; FAH = (| J FAH..
it therefore follows that 1=0 j=i
0 FAHz Q Dl SO
W (F) ="l (R,
=0 o] e’}
\JFaH; D
Thus p' is a measure on (X, BY). O j=i j=i

Proposition 7.6.12. Suppose that (X,B,p) and and

(X,B, u') are as in the preceding theorem. Then 00 00 00 00
F € Bt if and only if there are D, H € B such that m U FAH; C ﬂ U D;,
i=0 j=i i=0 j=i
FAHCD .
ie.
and FAH CD.
D)=0.

wD) Also,
Then

T _ 00 oo 00

p'(F) = p(H). 1 1

Proof. Suppose that there are D, H € B such that j=i j=i j=i

FAHCD The sequence of sets U]O; D; is monotone decreasing
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p ﬁGDj

i=0j=i

=
5
I

o0
= lim p UDj
j=i

1—00
< lim l = 0.
So there are D, H € B such that FAH C D and
n(D) = 0.
p'(HU D)+ uf(HN D) = pi(H) + p'(D)

and pf(D) = p(D) = 0, from which it follows that
pui'(H N D) =0 as well. Therefore

ul (H U D) = ul (H),
Now FFC HUD so
pH(F) < ' (HU D) = pf(H) = u(H).
On the other hand,
p'(F U D)+ u'(FND) = pl(F)+u'(D),
pf(D) =0 and pf(HND)=0-so
ul(FU D) = i (F).

Now H C FUD so

Proposition 7.6.13. Suppose that (X,B,u) and
(X, B, ul) are as in the preceding theorem. The fol-
lowing two statements are equivalent:

(a) F € Bt and pf(F) =0.
(b) Thereis a G € B such that F C G and p1(G) = 0.

Proof. Suppose F € Bf and pf(F) = 0. By the
preceding proposition there are D, H € B such that
FAH C D, u(D) =0 and p(H) = pu(F) = 0. Let

G =DUBH. Then G € B and
w(G) =D UH) < p(D)+p(H) =0

and hence u(G) = 0. Also F' C G.
Suppose conversely that there is a G € B such that
FCGand u(G)=0. Let D=H = G. Then

FAH=G\FCG=D

and u(D) = u(G) = 0. So F € BT by the preceding
proposition. Also, F' C G so

pH(F) < ul(G) = (@) =0
and hence uf(F) = 0. O

7.7 Atomic algebras

Definition 7.7.1. An atomic algebra on a set X is
a B € p(p(X)) satisfying the following conditions.

(a) @ €B.
(b) If E € Bthen X \ E € B.
(c) If AC Bthen Jgc 4 F € B.

Proposition 7.7.2. Every atomic algebra is a o-
algebra and a Boolean algebra.

Proof. The first two conditions in the definition are
identical. Suppose that B is an atomic algebra, so
that if A C B then (Jg 4 £ € B. Then this holds in
particular for all countable A or for all finite A. The
former shows that B is a o-algebra while the latter
shows that it is a Boolean algebra. O

Not every Boolean algebra or o-algebra is an
atomic algebra. For example Z is a Boolean alge-
bra which is not an atomic algebra. Z contains the
set {z} for each z € R. If it were an atomic algebra
it would contain every union of such sets and there-
fore every subset of R, but not every subset is a finite
union of intervals. Similarly, the Borel o-algebra on
R is not an atomic algebra because it contains {z}
for every x € R but not every subset of R is a Borel
set. This last statement is more complicated to prove
however.
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Proposition 7.7.3. Suppose B is an atomic algebra
and A C B. Then (g4 E € B.

Proof.
(N E=X\[)&X\E).

EcA E€A
O

We can construct atomic algebras via partitions or
equivalence relations.

Definition 7.7.4. Suppose X is a set. A partition
of X is a P € p(p(X)) such that

(a) If E € Bthen E # @
(b) fE,FEPthen E=For ENF = &.

(¢) X =Upep E-

Proposition 7.7.5. If ~ is an equivalence relation
on X then the set of equivalence classes with respect
to ~ is a partition of X.

Proof. For every x € X the set {y € X: 2 ~ y}
is an equivalence class by definition and = € {y €
X:x ~ y} so every element of X belongs to some
equivalence class and every equivalence class is non-
empty. Suppose E and F are equivalence classes, i.e.
that E={ye X:w~ytand F={ye X:x ~y}
for some w,z € X. If ENF # & then there a
ze€ ENF. Then w ~ z and x ~ z. Also therefore
z~wand z ~ 2 If y € F then x ~ y. From this
and z ~ z it follows that z ~ y. From that and
w ~ z it follows that w ~ y, i.e. that y € E. So
F C E. The same argument with the roles of w and
x reversed along with those of E and F' gives £ C F.
So E = F. We’ve just seen that for any equivalence
classes F and F', ENF = & implies £ = F. In other
words, F =F or ENF = @. O

Proposition 7.7.6. Suppose P is a partition of X.
Let B be set of all sets of the form UFGQF where
Q CP. Then B is an atomic algebra.

Proof. @ CP and @ = Jgcy E so @ € B.
If F € Bthen E = UFGQFfor some Q C P. Then

X\E=X\|JF=((X\F).

FeQ FeQ

Suppose * € X \ E. Then = ¢ F for any F € X.
On the other hand, x € X = Jpcp F, s0 z € F for
some F' € P. Therefore x € F for some F € P\ Q,
Le. 2 € Upep o F- Suppose, conversely, that z €
UFep\Q F, i.e. that there is an F € P\ Q such that
x € F. If G € Qthen F # G so FNG = @. Therefore
x ¢ G,ie. x € X\ G. This holds for all G € Q so
7 € Ngeo(X \ G). Therefore z € X \ E. So we've
now seen that z € X\ F if and only if v € Upep o F,

i.e. that
X\E= |J F
FeP\Q

But P\ Q C P so the set on the left belongs to B.
If A C B then for each E € A there is a Qf such
that E = UFEQE F. Then

Us-U U r-

EcA EcAFeQg

U r

fGUEe_A QE
so Ugea E € B. O

Proposition 7.7.7. Suppose B is an atomic algebra
on a set X. Define a relation ~ on X by z ~ y
ife € E<ye FE forall E € B. Then ~ is an
equivalence relation.

Proof. Trivially x € E < x € E, so v ~ z. Also, if
reFE&sye FEthenye F < x € Esoifx~ythen
y~a. Finally,ifr€e Fsye Fandye E< z2€ B
then x € £ < z € E, soif x ~ y and y ~ z then
T~ 2. O

Proposition 7.7.8. Suppose B is an atomic algebra
on a set X, ~ is the equivalence relation defined by
x ~ y if and only if for all E € B we have © €
E & y e E, P is the set of equivalence classes for
the relation ~ and B’ is the set of unions of these
equivalence classes. Then B' = B.

Proof. Suppose E € B. For each z € E define
Co={yeX:z~y}

In other words, C,, is the equivalence class of z with
respect to the equivalence relation ~. Let

F:LJ@.

zER
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This is a union of equivalence classes so F' € B’. Sup-
pose w € E. Then w € C,, because w ~ w so w € F.
Suppose, conversely, that w € F. Then w € C, for
some x € E and therefore z ~ w. So w € E, by the
definition of the relation ~. So w € E if and only if
w € F and therefore E=F. So E € B'. Soif E € B
then F € B'.

Suppose E € B’. In other words, there is some set
Q of equivalence classes such that

E=[JcC

ceQ

If C' € Q then C is an equivalence class so
C={yeX:z~y}

for some x € X. By the definition of ~ we havey € C'
if and only if y € F for all E € B such that x € E.
In other words,

c=[)E

EeB
zEE

This is an intersection of elements of B and so is an
element of B. This holds for each C € Q so E is a
union of elements of B and therefore also an element
of B. So if F € B’ then E € B. We already proved
the reverse implication so E € B if and only if E € B’.
In other words, B = B'. O

We started with an atomic algebra and then went
through an equivalence relation and a partition to
get back to an atomic algebra but we could equally
well have started with the equivalence relation or the
partition. The point of the propositions above is that
atomic algebras, equivalence relations and partitions
are largely equivalent concepts.

Definition 7.7.9. A system of weights for a set X is
a function w: X — [0,400]. It is called finite if the
set

{z € X: w(x) >0}
is finite and is called countable if the set is countable.

For any set X the set p(X) is an atomic algebra
on X. We've already seen that for system of weights

w: X — [0,400] the function p: p(X) — [0, +00]

defined by
u(E) = 3 wiw)
zEE

is a measure. That means in particular that it is
countably additive, i.e. that if A C p(X) is a count-
able set of disjoint subsets then

(Ur)-ze

EcA
This equation in fact holds even without the assump-
tion that A is countable. Indeed,

,u < U E) = Z w(x)
EeA 2€Ugea B
> D wl)

EcAzeE

= > uE).

EcA

The first and last equations are definitions while
the middle one is a consequence of Theorem [6.4.1
Note that these observations apply to any system of
weights, where or not they are finite or countable.

Definition 7.7.10. Suppose P and Q are partitions
of X. Then Q is said to be a refinement of P if for
every E € Q there is an F' € P such that £ C F.

Proposition 7.7.11. Suppose P and Q are parti-
tions of X. Let Bp be the set of unions of elements
of P and let Bg be the set of unions of elements of Q.
Then Q is a refinement of P if and only if Bp C Bg.

Proof. Suppose Bp C Bg. Suppose also that ' € Q.
Then E # @ so there is an v € E. X = [Upcp F 50
there is an F' € P such that x € F. Now F € Bp and
Bp C Bg so ' € Bg. In other words, F' is a union
of elements of Q, i.e. F = UGeA G for some A C Q.
x € Fsox e G forsome Ge A Nowze ENG
so FNG # @. E,G € Q and Q is a partition so
it follows that £ = G, i.e. that £ € A. But then
E C F. For every E € Q there is therefore an F' € P
such that ¥ C F. In other words, Q is a refinement
of P.
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Suppose, conversely, that Q is a refinement of P.
Suppose also that G € Bp, i.e. that there is some
A C P such that

¢=|JE

EcA

Let

H=|]JF

FeQ

FCG
Each such I is a subset of G so their union is as well.
Therefore

HCG.

Suppose z € G. X = UFGQ F because Q is a parti-
tion so x € F for some F € Q. Q is a refinement of
PsoF CFE forsome B/ €¢P. AlsoxeGsoxzc FE
forsome E € A. v € ENE’' so ENE’ # & and hence
E = E’. Therefore ' C FE for some E € A. But then
F C G, sox e H We've shown that if x € G then
x € H, so

GCH

and, since we already have the reverse inclusion,
G=H.

Now H € Bg because it’s a union of elements of Q.
We've now shown that if G € Bp then G € Bg. So

Bp C Bo
if Q is a refinement of P. O

Definition 7.7.12. Suppose P and Q are partitions
of a set X. Their common refinement is the set of
non-empty subsets of X of the form ENF for £ € P
and F' € Q.

This name is justified by the following proposition.

Proposition 7.7.13. Suppose P and Q are parti-
tions of a set X and R is their common refinement.
Then R is a partition of X and R is a refinement
of P and of Q. If P and Q are finite then so is R.
Similarly, if P and Q are countable then so is R.

Proof. Suppose G1,G2 € R and G; NGy # @. Then
there is an z € G1 N G,. Also G; = Ey N F for
some F; € P and F; € Q and Gy = Ey N Fy for
some Fy € P and F} € Q. But then z € E41 N Ey and
x € FiNFEy. Therefore F1NEy # @ and F1NFy # @.
Ei1,FE; € P and P is a partition so F1 N Ey # @
implies Ey = Es. Similarly, F}, F, € Q and Q is a
partition so Fy} N Fy # @ implies F; = F5. But then

Gi=FE.NF, =EyNFy, =Gs.

So if Gl,GQ € R and G1 ﬁGQ # & then G1 = Gg.
The elements of R are non-empty by definition, so R
is a partition.

For every G € R thereis an £ € P and an F' € Q
such that G = EN F and hence G C F and G C
F. Therefore R is a refinement of P and R is a
refinement of Q.

If P and Q are finite then so is P x Q. Subsets of
finite sets are finite so

S={(E,F)ePxQ: ENF + o}

is finite. Define h: S — R by h(E,F) = ENF. The
definition of R means that h is a surjection. The
image of a finite set under a surjection is finite, so R
is finite.

The argument above applies without change if the
word “finite” is replaced by “countable”. O

Proposition 7.7.14. If P and Q are partitions of
a set X, R is their common refinement, and B is a
Boolean algebra on X such that P C B and Q C B
then R C B.

Proof. If G € R then G = EN F for some E € P
and € Q. PCBand QC Bso FEe Band F € B.
Therefore ENF € B, ie. G € B. Soif G € R then
GebB,ie. RCEB. O

Proposition 7.7.15. Suppose B is a Boolean algebra
on a set X. Then the set P(X,B) of partitions Q of
X such that @ C B, with the order relation P < Q
if Q is a refinement of P, is a non-empty directed
set. So is the set of finite partitions, or the set of
countable partitions.
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Proof. {X} € P(X,B) so P(X,B) is non-empty.

If Bo C Bg so Q is a refinement of itself, i.e. Q <
Q for all Q € P(X, B).

If 91 < 9y and Q9 < 93 then Q5 is a refinement
of @; and Q3 is a refinement of Qs. Therefore Bg, C
Bo, and Bg, C Bg, so and Bg, C Bg,. Thus Q3 is
a refinement of @ and Q; < 9s.

Given any P,Q € P(X,B) their common refine-
ment R belongs to P(X,B) and is a refinement of
both. In other words, P < R and @ < R. Thus
P (X, B) satisfies all the requirements for a directed
set. O

8 Integration

8.1 Refinements of content spaces

Definition 8.1.1. Suppose (X,B,u) and (Y,C,v)
are content spaces. A morphism of content spaces
is a function f: X — Y satisfying the following con-
ditions:

(a)
C C f™(B).

(b)

for all £ €C.

Proposition 8.1.2. Suppose (X,B,u), (Y,C,v) and
(Z,D,€) are content spaces and f: X — Y and
g: Y — Z are morphisms. Then go f is also a mor-
phism.

Proof. The hypotheses mean that

CC (B,
v(E) = pu(f(E))
for all £ € C,
D C g™ (0),
and

E(F) =v(g"(F)),
for all F € D. Then

97 (C) C g™ (f*(B)) = (9o £)™(B)

and hence
D C(go f)™(B).

Also, if F' € D then ¢*(F) € C and

E(F) =v(g"(F)) = u(f(g"(F))) = ul(go f)*(F)).
O

Most of the time we’re interested in morphisms f
from (X, B, 1) to (Y,C,v) where X =Y and f is the
identity function.

Definition 8.1.3. Suppose (X, B’, ') and (X, B', i)
are content spaces. We say that (X, B, ') is a re-
finement of (X, B, u) if BC B and p/(F) = u(F) for
every F € B.

Proposition 8.1.4. (X,B',y) is a refinement of
(X, B, ) if and only if the identity function i: X —
X is a morphism of content spaces from (X,B', ')
to (X,B, ).

Proof. Suppose (X,B',u/) is a refinement of
(X,B,u). If E € B then i*(E) = E € B so
E € **(B'). Also, u(E) = u(i*(E)) = ¢/ (i*(F)). So
if £ € B then E € i**(B'), i.e.

B g ’L**(B/),

and
u(E) = /' (i*(E))
for all £ € B. Therefore 7 is a morphism of content
spaces from (X, B, u) to (X, B, ).
Suppose, conversely, that 7 is a morphism of con-
tent spaces from (X, B, u) to (X, B, 1), i.e. that

B g ’L**(B/),
and
H(E) = ' (i* (B))

forall E € B. If E € B then E € i**(B'), so E =
i*(E) e B'. So

BCHB.
Also
W(E) = p'(i*(B)) = p'(E)
for all E € B. So (X,B,u) is a refinement of
(X, B, ). O
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Proposition 8.1.5. Suppose (X,B’,u') is a refine-
ment of (X,B,u) and (X,B",1") is a refinement
of (X,B',p). Then (X,B",u") is a refinement of
(X, B, p).

Proof. (X,B', 1) is a refinement of (X, B, u) so the
identity function on X is a morphism from (X, B, u’)
to (X, B, ). Similarly, (X,B”, ") is a refinement
of (X,B',p) so the identity is a morphism from
(X,B", 1) to (X,B',1'). The composition of two
morphism is a morphism so the identity is a mor-
phism from (X,B”,u4") to (X,B,u). Therefore
(X,B", /") is a refinement of (X, B, u). O

The notion of a refinement generalises properties
we saw for completions of content spaces and measure

spaces in Theorems and [7.6.11

Proposition  8.1.6. Suppose (X,B,u) and

(X, Bt ut) are as in Theorem|7.3.4. Then (X, B%, ut)
is a refinement of (X, B, p).

Proof. The statements that B C BT and that uf (F) =
u(F) for every F € B were part of the conclusions of
Theorem [7.3.4] O

As an example (R,J,p) is a refinement of
(R,Z, ). Strictly speaking we should write p7 and
uz for the two content functions. They have differ-
ent domains, J and Z, respectively and so are dif-
ferent functions. But one generally uses the same
symbol for both, which causes no ambiguity be-
cause pg(E) = pz(E) whenever both are defined,
i.e. whenever F € Z. In fact there’s no ambigu-
ity precisely because (R,J,u7) is a refinement of
(R7 1, ,UI)'

Proposition  8.1.7. Suppose (X,B,u) and
(X,B",ut) are as in Theorem |7.6.11] Then

(X, BT, ut) is a refinement of (X, B, ).

Proof. The statements that B C BT and that uf(F) =
w(F) for every F' € B were part of the conclusions of

Theorem [T.6.111 O

The notions of refinement of partitions and refine-
ment of content spaces are closely related.

Proposition 8.1.8. Suppose P and Q are partitions
of a set X and that Q is a refinement of P. Let Bp
and Bg be the sets of unions of elements of P and
unions of elements of Q respectively. Suppose pg is
a content on (X,Bg). Define pup: Bp — [0,400] by

pp(E) = po(E)

for all E € Bp. Then (X, Q, pg) is a refinement of
(X, P, pup).

Proof. We've already seen that Bp C Bg. Also, we
defined pp such that up(E) = po(E) for all E € Bp,
so all the requirements for a refinement are met. [

8.2 Definition of the integral

Definition 8.2.1. Suppose (X,B,p) is a content
space, P is a partition of X and w is a system of
weights on X. The three are said to be compatible if

P C B and
w(E) = w(z)

for all E € P.

Proposition 8.2.2. Suppose (X,B', 1) is a refine-
ment of (X, B, ), P is a partition of X and w is a
system of weights on X. Then (X,B', 1), P and w
are compatible if (X,B,u), P and w are. (X,B,u),
P and w are compatible if (X,B' 1), P and w are
and P C B.

Proof. Suppose that (X, B, ), P and w are compat-
ible. P C Band BC B’ so

PCHB.

Also,
w(E) = 3 w(z)

zeE

for each E € P since (X, B, ), P and w are compat-
ible. But ¢/(E) = u(E) for E € P so

zeE

Therefore (X, B, 1), P and w are compatible.
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Suppose (X, B, '), P and w are compatible and

P C B.
We have
W(E) =Y w()
el

for each E € P since (X,B’,1'), P and w are com-
patible. But u(E) = p/(E) for all E € B and hence
for all E € P, so

WE) =Y w(x)
zclE
Therefore (X, B, 1), P and w are compatible. O

Proposition 8.2.3. Suppose (X, B, u) is a content
space, P is a finite partition of X and w is a system of
weights on X. Let Bp be the set of unions of elements
of P. Let up(E) = > cpw(x) for E € Bp and let
tw(E) =3 cpw(x) for E € p(X). Then (X, B, u),
P and w are compatible if and only if (X,B,u) and
(X, p(X), ) are both refinements of (X, Bp, up).

Proof. Suppose (X,B,u), P and w are compatible,
i.e. that

PCB

and

n(E) = w(z)

rzeX

for all £ € P. The elements of Bp are finite unions of
elements of P, and therefore finite unions of elements
of B, and B is a Boolean algebra so

Bp CB.

If ' € Bp then F' = |Jgc 4 E for some finite A C P.
P is a partition so A is a disjoint collection and

up(F) =S w(@) = 30 3 w(a)

zEF Ec€AzeE

= ZM(E)=M<U E)
EcA EcA

= pu(F).

So Bp C B and pp(F) = p(F) for all FF € Bp. In
other words, (X, B, p) is a refinement of (X, Bp, up).
Also, Bp C p(X) and

pp(F) = 3 () = pu(F)

zeF

if ' € Bg so (X,p(X), ) is a refinement of
(Xvavﬂ'P)'

Suppose,  conversely, that (X,B,u) and
(X, p(X), py) are refinements of (X, Bp,up),
i.e. that

Bp C B,
B’PC@(X)a
and

1(E) = pp(E) = pu(E)
for all E € Bp. Then

since P C Bp. Also,

pp(E) = puw(E) =

> ()

zeE

for all E € P. Therefore (X,B,u), P and w are
compatible. O

There is a similar result for measure spaces and
countable partitions.

Proposition 8.2.4. Suppose (X, B, i) is a measure
space, P is a countable partition of X and w is a
system of weights on X. Let Bp be the set of unions
of elements of P. Let up(E) = Y. cpw(x) for
E € Bp and let py(E) =), cpw(x) for E € p(X).
Then (X, B, ), P and w are compatible if and only if
(X, B, 1) and (X, p(X), ) are both refinements of
(Xa B’P7 //"73) .

Proof. The proof is the same as for the previous
proposition, with “finite” replaced by “countable”,
“Boolean algebra” replaced by “o-algebra” and “con-
tent” replaced by “measure” everywhere. O
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Proposition 8.2.5. Suppose (X,B, ) is a content
space, P and Q are finite partitions of X and w is
a system of weights on X. Suppose also that Q is a
refinement of P. If (X, B, ), Q and w are compatible
then so are (X, B, 1), P and w.

Proof. (X,B, ), @ and w are compatible so (X, B, (1)
and (X, p(X), 1) are refinements of (X, Bo, pg). Q
is a refinement of P so (X, Bg, pg) is a refinement of
(X, Bp, up). Therefore (X, B, pn) and (X, p(X), ftw)
are refinements of (X, Bp, up). So (X,B,u), P and
w are compatible. O

Again, there’s a version for measure spaces and
countable partitions.

Proposition 8.2.6. Suppose (X, B, i) is a measure
space, P and Q are countable partitions of X and w
is a system of weights on X. Suppose also that Q is a
refinement of P. If (X, B, ), Q and w are compatible
then so are (X, B, 1), P and w.

Proof. The proof is word for word identical to that
of the preceding proposition. O

Definition 8.2.7. Suppose (X,B,u) is a content
space Y is either [0,+oc0] or R, and f: X — Y is
a function. Let P be the set of finite subsets of B
which are partitions of X and let U be the set of sys-
tems of weights w on X such that ) w(z)f(z)
converges. Define Ry: U — Y by

zeX

Define a: P — p(U) by

a(Q)={weU: (X,B,u), Q and w are compatible}.

Let € be the upward closure of .. (P). f is said to be
integrable with respect to the content space (X, B, i)
if (Q) # @ for each Q € P and the filter

Ry ()

converges. Its limit is then known as the integral of
f with respect to (X, B, 1) and is denoted

ngwm

P is a non-empty directed set. «.(P) is therefore
also a non-empty directed subset of p(X), the or-
dering being given by the superset relation. If f is
integrable then @ ¢ «,(P). a.(P) is therefore a pre-
filter and £ is a filter. So the reference to convergence
is meaningful. Also Y is Hausdorff, so the limit, i.e.
the integral, is unique if it exists.

Similarly we can define the integral of a function
on a measure space.

Definition 8.2.8. Suppose (X, B, ) is a measure
space, Y is either [0,400] or Rand f: X - Y isa
function. Let P be the set of countable subsets of
B which are partitions of X and let U be the set of
systems of weights w on X such that ) w(z)f(z)
converges and define Ry: U — Y by

Ry(w) =Y w(z)f(x).

zeX

Define a: P — p(U) by
a(Q)={weU: (X,B,u), Q and w are compatible}.

Let € be the upward closure of o, (P). f is said to be
integrable with respect to the measure space (X, B, )
if a(Q) # @ for each Q € P and the filter

Ry (€)

converges. Its limit is then known as the integral of
f with respect to (X, B, 1) and is denoted

ngwm

Every measure space is a content space, so we ap-
pear to have defined the integral twice in this case.
Are these definitions compatible? Yes, in the sense
that f is integrable when considered as a function
on the measure space if it’s integrable when consid-
ered as a function on the content space, and the two
integrals then agree. This will follow from Proposi-
tion B:2.11] It’s possible for a f to be integrable as a
function on the measure space but not on the content
space however.

The advantage of defining integrals as limits is that
we can immediately see that they have the usual
properties of limits.
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Proposition 8.2.9. Suppose (X, B, ) is a content
space or a measure space and f and g are integrable
functions on X such that f(z) < g(x) for all x € X.
Then

[ t@inta) < [ gw)duto).
reX zeX
Proof. This follows from Theorem O

Proposition 8.2.10. Suppose (X,B,u) is a con-
tent space or a measure space ci,...,c,m € R and

fiseoos fm: X — [—00,+00] are integrable functions.
Define g: X — [—o00, +00] by
g(x) = Zcifi($)7
i=1

assuming this is possible.
function and

/ZGX g(x) du(z) = i_": ci /xGX fi(z) du(z).

Proof. This follows from Theorem O

Then g is an integrable

Proposition 8.2.11. Suppose that (X,B',p') is a
refinement of (X,B,u). If f is integrable with re-
spect to (X, B, u) then it is integrable with respect to
(X,B', 1) and the integrals are equal.

We haven’t specified whether (X,B,u) and
(X,B', 1) are content spaces or measure spaces. In
fact the proposition holds if both are content space or
if both are measure spaces. It also holds if (X, B, i)
is a content space and (X, B, u’) is a measure space,
although it can fail if (X, B, u1) is a measure space and
(X,B', ) is a content space.

Proof. To avoid giving three separate, but nearly
identical, proofs for the three different cases listed
above we adopt the following convention for the re-
mainder of the proof. The word “tiny” will mean
“finite” if (X, B, 1) is a content space and will mean
“countable” if (X, B, 1) is a measure space. The word
“small” will mean “finite” if (X,B’, ) is a content
space and will mean “countable” if (X,B',y/) is a
measure space. In each of the three cases allowed

above it’s true that every tiny set is small, though
this is not true in the excluded case where (X, B, i)
is a measure space and (X, ', ') is a content space.

Let P be the set of tiny subsets of B which are
partitions of X and let P’ be the set of small subsets
of B’ which are partitions of X. B C B’ and every
tiny subset is small so P C P’. Let U be the set of
systems of weights w on X such that ) w(z)f(z)
converges and define Ry: U — Y by

Ry(w) = ) w(@)f(x).

reX

Define a.: P — p(U) by
a(Q)={weU: (X,B,u), Q and w are compatible}

and o': P’ — p(U) by

d(Q)={weU: (X,B,1), Qand w are compatible}.

If Q@ € P then a(Q) = o/(Q) since (X, B, u’), Q and
w are compatible if and only if (X, B, u), Q and w
are compatible, by Proposition Let € be the
upward closure of a..(P). and let & be the upward
closure of o/ (P’). Suppose Z € £, i.e. that there is
a @ € P such that a(Q) € Z. Then Q € P’ and
a'(Q) € Z. So Q € &. Therefore &€ C & so &'
converges if £ does and the limits are the same. [J

The characterisation of integrals as limits is useful
for proving theorem but it’s helpful to have a more
explicit description for examples. This will require
some preliminary definitions.

Definition 8.2.12. Suppose B is a Boolean algebra
on a set X and Y is a set. A function f: X — Y is
called a simple function if there is a finite partition
Q C B such that p(Y) C f**(Bg) where Bg is the
atomic algebra of unions of elements of Q.

Proposition 8.2.13. Suppose B is a Boolean algebra
on a set X, Y is aset and f: X — Y is a function.
The following statements are equivalent.

(a) [ is a simple function.

(b) There is a finite partition @ C B such that
p(Y) = f*(Bg)-
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(c) There is a finite partition Q C B such that Suppose, conversely, that 2 € Jzc 4 E. Then there
is an E € A such that x € E. By the definition of A
{xeX: flz) =y} €Bo there is a w € F such that f(w) € V. Then

for eachy €Y. f(@) =p(E) = f(w) eV

(d) There is a finite partition @ C B of X and so f(z) € V, ie. x € f*(V). We've just seen that
a function p: Q@ — Y such that f(z) = ¢(E) =z e f*(V)if and only if x € [Jge 4 E so
whenever E € Q.

fFrvy=JE
Proof. For any function f: X — Y we have oA
™ (Bg) C p(Y) Now F € Q and Q C Bg so E € Bg and therefore
so [(a)] implies (b)) U E € Bg.
Suppose |(b)| holds, i.e. that EcA
. Then f*(V) € Bg, i.e. V € f**(Bg). This holds for
Y) = Bo). )
oY) = ["(Bo) all Ve p(Y) so
{y} € p(Y) so {y} € f*(Bg) and f*({y}) € Bo. c e
Therefore |(c)| holds. p(Y) € /7 (Bo),
Suppose [(c)| holds. Define an equivalence relation which is @ |
~ by w ~ x if and only if f(w) = f(z). Let P be the _ ) )
set of equivalence classes for this equivalence relation. Simple functions are easy to integrate.

As \yi.th any set of equivale.nce classcfs, these form a Proposition 8.2.14. Suppose (X, B, 1) is a content
partition. If ¥ € P then F is the equivalence class of space, Y = [0,+00] or Y =R and f: X —» Y is a

some w € X. Then simple function. Then

F={reX: w~zx
= iz :X: F(w) :} F(2)} / J@du= ) o(B)u(E)
e Ee
= [*({f(w)}) °

where @ and ¢ are as in the preceding proposition.

so E € Bg, because of [(c)] We define p(E) = f(w). Proof. Let
This is independent of which w € FE is chosen since ’

f(w) = f(x) for all w € E. Then 2= I;:QL‘O(E)M(E)
f(z) = p(R), If (X, B, ), Q and w are compatible then
so [(d)] holds. Rs(w) = Z w(z)f(z) = Z Z w(z) f(z)
Suppose @ holds. Let z€X EcQuzcE
A={EcQ:IweE: f(w) eV} =2 2 w@eB) =3 ¢(B) ) wix)
EcQuzelE EcQ el
Suppose =z € f*(V), ie. that f(z) € V. Qis a = Z (B )u(E) = z.
partition so there is an F € Q such that z € E and Ee€Q

therefore 7€ A and In other words, R¢(w) = {z} for all w € «(Q), or,

re U E. equivalently,
EeA a(Q) € R} ({z}).
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But Q € P so

a(Q) € a.(P)
and therefore

R (=) e
and so

{z} € R} (E).
If Ve N(z) then 2 € V so {z} C V. R*(€) is a
filter, hence is upward closed, so V' € R}*(£). This
holds for all V € N(z) so

N(z) C R (E).

In other words, R}*(£) converges to z. Thus z =
Y peo P(E)u(E) is the integral of f with respect to
(X, B, ). O

Definition 8.2.15. Suppose B is a o-algebra on a
set X and Y is a set. A function f: X — Y is called
a semisimple function if there is a countable partition
Q C B such that p(Y) C f**(Bg) where Bg is the
atomic algebra of unions of elements of Q.

The term “simple function” is nearly universal.
There is less unanimity on whether to require @ C B
but the the usual convention is to require it, as I have
above. The term “semisimple function” is not new,
but it is rare. There doesn’t seem to be any other
term which is less rare though.

Proposition 8.2.16. Suppose B is a o-algebra on a
set X, Y is a set and f: X — Y is a function. The
following statements are equivalent.

(a) f is a semisimple function.
(b) There is a countable partition @ C B such that
p(Y) = f~(Bo)-
(c) There is a countable partition Q@ C B such that
fo € X: f(z) =y} € Bo
foreachyeY.

(d) There is a countable partition Q@ C B of X and
a function ¢: Q — Y such that

f(@) = ¢(E)

whenever B € Q.

Proof. The proof is word for word identical with that
of Proposition [8.2.13] O]

Semisimple functions are also easy to integrate.

Proposition 8.2.17. Suppose (X, B, u) is a measure
space, Y = [0,400] orY =R and f: X - Y isa
function. Then

/meX f(z)dp =

where @ and ¢ are as in the preceding proposition.

Y e(E)ulE)

EecQ

Proof. The proof is word for word the same as that
of Proposition O

8.3 Alternate characterisations of the
integral

Definition 8.3.1. Suppose (X,B,u) is a content
space. A statement is said to hold for almost all
x € X if there is a set E such that u(E) = 0 and the
statement holds for all z € X \ E.

In other words, the statement holds except for x
in a null set. Of course measure spaces are content
spaces, so the definition above applies to them to.

Proposition 8.3.2. Suppose (X,B,u) is a content
space, Y C [—00,400] and g,h: X — Y are func-
tions such that g(x) = h(x) for almost all v € X.
Then g is integrable if and only if h is, in which case

/aceX g(x) dp(z) = /xeX h(z) du(z).

Proof. The hypothesis that g(x) = h(x) almost ev-
erywhere means that there isan E € B with u(E) =0
such that g(z) = h(z) for all z € X \ E. With no-
tation as in the definition of the integral, suppose
T € R;*(E), ie. that Ry(T) € €. Let V = Ry(T).
Then V' € & so there is Q € P such that a(Q) C V.
Let R be the common refinement of @ and {E, X\ E'}.
If w e a(R) then w € «(Q) and so w € V. So
a(R) C V and hance a(R) € €. For w € a(R) we
have E € Bgr so
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so w(z) =0 for all x € E and hence

Z g(x)w(z) =0= Z h(z)w(x).

zeE el

On the other hand, we have g(z) = h(z) forx € X\ E

Y g@w(z)= Y h(z)w().

zeX\E zeX\E

= g@w)+ Y g@)w()

zeFE z€X\E

=Y h@w(z)+ Y hx)w()

zeFE z€X\E

= > h(z)w(x) = Ry(w).

zeX
So Rg(w) = Rp(w) for all w € a(R). Let § =
Ry (a(R)). If w € «a(R) then Ry(w) € S so
w € R} (S). Therefore
a(R) € R} (9).

a(R) € £ and £ is upward closed so

R;(S)e€
and hence

S e Ry(E).

If z € S then z = Rp(w) for some w € a(R). Then
z = Rg(w). a(R) C V so w € V and hence z =
Ry(w) € T. This holds for all z € S so .S CT. From
this and S € R;*(€) it follows that

T € Ry (€),

since R;*(€) is upward closed. T was an arbitrary
element of R;*(€) so

Ry (E) C Ry (€).
The same argument with the roles of g and h reversed

gives
Ri?(€) € Ry (),

SO

Ry(€) = Ry (€).

Therefore R;*(€) converges if and only if R;*(£) con-
verges, in which case the limits are the same. In terms
of integrals this means that ¢ is integrable if and only
if h is, in which case

/mex g(w) du(z) = /mex h(z) dp(z).
O

Proposition 8.3.3. Suppose (X, B, i) is a measure
space, Y C [—oo0,+00] and g,h: X = Y are func-
tions such that g(z) = h(x) for almost all z € X.
Then g is integrable if and only if h is, in which case

/ o) du(a) = / N

Proof. The proof is word for word the same as for the
previous proposition. O

h(zx) du(z).

Corollary 8.3.4. Suppose that (X, B, p) is a mea-
sure space or a content space, Y C [—o0,+00] and
g: X = Y is a function such that g(x) = 0 for al-
most all v € X. Then g is integrable and

/ f() du(z) = 0.
reX

Proof. We just take h = 0. This is a simple function
so its integral was computed in the last section and
is, as expected, zero. O]

The propositions show that as far as integration is
concerned there is not much point in distinguishing
functions which take the same values at almost all
points. Similarly, it generally makes more sense to
impose a condition at almost all points rather than all
of them. That’s why the inequalities f(z) < g(x) <
h(z) in the following definition are required to hold
for almost all x € X rather than for all x € X.

Definition 8.3.5. Suppose (X,B,u) is a content
space and ¢g: X — Y is a function, where Y =
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[0,400] or Y = R. The lower integral of g with
respect to (X, B, 1), denoted

/ o(x) dp(z),
L ze(X,B,u)

is the supremum of all [ _. f(z)du(x) where f
ranges over all simple functions such that f(x) < g(z)
for almost all x € X. The upper integral of g with
respect to (X, B, pt), denoted is the infimum of all

[ s@du).
ze(X,B,u)

Joex P(x) du(x) where h ranges over all simple func-
tions such that g(z) < h(x) for almost all z € X.

Definition 8.3.6. Suppose (X, B, ) is a measure
space and ¢g: X — Y is a function, where Y =
[0,400] or Y = R. The lower integral of g with
respect to (X, B, i), denoted

/ o) du(z),
Lxe(X,B,u)

is the supremum of all [ _. f(x)du(z) where f
ranges over all semisimple functions such that f(z) <
g(x) for all . The upper integral of g with respect
to (X, B, 1), denoted

/ o) dp(z),
z€(X,B,un)

is the infimum of all [ _ h(x)du(z) where h ranges
over all semisimple functions such that g(z) < h(x)
for all z.

Every measure space is a content space so we’ve
defined upper and lower integrals twice for measure
spaces. The values do not, in general, agree. There is
therefore an unfortunate ambiguity. In general, if the
space is a measure space and we refer to upper and
lower integrals then we mean the versions for mea-
sure spaces unless otherwise stated. From the fact
that every simple function is a semisimple function
it follows that the lower integral of f, viewed as a
function on a measure space, is no smaller than its

lower integral when viewed as a function on a content
space and that the upper integral of f, viewed as a
function on a measure space, is no larger than its up-
per integral when viewed as a function on a content
space.

The following is the analogue for filters of
Lemma, for nets, which, in turn, was a gener-
alisation of a familiar convergence criterion for se-
quences.

Proposition 8.3.7. Suppose £ is a filter on a set X,
Y C[—o0, 40|, and r: X =Y is a function. Then

sup inf r(w) < inf sup r(w
VEIZ"WEV ( )7V€5wel\3/ w)
in [—oo0, +00]. r**(&) is convergent in'Y if and only
if
inf sup r(w) €Y,
Ve )

sup inf r(w) €Y,
VEI; weV ( ) ’
and
inf < inf r .
lré S}lép r(w) Slép ul)IEl (’U))

In this case their common value is the limit of r**(&)

We are, of course, primarily interested in the case
Y =[0,400] and Y = R.

Proof. Note that all the infima and suprema are un-
derstood to be in [—o00, +00], and so definitely exist.
That they belong to Y is an additional hypothesis
though, which we make only in the “if” part of the
statement.

If Z € £ then Z # @ so

inf r(w) < sup r(w).

weZ weZ
Therefore
sup inf r(w) < sup r(w)
SegweZ weZ
and

S inf < inf s
S0 i) < o, v (v)

SO

sup inf r(w) < inf sup r(w).
Vegwev ( )7V€5well)/ (w)
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Suppose that

inf s €y
EH A

sup inf r(w) €Y,
and
inf sup r(w) < sup inf r(w).
Vegwe\g (w) < VEE‘WEV (w)
Then the two sides of the inequality are equal, since
we already have the reverse inequality, so there is a
y € Y such that

inf =y = inf .
P Jgf ) = = ol s ()

Suppose z < y and let I =Y N (z, +oc]. Then

r < sup inf r(w
Velt):wev (w)

so there is a V € £ such that

ul)rg/r(w) > x.
So if w € V then r(w) > z, i.e. 7(w) € 1.
Similarly, if z > y and J =Y N [—o00,y) Then

z > inf sup r(w
vngEI‘)/ ( )

so there is a V € £ such that

sup r(w) < z.
weV

So if w € V then r(w) < z, i.e. r(w) € J.

fr<y<zlet K=YN(x,z)=1INJ. We've just
seen that there is a Vi € & such that r(w) € I for
all w € Vi and a V; € & such that r(w) € J for all
weVy. Let V=VNV;. ThenV € € and r(w) € K
forall we V.

Every neighbourhood of y in Y contains a set of
the form I, J, of K, so if N is a neighbourhood of y
then there is a V' € & such that r(w) € N if w € V.
In other words, V C r*(N). V € € and & is upward
closed so r*(N) € €, i.e. N € r**(&). This holds for
all N € N(y) so

N(y) Cr*(€).

Therefore £ converges to y. Thus if

P s ) = g Jaf v
then they are equal and £ converges to their common
value.

Suppose, conversely, that £ converges to some y €
Y. If # < y then I = Y N(z, +0o0] is a neighbourhood
of yinY sor*(I) € & If w e r*(I) then r(w) €
and hence r(w) > x. This holds for all w € r*(I) so
inf,cp-(ryr(w) > . 7*(I) € € so

sup inf > .
a2

This holds for all < y so

sup inf r(w) > y.

Veg weV W) 2y
Strictly speaking, the argument above fails if y = —oco
because then there is no = < y, but

) 2
holds trivially if y = —oo, since every element of
[—00, +00] is greater than or equal to —oo.
Similarly, If z > y then J = Y N[—o00, 2) is a neigh-
bourhood of y in Y so r*(J) € €. If w € r*(J) then
r(w) € J and hence r(w) < z. This holds for all
w € 1*(J) 80 SUPy, e,y T(w) = 2. 77(J) € € s0

inf s <z
Vet =

This holds for all z > y so

inf <.
SR AR

This time the argument fails for y = 400 but again
the inequality holds trivially in that case. From

inf sup r(w) <y

VeeE weV
and
sup inf r(w) >
VGFS) wevV (w) 2y
we get

inf sup r(w) < sup inf r(w).
Vegwelx)/ ( )7VEIZ:WEV (w)
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The reverse inequality holds without any assump-
tions so in fact

f = f
AR S A

But we’ve already seen that the left hand side is less
than or equal to y while the right hand side is greater
than or equal to y so

inf supr =y =sup inf r
Veswe?/ (w) =y Vegwev (w).

yeY so

Wl
and

‘ng Uilg/r(w) ev.

O

Proposition 8.3.8. Suppose that (X, B, i) is a mea-
sure space, Y C [—o00,+00] and g: X =Y is a func-
tion. Then

inf sup R / ) du(x

i, sup g(w) = xeXg( ) dp(z)
and

sup inf R,(w) = / g(x) du(x).

veswev 7 J pex

All the suprema, and infima, including those in the
definition of [ _ . g(z) du(x) and f x) du(z) are

to be understood in [—oo +oo]

Proof. We'll prove only the first of these equations.
The second can proved by swapping infima and
suprema and the directions of inequalities in the proof
of the first, or, more simply, by applying the first
equation to —g in place of g.

Suppose

/ S dua)

Then there are y1,y2 € R such that

f
Ve ot fal) <

inf sup Ry(w) <y1 <y2 < / g(z) du(x).
Ve wevV reX

By the definition of the infimum there is thena V € £
such that

sup Ry (w) < y1.
wevV

V € £ so there is a countable partition @ of X such
that «(Q) C V. Then

sup Rg(w) < y1.
wea(Q)

Define p: Q@ — Y by

¢(E) = sup g(y)
yeE

for F€e Qand h: E— Y by

where F is the unique element of Q such that x €
E. Then h € Bg and g(z) < h(x) for all x so h
is one of the functions appearing in the definition of

TmeXg(x) dp(z). Therefore

[ @) = [ g >

€E=1Y2 —Y1.

Let

Then € > 0.

Q is countable. Label its elements Ey, FEi, etc.
The sequence may or may not terminate after finitely
many terms. For each j choose a sequence m; o, m; 1,

..such that m; < 4oc for each j and k but

ij,k = n(Ej)
k

This sequence also may or may not terminate after
finitely many terms. There definitely is a sequence
satisfying these requirements. If p(E;) < +oo then
we can just take

mjo = p(E;)
+o00 then we can take

and stop there. If pu(E;) =

mjk =1

176



for all k. Let
€
20HR42(1 + my 1)

6]’,19 = > 0.

We then choose, for each j, a sequence of points such
that x; € E; and
9(@jk) > 0(Ej) —

There must exist such an x;j because p(E;) is the
supremum of g on E; and so ¢(E;) —J, j is less than
the supremum. Define a system of weights w by

E mj,k.

gk T=T; K

0j k-

w(z) =

Then
> w(z) =) > omy
ek z€E) j,k: x=x; 1

- ¥

gk zj r€EE

mik =Y m; = u(E)
k

The second to last equation holds because z; € E;
and E;NE; =@ if j #1. So (X,B,u), Q and w are
compatible and therefore w € U.

> g(@yw(x)

reX
=Y glx) >
gk x=xj

rex
= Zg(xj,k)mj,k
>Z<p m g — z};égkmm

3
>>§:§:%’ i 5355%12
ZEJF 12 i - ZZWH
sz:soE Jw(E;) ’Zgg‘eﬂ

j
> Y2 —€=Y1.

Ry(w) =

M,k

But this contradicts the inequality

Ry(w) <y

from earlier, so the assumption that

inf sup Ry(w) < / EXg(x) du(z)

Vel wev

can’t hold.
Suppose now that

|
zeX

Then there is a y € R such that

|
zeX

Tmexg(a:) dp(z) is the infimum of [ _ h(z),du(x)
over all semisimple functions h such that g(z) < h(z)
for all z € X. There must therefore be such an h such

that
/ h(z)du(z) < y.
reX

In other words, there is a countable partition Q@ of X
and a function ¢: Q — Y such that

() dp(z) < inf 31;5;1% g(w).

(x)du(z) <y < inf sup Ry(w).
€€ wev

for each x € X, where E is the unique element of Q
such that x € E. Let V = «(Q). If w € V then

Rg(w):Zgaﬁwx < Zh(x)wx
reX zeX
:Zthwx):ZZgo(Ewm
FeQzeFk FeQzeFE
=Y w(B) Y w(x)= Y e(E)u(E)
E€Q T€E EcQ

= / h(z)du(z)dx <y
reX

SO
sup Ry(w) <y,
weV

where V = «(Q), and a(Q) € &, so

f R .
e gt b =
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But this contradicts the inequality

inf sup R > .
inf, sup Ry(w) >y

from earlier, so the assumption

d inf .
/ xexg(x) plx) < inf sup Ry(w)

cannot hold either. Therefore

= inf .
/ zexg(a?) dp(z) = i . sup Ry (w)

O

Proposition 8.3.9. Suppose that (X, B, 1) is a con-
tent space, Y C [—00,+00] and g: X =Y is a func-
tion. Then

inf = d
i, sup R (w) / L@ )

and

sup inf Ry(w) :/ g(x) dp(x).
vegwev veX

Proof. The proof is almost identical to that of the
preceding proposition. The partitions Q are finite
though, and the range of the index j is therefore finite
as well, although k& may still need to be countable
unless p(X) < 4+o00. Some further simplifications are
possible, but none are necessary. O

Theorem 8.3.10. Suppose (X,B,u) is a content
space, Y is a subset of [—oo,+o0] and g: X — Y
is a function. Then

[ s@w@s [ o

Also, g is integrable if and only if

and

/ e T L) < / 9() du(),

L reX

in which case the integral is their common value.

We are, of course, primarily interested in the cases
Y = [0,400] and Y = R. In the former case the
hypotheses

/ g(2)du(z) € Y
2 _xeX

and

/ o) du(z) € Y
reX

are always fulfilled.

Proof. We apply Proposition tor =Ry and £
the filter from the definition of the integral. Proposi-
tion [8.3.9] allows us to identify the supremum of the
infima and the infimum of the suprema with the lower
and upper intervals, respectively. O

Theorem 8.3.11. Suppose (X,B,p) is a measure

space, Y is a subset of [—0o,+00] and g: X =Y is
a function. Then

/IEXg(x) du(z) < /zexg(x) du(x).

Also, g is integrable if and only if

/ o(x) dp(z) € Y,

LxeX

/.
| s < |

in which case the integral is their common value.

g(x) du(z) €'Y,

and

9(x) dp(z),
rcX
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Again, we are primarily interested in the cases
Y = [0,+00] and Y = R and in the former case
the hypotheses

/ g(z)dp(z) € Y

xecX

and o
| s@duw) ey
zeX
are always fulfilled.

Proof. The proof is the same as in the preceding theo-
rem, except with Proposition [8:3:8in place of Propo-
sition [8.3.9| O

The characterisation of integrability in terms of up-
per and lower integrals can be used to show that a
function is integrable over a content or measure space
if and only if it is integrable over the completion of
that space.

Theorem 8.3.12. Suppose (X,B,u) is a content
space and (X,BT,u") is its completion. Suppose
Y C [—o00,+00]. Then g: X — Y is integrable with
respect to (X, BV, ul) if and only if it is integrable
with respect to (X,B,n). The two integrals are then
equal.

Proof. The “if” part and the equality of the two inte-
grals follow immediately from Proposition but
the “only if” part requires more work.

Suppose that g is integrable with respect to

(X, BT, ut). By Theorem [8.3.11 then

/ i) = | s@ it

and both sides belong to Y.

The lower integral, i.e. the left hand side, was de-
fined to be the supremum of [, _ f(x),du’(x) where
f ranges over simple functions such that f(x) < g(z)
for all z € X. Simple here means that there is a finite
partition @ C BT of X such that p(Y) C f**(Bo).
It’s Bt rather than B since this is the lower integral
with respect to (X, BT, u') rather than with respect
to (X, B, p).

Suppose y1,y2 € R are such that

1 <y2 < / g(x)du'(z).
LxeX
We can do this unless [ €Xg(gv) duf(z) = —o0, a
“x
case which we will consider separately later. By the
definition of the supremum there’s an f as above and
a corresponding Q such that

/ F(@) dit () > .
reX

Let
€=1Y2 —Y1.

As usual we have a ¢: @ — Y such that
f(z) =p(E)

where F is the unique element of Q such that z € F.
We can write f as

f= Z e(E)xE,

EeQ

where xg is the characteristic function of E. Define
Q1 ={E € Q: p(E) >0},

Qo = {E € Q: (E) =0},
and
Q ={Fec€Q:p(FE) <0}

These are finite, so

Q+:{F07F1a"'7Fm}
for some distinct Fy, Fy, ..., F,, and
Q+ = {GO7G17"~7Gn}

for some distinct Gg, Gy, ..., G5. These are all ele-
ments of Q and hence of BT.

Let
€

% = SR (E))]

F; e Bf. By the definition of B there are D;,H;eB
such that

> 0.

FjAGj - Dj
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and
p(Dj) < 6.

Then
Hj\Dj CF; CH;UDjy
SO
p'(H; \ Dy) < pl (Fy) < pl(H; U Dy).

But
HjUDj = (H;\ Dj)UD;
and
(H;\D;)ND; =2
SO

p'(H; U Dy) = pt(H; \ D) + p'(D;)
= ' (H; \ Dj) + u(Dy)
<t (H;\ Dj) +9;

It follows that
P (Ey) < p(Fy) +9;
where R
F, = H;\ D;.
©(Fj) >0 so

P(E(Ey) < p(Fu(F) + 5505

Also Fj C Fj so
Y5, (@) < X (2)

and hence

for all x € X.
Similarly, let

€

Op = ————
T ok p(Ey )|

> 0.

G}, € Bt. By the definition of Bt there are Dy, H, €

B such that
G AGy C Dy,

Then
Hp\ Dy C G, € Hp U Dy,

pt(Hy \ Dy,) < ' (Gy) < pl (Hy, U Dy),
Hy, U Dy = (Hi \ D) U Dy,
(Hy \ D) N Dy = 2,
and

pl(Hy, U Dy) = pf(Hy, \ Dy) + ' (Dy)
= 1" (Hi \ Di) + p(Dx)
< ul(Hi \ Dy) + 0.

It follows that
1 (Gr) < (Gr) + Ox

where
ék = H, U Dy,.

Now ¢(Gy) < 0 so

€
0(Gr)u(Gr) < ©(Gr)u(Gr) + ok+2°
Also G}, C ék-, SO

xai(7) < Xg, (2)

and hence

P(Gr)xa, (@) < o(Gr)xe, (2)

for all z € X.
Now let
F=eE)xp, + Y e(Goxe,
J k
Then

fx) < f2) < g()

and for all z € X. Also Fj € Band G, € B. f takes
w(Dy) < k. only finitely many values and takes each of them on
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an element of B, so is a simple function with respect
to (X, B). Also,

/ @)l @) = Y e(E(E) + 3 e(Gun(Gr)
x€ j k

by the integrability of g with respect to (X, BT, uf)
and Theorem [8.3.11} so

@i < [ o)

— N (F. T
- Z@(Fﬂ)“ (£y) + Z@(Gk)“ (Gkbsing Theorem [8.3.11| again we see that g is inte-
J k

< Z p(Fy)ut (Fy) + Z 2%2
+ D e(GOH (G + Y 5
k k
— [ F@)duta) +e
rzeX
Now [y f(x)du'(z) > y2 and € = yo — 1 s0
[ @) >

This holds for all y; < [ GXg(x) dut(x) so

~.’17 s X T.’IJ
Lexf< ) ds( )Z/MQ( ) dut (),

and hence, since f is one of the functions in the supre-
mum defining [ eXg(ac) du(z),
=

x)du(x) > 2)dut ().
/zexgum)_/zexg() il (2)

9@ duf(2) # —oo
but the inequality holds even without this assumption
because every element of [—oo, +00] is greater than
or equal to —oo.

A similar argument works for the upper integrals
and gives

The proof above assumed [

[ s@dn) < [ gwdit@).
reX zeX
We already have

[ pwaes [ g@ado

grable with respect to (X, B, u). O

Theorem 8.3.13. Suppose (X, B, ) is a measure
space and (X, BY, ut) is its completion. Suppose Y C
[—00,4+00]. Then g: X =Y is integrable with respect
to (X, BT, u") if and only if it is integrable with respect
to (X, B, ). The two integrals are then equal.

Proof. The proof is nearly identical to the proof of
the preceding theorem, with the obvious changes,
such as replacing the “finite” with “countable”, “con-
tent” with “measure”, “simple” with “semisimple”,
etc. There is one exception though. In the proof of
the preceding theorem we used the fact a finite lin-
ear combination of characteristic functions takes only
finitely many values to conclude that f is simple. It
is not true in general, however, that a countable lin-
ear combination of characteristic functions takes only
countably many values. A convergent sum of pos-
itive numbers can have only countably many non-
zero terms though, so we can modify f by choosing
its value to be an arbitrary element of Y on all of
those sets which contribute nothing to the integral.
The new f will be semisimple and will still satisfy the
necessary inequality on the integral. O

8.4 Riemann integration

Definition 8.4.1. A function g: R — R is said to
be Riemann integrable if it is integrable with respect
to the content space (R,Z, u) where Z is the set of
finite unions of intervals and p is the length content
whose existence was proved in Proposition

Proposition 8.4.2. If f is Riemann integrable then
it is integrable with respect to (R, J,u), where J is
the Jordan algebra and p is its associated content.
Conversely, if f is integrable with respect to (R, J, i)
then it is Riemann integrable.
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Proof. This follows from Theorem [8.3.12] since
(R, J, 1) is the completion of (R,Z, y). O

Definition 8.4.3. Suppose (X,7T) is a topological
space and f: X — R is a function. The support of f
is the set

f*(R—{0}).
f is said to be compactly supported if its support is
compact.

Proposition 8.4.4. FEvery compactly supported con-
tinuous function is Riemann integrable.

Proof. Suppose g is compactly supported and con-
tinuous. Then the support of g is bounded since all
compact subsets of a metric space are bounded. So

9" (R —{0}) Cg*(R—{0}) € B(0,7) = [-,7]

for some r > 0. In other words, g(x) = 0 if
x ¢ [—r,r]. For each n > 0 we form a partition Q,
consisting of (—oo, —r), (r,+00) and 2n intervals of
length r/n which together form a partition of [—r,7].
Define

p(E) = inf g(z),
Y(E) = 21611;9(30),
fn(x) = o(E)
and
ho(x) = P(E)

where FE is the unique element of Q,, such that x € E.
Then f,, and h,, are simple functions and

fo() < g(2) < hn ().

g is continuous on the compact set [—r,r] and hence
is uniformly continuous. For each 6 > 0 there is
therefore a 6 > 0 ¢ > 0 such that if |z — y| < ¢ then

lg(z) — g(y)| <,

where
€

BT
Choose n sufficiently large that r/n < d. If x € E
then

9(y) —e < glx) <g(z) +¢

for all y, z € E and, taking infima and suprema,
ha(2) — € < glx) < ful2) + €
and hence
hn(x) < fr(z) + 2.
Then

/ hn(z) dp(x) < / fu(x) du(z) + 4re < 0.
z€R z€R

Then
/ g(x) dp(z) < / g(x) du(z) + 6.
zeR J 2eR

This holds for all 8 > 0, so

[ @< [ o) iuta)

L zeER

Thus g is integrable by Theorem O

8.5 Measurable functions

Definition 8.5.1. Suppose (X, B,u) is a measure
space, (Y, ) is topological space and f: X =Y isa
function. Then f is said to be measurable if f*(E) €
B for all Borel subsets E of Y.

Lemma 8.5.2. Suppose (X,Bx,u) is a measure
space, (Y,Ty) and (Z,Tz) are topological spaces,
f: X — Y is a measurable function and g: Y — Z
18 a continuous function. Then go f is a measurable
Sfunction.

Proof. Let By and Bz be the Borel o-algebras on
(Y, Ty) and (Z,Tz), respectively. If V € Bz then
g*(V) € By by Proposition[7.2.9] Then f*(g*(V)) €
Bx because f is measurable. But

[ g(V) = (fTog")(V) = (go /)" (V).
So (go f)*(V) € Bx whenever V € Bz. In other

words, g o f is measurable. O

Proposition 8.5.3. Suppose (X, B, i) is a measure
space and f: X — R is a measurable function. Then
|f| is also measurable.
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Proof. The absolute value function is continu-
ous, so this follows immediate from the preceding
lemma. U

Lemma 8.5.4. Suppose (X,Bx,u) is a measure
space, (Y, Ty) is a topological space and f: X —'Y is
a function such that f*(V) € Bx for every V € Ty.
Then f is measurable.

Proof. Let By be the Borel o-algebra on (Y, 7y ). The
hypothesis that f*(V) € Bx for every V € Ty means
that

Ty C [ (Bx).
f**(Bx) is a o-algebra by Proposition Any o-
algebra which contains 7Ty also contains the o-algebra
generated by Ty, i.e. By, so

By C f™(Bx).

In other words, if E € By then f*(E) € Bx. So f is
measurable. O

Lemma 8.5.5. Suppose (X, B, i) is a measure space
and f: X = R and g: X — R are measurable func-
tions. Define h: X — R? by h(z) = (f(z),g(x)).
Then h is measurable.

Proof. Suppose that V is an open subset of R2. Let
A be the set of sets of the form (a,b) x (¢,d) such
that a,b,c,d € Q and (a,b) x (¢,d) C V. Then A
is countable, because Q* is countable. If (z,y) € V.
then there is an r > 0 such that B((z,y),r) C V.
Every interval of positive length contains a rational
number so choose a rational § € (0,r). Then

(s-5+5) * (1= 5w+ 3) < Bl
€ Bl(@).)
cV.

Using again the fact that every interval of positive
length contains a rational number we choose

€ x—éﬂc—i-é € 9 +é
p 6 6) I1S\V—§¥Tg):

Then

and
IR P S
q 37q 3)= Y 27y B
o
4 0 ] 0
C _ Z Z e
(a,b) x (c,d) C | = 5%+ 2) X (y 5yt 2)
eV,
where
) ] )
a=pr-3 b—P‘f'g, c=4-3 d—‘]"‘g
So (a,b) x (¢,d) € A. Also,
(z,y) € (a,b) x (c,d).
Therefore
(x,y) € U (a,b) x (¢, d).
(a,b)x (c,d)eA
This holds for all (z,y) € V so
ve | (@b x(cd).

(a,b)x (c,d)eA

Every element of the union is a subset of V' though,

SO
V= U (@b x(cd).
(a,b)X(c,d)eA
But then
V)= |J (b x (cd)

(a,b) X (c,d)eA

- U

(a,b)x(c,d)eA

f((a,0)) g™ ((¢, d))

(a,b) and (c,d) are Borel sets so f*((a,b)) and
g*((¢,d)) are elements of B, as is their intersection.
Any countable union of elements of B is an element of
B, so h*(V) € V. This holds for all open subsets V' of
R? so h is measurable, by the preceding lemma. [

Proposition 8.5.6. Suppose (X, B, i) is a measure
space, f: X — R and g: X — R are measurable
functions and o, 8 € R. Then af 4+ B¢ is measurable.
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Proof. Define h: X — R? by
hz) = (9(), h(z)),

as in the lemma. Then A is measurable. Define

k:R? = R by
k(y,2) = ay + B2.

Then k is continuous. By Lemma then ko h is
measurable. But

koh=af+ Bg.
O

Proposition 8.5.7. Suppose (X, B, 1) is a measure
space and f: X — R and g: X — R are measurable
functions. Then fg is measurable.

Proof. Define h: X — R? as before and note that
it’s measurable. Define k: RZ2 — R by

k(y, z) = yz.
Then k is continuous. By Lemma then ko h is
measurable. But
koh= fg.
O

Proposition 8.5.8. Suppose (X, B, 1) is a measure
space and f: N x X — [—00,+00] is such that f(zx)
is a measurable function of x for each n. Then

(a) inf,en frn is measurable.

(b) sup,en fn is measurable.

(c) sup,,en infp>m frn is measurable.

(d) inf,eNsup,s,, fn is measurable.

(e) lim,, o fn is measurable, if it exists.

Note that all of these infima and suprema exist as
elements of [—o00, +00], though the limit might not.
For functions with values in [0, +o0] the infima and
suprema also exist as elements of [0, +00], though the
limit might not. For functions with values in R the
infima and suprema exist as elements of [—o0, +00]
but possibly not as elements of R, and again the limit
need not exist.

Proof. y > infpen fn(x) if and only if y > f,(x) for
all z. In other words, z € g*([y, +-00]) if and only if
z € f*([y, +o0]) for all n, where

inf f,(x).

g(x) - neN

Thus
9" ([, +o0)) = [ £i(ly, +o0)).

neN
From this it follows that
9" ([=00,2)) = g*([-00, +o0] \ [z, +0o0])
= g"([~00, +00]) \ g*([2, +o0])
=X\ ) £z +o0)

neN
= |J X\ £z +00))
neN
= U U ([=o0, +od)) \ fr([z, +09]))
neN
= | fi([=o0,+09] \ [z, +0¢))
neN
= U fill=o0,2)).
neN
Then
9" ([y, 2)) = g"(ly, +oc] N [—00, 2))

*(

“([y, +00]) N g™ ([0, 2))

=N f:g([y,+oon> n (U fii([oo&”) -
neN

neN
The sets [y, +oo] and [—o0, z) are Borel sets. f, is
measurable so f}([y, +o0]) € B and [} ([—00,2)) € B
for each n € N. B is a o-algebra and hence countable
unions or intersections of elements of B are elements
of B. It follows that

|
<

9°(ly,2)) € B

for any y,z € [—00, +00].
Suppose V is an open subset of R. Then

U 2.

(y,2)€Q?
[y,2)CV

V =
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The proof is similar to, but simpler than the one given
in Lemma to show that every open subset of R?
is a union of countably many open rectangles with
with rational coefficients. Then

gWV)= U o(y2)eB

(y,2)€Q?
y,2)CV

because the union of countably many elements of B
is an element of B. In particular,

9" (R) e B
s0

9" ({—00, +00}) = g*([—00, +oc] \ R)
= 9" ([-00, +o0]) \ ¢"(R)
=X \g"(R)

is an element of B. So are

9" ({=00}) = g" ({00, +00} N[00, +-00))
= 9" ({=00, +o0}) N g*([—00, +00))

and

9" ({+00}) = g"({—o0, +00} \ {—00})
= 9" ({—00, +o0}) \ g*({—00}).

If W is an open set in [—oo, +o0] then W =V, W =
VU{—o0,400}, W =V U{—00} or W = VU{+o0},
where V' = WNR is an open set in R. so ¢g*(W) is one
of g*(V), g*(V)Ug" ({—o00, +00}), g"(V)Ug" ({—o0})
or g*(V)Ug*({+o0}), each of when belongs to 5. So
for any open W C [—o0, +00] we have g* (W) € B. Tt
follows from Lemma[8.5.4] that g is measurable. This
completes the proof of

Fortunately the other parts are now easy to prove.
If f,, is measurable for each n then so is —f,, so

_ — inf (—
sup fa(w) = inf (=fa(2))
is measurable and hence so is sup,,cn fn-

If f,, is measurable for each n then for any m € N/
we have that gy = f,,+r is measurable. Then

sup fn = sup g
n>m keN

is measurable, so

inf sup f,
meN p>m

is measurable. Similarly,

inf = inf gy
n>m fn keN g
is measurable, so

sup inf f,

meN n2m

is measurable. lim,_,.,, assuming it exists, is equal
to sup,,en infn>m frn and so is measurable. O

8.6 Integrability and measurability

Proposition 8.6.1. Suppose (X,B,u) is a content
space and (X, Bt u') is its completion. If f is inte-
grable with respect to (X, B, ) then it is measurable
with respect of (X, BT, ut).

Proposition 8.6.2. If [ |f| < 400 and f is measur-
able then f is integrable.

Proposition 8.6.3. Suppose (X, B, 1) is a measure
space and f: X — [0,+00] is a function. Then f is
integrable if and only if its is measurable with respect
to (X, B, i), the completion of (X, B, ).

Corollary 8.6.4. Suppose (X,B,u) is a measure
space and f: N x X — [0,400] is such that fn(x) is
integrable as a function of x for each n and conver-
gent as a sequence in n for each x. Then lim, .o fn
18 integrable.

Proof. Each f, is integrable and hence measur-
able by the proposition above. The limit of a se-
quence of measurable functions is measurable by
Proposition ?? so lim,_, f, is measurable. Using
the proposition above again we see that it is inte-
grable. O

Note that this just says the integral of the limit
exists, not that it is equal to the limit of the integrals.
That’s not true without further assumptions.
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8.7 Convergence properties

The following theorem is known as the Monotone
Convergence Theorem for integrals.

Theorem 8.7.1. Suppose (X,B,u) is a measure
space and f: N x X — [0,+00] is a function such
that

(a) fn(x) is an integrable function of x for each n €
N, and

(b) fn(zx) is a monotone increasing sequence inn for

each x € X.
Then
lim fma:d,ux:/ lim fi,(x)du(x
Jim [ fa@dut@) = [ g dute)

Note the second condition above implies that
lim,;, 00 fm(2) exists, so the integrand on the right
hand side is well defined.

Proof.

fm(m) < sup fn(x) = lim fn(m)
for all m € N. The equation between the supremum
and the limit follows from the monotonicity assump-
tion on f. Therefore

[ ta@du@) < [ g0 duo).
reX zeX

The integral of the limit makes sense by Corol-
lary Taking the supremum over all m € N
we get

lim f,(z) du().

sup
EX n—oo

meN

(@) du(o) <

rzeX T

If m < n then f,,(z) < fu(x) for all x € X by the
monotonicity assumption so

/xex fm (@) dp(z) < /wEX fol2) dps(z)

$0 [.ex fm(z)dp(z) is a monotone sequence and
therefore

fm(z) du(x).

reX

im [ fule)du(e) = sup

m—+00 reX meN

Thus
lim mxdxg/ lim f,(x)du(x).
Jim [ fa@dn) < [ ) dte)

The name of the variable in the limit is irrelevant, so

i [ o) dnte) < [

Suppose g is a semisimple function such that

9(37) < lim fm(x)

m—o0

for all x € X. In other words, there is a countable
partition @ C B of X such that

([0, +oc]) € g™ (B).

Then, as we've seen, there is a ¢: Q@ — [0, +0o0] such
that f(z) = ¢(F) when = € E. Suppose k € (0,1).
Then

lim fr,(z) = sup fin(z) > g(z) = ¢(E) > kp(E)

m—oo m—00

for all € E. The last inequality requires ¢(FE) #
0, which we’ll assume from now until further notice.
Define

P = {2 € Bt f(@) > k().

Then
Fm,E g Fn7E

whenever m < n and

U Fngp=E.

Tt follows from Theorem that

mILmM 1(Fm,p) = n(E).

_ )Ry
hom(x) = {0
Then fy,(x) > hy,(x) for all z € X so
/ fm(z) dp(z) > / B () dpu().
zeX rzeX
=Y kp(E)p (Fin.p).-

EcQ

Let
ifx € Fm,E7
otherwise.
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The sum is over all E and we proved the inequality
only for those E for which ¢(E) # 0, but that’s okay
since the E’s for which ¢(F) = 0 don’t contribute to
any of the sums or integrals. Now

lim > wp(E)u(F,p) = Y lim wo(E)p(F, )

m— 00
EcQ

EcQ
> rp(E)u(E)

EeQ

kY p(E)u(E)

EecQ

e / o) duo)

The interchange of the sum and limit is justified by
the Monotone Convergence Theorem for sums, The-
orem [6.3.1l It follows that

i [ o) duto) = x [ 9 dufa)

for all Kk € (0,1) and hence, taking the limit as &
tends to 1 from below,

im [ f(e)due) > / 9@ dua)

This is true for all simple g such that

g(z) < lim fn.(z)

m—r oo

so the limit on the left is greater than or equal to the
supremum over all such g, i.e.

limf(2) du(o).

tin [ ) dute) > [
Y xeX

[ Jim_ () duto).
r€X

We already have the reverse inequality, so

i [ fule)dule) = [

O

The Monotone Convergence Theorem for sums ap-
plied to nets of functions, not just sequences. Un-
fortunately the Monotone Convergence Theorem for

integrals does not apply to nets in general. To see
this assume that there is a measure p on the Borel
o-algebra on R such that pu({z}) =0 for all x € R
and p([0,1]) = 1. We will see in the next chapter
that there is a measure, the Lebesgue measure, with
these properties. Let D be the set of finite subsets of
[0,1]. We make this into a directed set by choosing C
as our order relation. Consider the function f: DxR
defined by

1 ifzed,

1(G ) = {0 it s ¢ Gl

Then f(G,x) is a monotone net in G for each = and
a measurable function in x for each G. Also,

| #Gw)duta) =0
zeR
for all G € D and

1 ifzel0,1],

i, (Gy) = {o if 7 ¢ [0,1].

It follows that

/ZER Jim f(G.x)dp(x) = p([0,1]) = 1,

SO
Jim, [ _JG.) () # / _lim £(G. ) du(e).

The following theorem is known as Fatou’s Lemma
for integrals.

Theorem 8.7.2. Suppose (X,B,u) is a measure
space and f: N x X — [0,400] is a function. Then

sup inf f,(s) du(z)

/1:€X meN n=m

< sup inf / fn(8) du(z).
meN n2m reX
Proof. Define g: N x X — [0, +00] by

inf f(zx).

n>m

gm(x) =
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Also, if m <n then or, in view of how g was defined,

fpeN:p=2n} C{peN:p=m} / sup inf fu(x) du(x)
z€X mEN =M
and so
< ) < sup 1nf/ fn(z) dp(x).
2,5 < 5l (o) o A
In other words, if m < n then 0
I () < gn(2). The following theorem is known as the Dominated

Convergence Theorem for integrals.
It follows from the Monotone Convergence Theorem

that Theorem 8.7.3. Suppose (X,B,u) is a measure
space and f: N x X — R is a function and g: X —
/ lim g, (z)du(z) = lim gm () dp(z).  [0,400] is a function such that
These are monotone sequences so the limit is the ,,}E)noo frm(2)

same as the supremum and therefore '
exists for all x € X,

| s gue)dute) = sup [ _ 9n(@) du(z).

cX meN meN

Now if m < n then

and
gm( ) _plgglfp( ) < fn(z) ‘fm(x” < g((E)
for all m € N. Then
SO
m(T)d < n(x)d . . )
[t < [ @t S [ fal@dute) = [t o) dute).
xeX rzeX
This holds for all n > m so
Proof. Define
mscd:nginf/ w(x) du(x
JIRZCLICES T RGeS o (8) — o) 4 ()
and Then h,,(z) > 0 for all m € N and x € X. By
Fatou’s Lemma,
sup/ gm/(z) dp(z) < sup 12f/ fn(x) du(z).
MmN Jaex men / sup inf h,(z)du(zx)
z€X meNn2m

Combining this with the equation

< sup 12f ho () dp().
/ sup gm(x) dﬂ(l’) = sup /EX gm(gj) dlu(;p) aeN N> m/EX

cX reX meN
Now

obtained earlier, we find that )
sup inf h,(x) = g(z) + sup 1£1f fn(x)

meN n=>m meNn=2m
/ sup gm(x)dp(z) < sup inf / fn(z) du(x), =g(z)+ lim f,,(x).
z m— 00

X meN meN n=>m
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Also,

/ Pl du(a) = / _9@) du(x)

+ / @ dn@
SR [ o))
= [ swyauta)
“ gt [ Ao

SO

Therefore

/zexg(a:) du(x)+/m€X i () dp()
< [ st
e inf [ p ) dula)

/ o(x) dp(x) < +oo
reX

we can conclude that

Because

GX m—o0
< sup inf fn(x) dp(z)
meENN2M J cx

We can apply the same argument with —f,,,(z) in
place of f,,,(z) to get

inf sup fm(z) dp(x S/ i
mENn>m reX m( ) ( ) zeX M

It follows that

sup_inf / ful) diu(z)
meN n=>m [=D.¢

< inf sup/ an(fv)dll(l')
rec

meN ;>

and therefore

lim
m—r 00

fm () dp()
X

€

exists and is equal to their common value. So

lim
m—o0

fonl) dia(z) = / i f () dp(z).

z€X zeX M

O

9 Constructing measures

9.1 Semicontinuity

Definition 9.1.1. Suppose (X,7T) is a topological
space. A function f: X — R is called lower semi-
continuous if f*((a,+00)) € T for all a € R and is
called upper semicontinuous if f*((—oo,b)) € T for
all b e R.

Proposition 9.1.2. Suppose (X,T) is a topological
space. f: X — R is continuous if and only if it is
both lower and upper semicontinuous.

Proof. Suppose [ is continuous. (a,+00) and
(—o0,b) are open so f*((a,+00)) and f*((—o0,b))
are open. Therefore f is both lower and upper semi-
continuous.

Suppose, conversely, that f is both lower and upper
semicontinuous. Then f*((a,+o00)) and f*((—o0,b))
are open for all a and b, and therefore

f*((a,0) = f*((a, +00) N (=00, b))
= [*((a,+00)) N f*((—=00,0))
is open. Every open set is a union of open inter-

vals and the preimage of a union is the union of the
preimages, so the preimage of every open set is open.
Therefore f is continuous. O
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Proposition 9.1.3. Suppose (X, T) is a topological
space, E € p(X) and xg is the characteristic func-
tion of E, i.e. xgp(x)=1ifx € E and xg(x) =0 if
x ¢ E. Then xg is lower semicontinuous if and only
if E is open and x g is upper semicontinuous if and
only if E is closed.

Proof. Suppose xg is lower semicontinuous. Charac-
teristic functions only take the values 0 and 1 so

E=xp({1}) = E = x&((1/2,+00))

is open. Suppose, conversely, that E is open. Then

g ifa>1.
Xu((a,+00) =4 E if0<a<l,
X ifa<0

In either case x}((a,+c0)) is open.
Suppose x g is upper semicontinuous. Characteris-
tic functions only take the values 0 and 1 so

X\E =xp({0}) = B = xp((—00,1/2))

is open and hence F is closed. Suppose, conversely,
that F is closed. Then

o ifb<0,
Xp((=00,0)) = ¢ X\ E if0<b<1,
X if b > 1.
In either case x}((—o0,b)) is open. O

Proposition 9.1.4. Suppose (X, T) is a topological
space, f1,..., fm: X — R are functions and g: X —
R is defined by g = >." cifi- If f1, ..., fm are lower
semicontinuous then so is g. If f1,..., fm are upper
semicontinuous then so is g.

Proof. g(x) > a if and only if there are aq, ..., am,
such that f;(xz) > a; for each ¢ and Y ", c;o; = a.
In other words,

m

=U L (@0,

where the union is over s such that > ¢;a; = a.
If each f; is lower semicontinuous then f((a;,+00))

9" ((a, +00))

is open. The intersection of finitely many open sets
is open and the union of arbitrarily many open sets
is open so ¢*((a,+00)) is open. In other words, g is
lower semicontinuous. The proof for upper semicon-
tinuity is similar, except we use the identity

g% ( Uﬂf

where the union is over 8’s such that >_.", ¢;8; =
b. O

—00, Bi))

9.2 The Riesz Representation Theo-
rem, compact case

Proposition 9.2.1. Suppose (X,T) is a compact
Hausdorff space. Suppose I is a linear transforma-
tion from the wvector space of continuous functions
from X to R such that I(g) > 0 whenever g is such
that g(x) > 0 for all x € X. Then there is a Radon
measure p on X such that

I(g) = / 9 dufa)

for all continuous g.

Proof. This proof is very long, so it may be helpful
to start with an overview of its structure.

(a) We prove a monotonicity property for I: If
f(z) < g(z) for all z € X then I(f) < I(g).

(b) We define a function J from the set of bounded
non-negative lower semicontinuous functions by
J(g) = supI(f), where the supremum is over
all continuous functions f such that 0 < f(z) <
g(z) for all x € X.

We show that 0 < J(g) < +oo for all such g.

We show that when I(g) and J(g) are defined,

i,e. when g is continuous and non-negative,

I(g) = J(g)-

We prove a monotonicity property for J: If
g(z) < h(z) for all z € X then J(g) < J(h).
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(f)

(2)

We prove that J is homogeneous in the sense
that if ¢ > 0 and g is bounded, non-negative and
lower semicontinuous then J(cg) = ¢J(g).

We prove that J is finitely superadditive in the
sense that if gg, ..., g, are bounded, non-
negative and lower semicontinuous then

J (Z%) > J(gh)-

k=0 0

We prove that J is countably subadditive in
the sense that if gg, g1, ..., are bounded, non-
negative and lower semicontinuous then

J (Z%) <D JT(gw)-
k=0 k=0
This is in fact a special case of a slightly more

general statement. If gg, g1, ..., are bounded,
non-negative and lower semicontinuous and

f@) <> gilx)
k=0

for all x € X, where f is also bounded, non-
negative and lower semicontinuous, then

J(f) < ZJ(gk)~
k=0

We define a function v on the set of open subsets
of X by

v(E) = J(xk)
and a function v on the set of closed subsets of
X by
v(E) = J(xx) — J(xx\r)

and show that if E is both open and closed then
the two definitions agree.

We prove a monotonicity property of v: If VC U
and v(V') and v(U) are both defined, i.e. if each
of U and V is open or closed, then v(V) < v(U).
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(k) We define functions x~ and gt on p(X) by

p(E) =supr(V)
and
pt(E) = mfv(U),

where the supremum is over closed V such that
V C FE and the infimum is over open U such that
ECU.

(1) We define B to be the set of E € p(X) such that

pT(E) < p~(E), which then implies pt(F) =
p(E).

(m) We define a function pon B by u(E) = ut(E) =

p(E).

(n) We show that B is a o-algebra on X and p is a

measure on (X, B).

(o) We show that if E is closed then F € B and

n(E) = v(E),

(p) We show that if E is open then E € B and

H(E) = v(B).

(q) We show that B is a superset of the Borel o-

algebra.

(r) We show that if f is bounded, positive and lower

semicontinuous then

| t@inw =50

(s) We show that if f is continuous then

/ f(@) du(z) = I(f).
rxeX

Suppose that f and g are continuous functions from
X to R such that

f(x) < g(x)

forall x € X. Let h =g — f. Then

I(g) = I(f) + I(h)



and h(z) > 0 for all z € X so
I(h) >0

and hence

I(f) < I(g).

So if f(z) < g(z) for all z € X then I(f) < I(g).
This will be referred to below as the monotonicity
property of I.

For each bounded non-negative lower semicontinu-
ous function g on X we define J(g) by

J(g) = sup I(f),

where the supremum is over all continuous f such
that 0 < f(z) < g(z) for all z € X. Note that if
0 < f(z) < g(x) for all z € X then 0 < f(x) < h(x)
for all x € X, where h(z) = sup,cx g(w) so 0 =
I(0) < I(f) < I(h). This holds for all f satisfying the
conditions above so 0 < J(g) < I(h). In particular,
J(g) is finite and non-negative.

If ¢ is continuous and non-negative then f = ¢
belongs to this set so J(g) > I(g). On the other
hand, for any continuous f such that f(z) < g(x)
for all x we have I(f) < I(g) by the monotonicity
property of I and hence sup I(f) < I(g). In other
words, J(g) < I(g). Since we already have the reverse
inequality we conclude that

whenever both the left and right hand sides are de-
fined, i.e. whenever g is non-negative and continuous.

If g and h are bounded non-negative lower semi-
continuous functions on X and

g(x) < h(z)

for all z € X then any continuous f such that 0
f(x) < g(x) for all x € X also satisfies 0 < f(x)
h(z) for all x € X. The supremum over a larger set
is at least as large as the supremum over a smaller
set so

<
<

J(g) < J(h).

So if g(z) < h(z) for all x € X then J(g) < J(h).
We'll refer to this as the monotonicity property of .J.

Suppose that ¢ > 0 and g is bounded, non-negative
and lower semicontinuous. Then

J(cg) = sup I(f)

where the supremum is over continuous f such that
0 < f(z) < cg(x) for all x € X. For any such f we
have 0 < ¢! f(z) < g(z) so ¢~ f is one of the func-
tions appearing in the definition of J(g) and hence

I(c'f) < J(g).

But
I(f) = I(cc™' f) = el (c7'f)

by the linearity of I so

I(f) <cJ(g).

This holds for all continuous f such that 0 < f(z) <
cg(x) for all x € X, so it holds for their supremum,
S)

J(cg) < cJ(g).

The same argument works with ¢~! in place of ¢ and
cg in place of g so

J(g) < ¢ J(cg)

and hence
cJ(g) < J(cg).

Since we already have the reverse inequality we con-
clude that

J(cg) = cJ(g)

for all ¢ > 0 and all bounded non-negative lower semi-
continuous functions g. In fact this applies for all
¢ > 0, since the case ¢ = 0 follows immediately from
J(0) =0.

If go, - . ., gm are bounded non-negative lower semi-
continuous functions then

/(&)

To prove this we note that if 0 < fi(z) < gr(x) for
each z € X and each k then 0 < f(z) < >°/", gr(2)
for all z € X, where f = >"/", fi. This f therefore

> Zj(gk)'

k=0
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belongs to the class over which we take the supremum
of I(f) to get J (3> 1, gk) SO

I(f)<J (Z%) :
k=0

I(f)=1 (ka) = I(f)
k=0 k=0

by the linearity of I. So

D I(fi) < (ZQk) :
k=0

k=0

» fm

Taking the supremum over all allowed fy, ...

gives
D ) <7 (ZQk) ~
k=0 k=0

We’ll now prove the reverse inequality, but this is
harder.

Suppose ¢ is bounded, non-negative and lower
semicontinuous, h; is bounded, non-negative and
lower semicontinuous for each ¢ € N, and

0
for all x € X. Suppose k£ > 1. Suppose f is con-
tinuous and 0 < f(x) < g(z) for all x € X. f is
continuous on X and 2% > 0 so for each x € X the
set

Ux—{yGXi If(x)f(y)|<2ik}

is open. It contains x and so is a neighbourhood of .
By the definition of convergence there is an n, € N
such that if m > n, then

o0 m 1
> hi(x) = hi(x)| < 75
=0 1=0
In that case
o0 m 1
> hi(@) = D hilx) < o
i=0 =0

and so
m 1
Zhi(x) > g(z) — 2%
i=0

For each j < n, the function h; is lower semicontin-
uous so the set

N 1
Vi = h} ((hj(;v) — 2j+2k,+oo>>

is open. It contains x so is an open neighbourhood
of x. Therefore

Wo=0Us0 [\ Vay
0<j<n,
is an open neighbourhood of z. So if y € W,, then

7@~ 7l <

and
1

hj(y) > h;(z) — 5512k

for j < n,. X was assumed to be compact and Haus-
dorff, so is X is normal and there is an open neigh-
bourhood Z, of X such that

Zy C W,

Again because X was assumed to be compact, there

is a finite set z1, ..., 2; such that
l
X = U Zs,.
i=1

By Proposition there are continuous functions
Y1, ..., ¥y from X to X to [0, 1] such that ¢;(x) =0

if x ¢ Z,, and
!

i=1
for all x € X.

Suppose z is such that
1

Let
Sy ={j:xv€Zy}.
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Then

@) =1f(@) = > ¥5@)f @) ) ¥i(@)f()

JESs

since the other summands are all zero. We have

1
(@) = Fla)| < 5z

From this and f(x) > 54 is follows that

1
f(ffj)>ﬁ

and hence
9(z;) > ok+1
Then
N 1
Zhi(%‘) > g(x;) — 5%
i=0

SO

n,x:{j:je Sxaignxj}

i) = 3 BTy pa).

If « is such that

1
flx) < oF
then )
12 & 72
J@) < 55 <X el + g
i=0
so for any z € X we have
12 & c
f(z) < ok 1 < Z%’(x) + oF1
i=0

where C' = max(sup f,1/2).

T = D if i > maxi<j<; g, so the sum over 7 is,
despite appearances, finite. From the linearity of I
we therefore have

(sz _> ZI% le( x)-

From the monotonicity property of I it follows that
> C
I(f) < I(%‘)‘FF—’(XX)
=0
Now f(x;) < g(x;) so
1

Zh%% Z () (z

JET; » j=1

Now

1
hi(w;) < hi(z) + BTESTY

S0 )
pi(z) < hi(z) + SR

Using the linearity and monotonicity properties of I

again,

I(xx)
2i+2k :

I(pi) < I(h;) +
Now h; is non-negative and continuous so
I(h;) = J(hy).

Combining what we have so far,
< Z‘] Z 21+2k T 55 1I(XX)

Xx) C
_ZJ 22k T 2k—1I(XX)'
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This holds for all continuous f such that 0 < f(z) <
g(x) for all x € X so, by the definition of .J,

03 a0

=0

o) 4+ o)

This, in turn, holds for all £ > 1 so

9) <> J(h)
=0

This was proved under the assumption that g(z) <
Yoicohi(z) for all z € X. In particular it holds if
ho =0 and h; = 0 for ¢ > m, in which case it gives

()£

i=1

We already proved the reverse inequality, so
() =3
i=1 i=1

J is therefore finitely additive.

If U € p(X) is both closed and open then xy is
upper and lower semicontinuous by Proposition[9.1.3
and so is continuous by Proposition Therefore
Xx — Xu = Xx\vu 1s also continuous. Using Proposi-
tion we see that it’s lower semicontinuous. By
the finite additivity property we just proved we there-
fore have

J(xv) +J(xx\v) = J(xx)-

Define v(U) for open U € p(

J(xv + xx\v) =
X) by
J(xv)
and define v(U) for closed U € p(X
J(xx) —

This is consistent because we’ve just seen that if U is
both open and closed then

J(xv) = J(xx) —

v(U) =
) by

v(U) = J(xx\v)-

J(xx\v)-

Suppose
vV CUuU.

Then
v(V) <v(U).

If U and V are both open then yy(z) < xy(z) for
all x so this follows from the monotonicity property
of J. If U and V are both closed then V' C U implies
X\UCX\Vsoxx\w(r)<xx\v(z) for all 2 and
hence J(xx\v) < J(xx\v) and

J(xx) —J(xx\v) < J(xx) —

ie. (V) <v(U). If V is open and U is closed then
V C U implies

J(XX\U)»

NX\U)=92

xv () +xx\wlr) <1
for all x € X and so, by the finite additivity and
monotonicity of J,

J(xv) +J(xx\v) < J(xx)
J(xv) < J(xx) —

or v(V) < v(U).
V C U implies

J(xx\v)
If V is closed and U is open then

xu () + xx\v(2) = xx(*) + xo\v (2).

Using the finite additivity of J we get

J(xv) +J(xx\v) = J(xx) + J(xv\v)

SO

J(xv) = J(xx) = J(xx\v) + J(xv\v)

v(U)=v(V)+v(U\V).

v(U\V) >0 so again v(V) < v(U). In all cases we
therefore have

v(V) <v(U)
if V C U. In particular,

for all open or closed U.
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Define p=: p(X) — [0,+0cc] and pt: p(X) —

[0, +-00] by

p (E) =supr(V)
where the supremum is over all closed V' such that
V C E and

pt(E) = infv(U)
where the infimum is over all open U such that £ C
U. From @ C E C X it follows that

0<p™ (B) <pt(E) < J(xx)

for all E € p(X). Let B be the set of all E € p(X)
such that

P (E) < p(B).

For such E we define p to be the common value of
u(E) and i+ (E).

B is a o-algebra and p is a measure. We see this
as follows. v(@) = J(@) =0, @ C @ and @ is
open so ut (@) < 0. But 0 < pu(9) < u(2) so
0=p () = pu" (o). Therefore & € B and u(o) = 0.

Suppose E € B. If V is closed and V' C F then
U=X\Visopenand U C X \ E. Conversely, if
U=X\Visopenand U C X \ E then V is closed
and V C E. So

1 (E) = supv(U) = sup(v(X) — v(X \ U))
— (X) — inf (V) = u(X) - it (X \ ).

The same argument applied to X \ E rather than E
gives

po(XN\E)=p (X \ (X\E)) =p"(E).
But E € Bso u (E)=u"(E) and therefore
pHXN\E)=p (X \E).

Then X \ E € B. Soif E € Bthen X\ E € B.
Suppose Ey, Ey, ... € p(X) and let

Then for each 7 € N we have F; € B and

+(E €
12 (EZ) + 2i+2

> ut(E) = inf (V)

where the infimum is over open U such that E; C U
so there is an open U; such that E; C U; and

Similarly,
_ € _
W (Bi) = 5 < w7 (B) =supv(V)

where the infimum is over closed V such that V C U;
so there is a closed V; such that V; C F; and

€

v(Vi) > p™ (E;) — Site

So
ViCE; CU;

and
€

We showed earlier that if g, h; are non-negative,
bounded and lower semicontinuous

g(z) <> hi(x)
i=0
for all x then
J(g) < > T(ha).
i=0

We apply this to gxr and h; = xy,, where

U= D U;.
i=0

This gives

v(U) = J(xw) <Y T(xw) = Y v(Uy).
1=0 3

=0

So

<y (B + 555 ) = Dot (B + 5

=0

But E C U and U is open so

ut(E) <v(U).
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Therefore

pt(E) < ;M+(Ei) T3

This holds for all € > 0 so

Suppose now that £;NE; = @ifi # j. Then V;NV; =
@ if i # j. Let

w; = J v
i<j
Then V; and Wj is closed and V; N W; = & so
v(V; UW;) = v (V) + v(W5).
From this and
v(Wo) +v(@) =0

it follows by induction that
v(W)) =Y < jv(Vy).
Now v(W;) < v(X) = J(xx) so

Z <jr(Vi) < J(xx)-

These partial sums form a bounded monotone se-
quence and so converge. There is therefore an n such

that -
PNOEDBNOEES
<n 1=0
Let
V=W,=[\V
<n
Now
v(V) =S (Vi) > iu(m —z
<n =0 2
>3 (B - o) 5= > w(E) e
=0 =0

Also V is closed and V C E so
o (E) > v(V)
and therefore

p(B) 2> u (B —e
=0

This holds for all € > 0 so

If E; € B for each ¢ then
pe () = p(E) = pt (E)
S0

pH(E) <Y u(E:) < p(B).
=0

Therefore E € B and

WE) = u(E:)
i=0
So if Ey, E1, ... € B are disjoint then E = (J;° E; €
B and

W(E) =3 u(E).
i=0

Suppose E is a closed subset of X. Let € > 0 and
% € (0,1). Then

v(E)+e>v(E)=J(xx) — J(xx\r)
J(xx\r) > J(xx) — vV(E) —
Now
J(xx\p) =sup I(f)

where the supremum is over all continuous f such
that 0 < f(z) < xx\g(z). By the definition of the
supremum there is such an f such that

1(f) > J(xx) — v(B) —e.
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Let g = xx — f. Then

I(f) =I(xx) = I(f) = J(xx) = I(f) <v(E) +e€
and
xe(z) < g(z) < xx()
for all x € X. Define h by

if g(x)

Then h is continuous and non-negative. For all x we
have h(z) < g(z) for all z, so

K,

AVARVAN

11—k k.

1(h) < I(g)
by the monotonicity of I, so
I(h) <v(E)+e
Let
U={zeX:h(z)>0}={ze X:g(x)>k}

If £ € U then h(z)/k > 1 = xu(x).
h(z)/k =0= xu(x). So

xu(x) < h(z)/k
for all x € X then therefore

I(xv) < I(h/K) = I(h)/k.

If ¢ U then

So

v(E) —l—e.

v(U) = J(xv) = 1(xv) < I(h)/x < =

U is an open set such that £ C U so

I/(E)—FG'

This holds for all € > 0 and all x € (0,1) so

it (E) < v(E) <

pt(E) < v(E).

1~ (E) is the supremum of all closed sets such that
V C E. FE is closed so E itself is such a V. Therefore

v(E) < p(E).

Therefore
pt(E) <v(E) < p (B),

from which it follows that E € B and u(E) = v(E).
If E is open then X \ E is openso X\ E € B. B is
a o-algebraso E = X \ (X \ E) € B. Also

u(E) = u(X) - p(X\ B) = v(X) ~ (X \ E) = v(E).

So u(E) = v(E) for all E for which v(FE) is defined.
Now B is a o-algebra and contains every open set.
The Borel o-algebra is the smallest o-algebra which
contains the open sets, so B is a superset of the Borel
o-algebra.
If E in B then

w(E) = p~ (E) =supv(V) = sup u(V),

where the supremum is over all closed V such that
V C E. X is compact so closed subsets and compact
sets are the same. So

u(E) = sup p(V)

where the supremum is over all compact sets such
that V C E. Also,

W(E) = p*(E) = inf v(U) = inf p(U),

where the infimum is over all open U such that E C
U. p is therefore a Radon measure.

Suppose ¢ is bounded, positive and lower semicon-
tinuous. For any € > 0, let

5 = e/u(X):

Define
h(zx) = k9,

where k is the least integer such that
g(zx) < kd.

Then
0 < g(z) < h(z)

for all x € X.
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If j = k—1 then j < k, so g(x) > jé, since
otherwise & would not be the greatest integer with
g(z) < ké, and therefore

hz) =kd =376+ < g(z)+0.

So
0<g(z) <h(z) < g(x)+4.

g is bounded so h is bounded.
Suppose a € R. Then there is a greatest integer 4
such that a > 4. So

10 <a < (i+1)d

Suppose
x € h*(a,+00).

Then
h(z) > a > id.

Now h(z) is an integer multiple of § so if h(x) > i0
then h(z) > (i 4+ 1)6. Then

g(x) > h(z) — 6 > id.

So
z € g*((id, +00)).

Suppose, conversely, that
x € g*((49, +00).
Then g(x) >idsoi <k, i+ 1<k, and
a<(i+1)§ <kd=h(x).

So z € h*((a+ o0)). We have x € h*((a+ 00)) if and
only if x € ¢g*((id, +00), so

h*((a, +00)) = g"((id, +00)).

g is lower semicontinuous so the right hand side is an
open set for all @ € R and therefore the left hand side
is an open for all a € R. In other words, h is lower
semicontinuous.

Define f by

Then f and h are bounded, non-negative and lower
semicontinuous and

0< f(z) <g(z) < h(z) < flx)+0

for all z. From the monotonicity property of J it
follows that

J(f) < J(g) < J(h).
Using the additivity homogeneity properties as well,
J(h) < J(f +dxx) = J(f) +J(xx) = J(f) + e

Let
Ui = g*((id, +00)).

U; is open because g is lower semi-continuous. Let-
ting k be the least integer such that g(z) < kd, as
before, we have x € U; precisely when i < k, so

hia) = k6 =63 xu,(a).

The sum can be taken over all + € N, but we can also
take it over all 7 such that U; # @, of which there
are only finitely many. We’ll interpret it in the latter
sense. Then

J(h) =383 T(xv,) =63 v(U:)
= 6Zu(Ui) = 52 /GX xu, () dp(z)

= L EXZ(SXUI.(Q;) du(x) = / N h(z) dp().

Similarly,
1= [ s in).

So we have
| t@dn@ <9< [ hia)duta)
rzeX rzeX

where f and h are simple functions such that

0< f(x) < g(a) < h(a).

199



We also have
‘Aexfwﬂdu@)ﬁuéexgwﬂdu@)
s/gxmmdmw

by the monotonicity property of the integral. In ad-
dition we have

[ hwdue) < [ f@)duto) +e

rzeX rxeX

It follows from these that

/'g@wmw—ﬂASa
rzeX

This holds for all € > 0 so

/'gummmzﬂm
xeX

Suppose g is continuous. Define
g+(z) = 1+ max(0, g(z))

and

g-(2) = 1 — min(0, g(x)).
Then g and g_ are bounded positive continuous
functions, hence also lower semicontinuous, and

9(x) = g+ () — g-(2).
It follows that
I(g) =I(g+) — I(9-) = J(g+) — J(9-)
)

+(z)dx — /ex g—(x) dzx
() dx.

/E

zeX

/ g
xeX

9.3 Uniqueness

The proposition in the previous section just gives
the existence of a measure with the stated prop-
erties. The uniqueness is, fortunately, easier to
prove, even under weaker hypotheses. In the proof
we’ll need the following variant of Urysohn’s Lemma,
Lemma B.13.2

Lemma 9.3.1. Suppose (X,T) is a locally com-
pact Hausdorff topological space and K € p(X) is
compact, U € p(X) is open and K C U. Then
there is a continuous compactly supported function
g: X — [0,1] such that g(z) =1 for all v € K and
g(z) =0 forallz € X\ U.

Proof. (X,T) is locally compact by hypothesis.
There is therefore a compact neighbourhood W, of z
for each z € X. In other words, W, is compact and
there is an open V, such that z € V, and V, C W,.
The V, form an open cover of the compact set K so
there is a finite subcover. In other words, there are

1, ..., Ty such that
KCV
where .
V= V.
i=1
Let
m
w=Jw.,
i=1

Then W is compact and
KCUNVCVCW.

Let

L=w\{UnNYV).
UNYV is open so L is a closed subset of W. W is a
compact Hausdorff space and so is normal. We can
therefore apply Urysohn’s Lemma, Lemma 3.13.2] to

get a continuous f: W — [0, 1] such that f(z) = 0 for
x € Land f(x) =1 for x € K. Define g: X — [0,1]

by
) f(x) ifzxeV,
g(x){o itee X\ W.

Suppose Z is an open subset of [0,1]. If 0 ¢ Z then
9*(Z) = f*(Z) is open because f is continuous. If
0 € Z then

9°(2) = [H(2) U (X\ W)

is open. So g*(Z) is open for all open Z. In other
words, ¢ is continuous. If z € K then X € V so
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gz) = f(z)=1. fx € X\U. If 2 € X\ U then
x € X\WorzeW\U C L. In either case f(x) = 0.
g(x) = 0 for x ¢ W so the support of g is contained in
W. The support of any function is closed and a closed
subset of a compact set is compact so the support of
g is compact. O

Proposition 9.3.2. Suppose (X, T) is a locally com-
pact Hausdorff space. Suppose I is a linear transfor-
mation from the vector space of continuous compactly
supported functions from X to R such that I(g) > 0
whenever g is such that g(x) > 0 for allz € X. Then
there is at most one Radon measure p on X such that

I(g) = / Rere

for all continuous compactly supported g.

Proof. Suppose p1 and po are Radon measures such
that

/ 9@ @) = 1(g) = / o) dia(e)

for all continuous compactly supported g. Suppose K
is compact, U is open and K C U. By Lemma [9.3.1
there is a continuous compactly supported function g
such that such that g(z) =1 for z € K and g(x) =0
for x ¢ U. In other words,

xk (z) < g(z) < xu(z)
for all x € U. Therefore

(k) = [ (@) din () < /

reX

=19)= [ o duo(a)

< / X0 () = o (U).

9(x) dpn (x)

Thus p1 (K) < pe(U) whenever K is closed, U is open
and K C U. p is a Radon measure so

p1(U) = sup pu (K)

where the supremum is over all compact subsets K
of U so

pi(U) < pa(U).

The same argument works with p; and us swapped,
s0 p2(U) < pp(U) and hence

1 (U) = p2(U).

w1 and ps are both Radon measures so
p1(E) = inf p1 (U)

and
p2(E) = inf pa(U)

for any Borel set E, where the infimum in both cases
is over open supersets U of E. The right hand sides
are equal, so the left hand sides are equal:

i (E) = pa(E).

O

9.4 The Riesz Representation Theo-
rem
Proposition 9.4.1. Suppose (X, T) is a locally com-

pact o-compact Hausdorff topological space. Then
there is a sequence Ky, Ky, ...of compact subsets

such that
Ky C Ky
for all m and
o0
U K, = X.
m=0
Proof. By the definition of o-compactness there is a
sequence Ag, A1, ...of compact subsets such that
o0
U Am=Xx.
m=0

By the definition of local compactness there is, for
each x € X, a compact neighbourhood C, of z, i.e.
a compact set C, such that there is an open set B,
with z € B, and B, C (. Define K,,, inductively as
follows. Let Ag = @. The sets B, for x € A,,, UK,,
form an open cover of A, U K,,,, which is a compact
set, so there are is a finite subcover, i.e. there are

Tm,0y -+ Tm,n,, such that

Ay U Ky, C Uy,
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where

MNm

=JBa..,
j=0
Let

U O

This is a finite union of compact sets and so is com-
pact. Uy, C K41, since B, C C;, for all z, and U,,
is open so

m+1

Un C Koy

and hence, since K,, C U,y,,
Km g K21+1
Also A, € Kppy1 80

x= U nc U o= J K= U s

But K,, C X for all m so

oo

UngX

m=0

and hence

O

Theorem 9.4.2. Suppose B is a o algebra on a set
X and pg, p1, ---are measures on (X, B) which are
monotone in the sense that for all E € B then

1i(E) < p(E)

whenever j < k. Let

w(E) = lim p;(E).

]—)OO

Then u is a measure on (X, B) and

/ @) du(a) = liny / S (o)

This can be thought of as a Monotone Convergence
Theorem for measures.

Proof.
u(@) = lim p;(@) = lim =0.

j—o0

Suppose Ey, E1, ...are disjoint elements of 5. Then

o0 o)
m (U Ek) = lim p; (U Ek)
k=0 k=0

= lim > wi(Er)
k=0
=" lim p;(Ey)
j—o0
k=0

= Z#(Ek)-
k=0

Here we’ve used the definition of u, the fact that p;
is a measure, the Monotone Convergence Theorem
for sums, and the definition of i again. So u is a
measure. If f is semisimple then there is a partition
Q of X and a function ¢: Q such that f(z) = ¢(F)
if x € E. Also,

/fdu

=Y w(B)u(E)

EeQ
/ @) dpg (@) = S o(B)pi (B).
EcQ
Then

/ @) du(e) = 3 (By(E)

EcQ

= > @(E) lim p;(E)
EecQ

= lim > e(B)u;(E)
77 Beo
= lim f(@) pj(x).
]_)OO 6

Here we’ve used the Monotone Convergence Theorem
for sums again. So we have

/ @) du(a) = liny / S (@)
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for semisimple f. From this we get the correspond-
ing equation for the upper and lower integrals of any
measurable function and therefore the same equation
for the integrals of any measurable function. O

The following is the full version of the Riesz Rep-
resentation Theorem.

Theorem 9.4.3. Suppose (X, T) is a locally compact
o-compact Hausdorff space. Suppose I is a linear
transformation from the wvector space of continuous
functions from X to R such that I(g) > 0 whenever
g 1s such that g(x) > 0 for all x € X. Then there is
a unique Radon measure p on X such that

I(g) = / Rere

for all continuous g.

Proof. The uniqueness follows from Proposi-
tion [9:3:2] For the existence we start by applying
Proposition 0.4.1] to get a sequence Ky, Kj, ...of
compact subsets such that

K, C K,
for all n and -

U K, = X.

n=0

We then apply Proposition to get functions
hn: X — [0,1] such that h,(z) =1 if z € K,, and
hn(z) = 0if x ¢ Ky ,. For fixed x the property
K, € K;., implies that h,(z) is a monotone se-
quence. Together with the fact that |J,_, K, = X
we find that for any fixed = there is an m such that
hn(z) =1 for all n > m.

For any continuous function g on X the function
ghy is a compactly supported continuous function on
X and its restriction to K, is also a compactly
supported continuous function. gh,, depends only on
the restriction of g to K, 41 since h,, is zero outside
of K,,+1. It therefore makes sense to define

In(g) = I(ghn)

and to consider it either as a function on compactly
supported continuous functions on K, ;1 or on com-
pactly supported continuous functions on X.

By Proposition there is a Radon measure u,
on K, 41 such that

L.(g) = /EK g(x) dpn(z).

We can extend the measure p,, from K,41 to all of
X by taking u,(F) where E is a Borel set on X to be
tn(E N Kyy1). Denoting both the measure on K11
and the measure on X by ., is an abuse of notation,
but a harmless one since their value is the same for
any set on which both are defined. The inclusion of
K41 in X gives a morphism of measure spaces from
(K41, Bi i1 s HnyKpyr ) 80 (X, Bx, pin,x ), where T've
temporarily added subscripts to distinguish the Borel
algebras and measures on K, from those on X. It
follows that

/ 0@ () = / )@

for any integrable function g on X. For compactly
supported continuous functions g on X we therefore
have

L(g) = / 9w du ()

Suppose g is a compactly supported continuous
function from X to R. Let L be its support. Then

LCX = [j K C [j Kpiq-
m=0 m=0

The sets K, are therefore an open cover of L and

so there’s a finite subcover. Since they form an in-
creasing sequence there’s a single m such that

LCK, .

Also L C K, ., for all n > m. For such n we have
g(z) = g(x)h,(x) For all such n we have

9(x) = g(x)hn(x)

because h,(z) =1 when z € K,, and g(x)
x ¢ Kp 1. It then follows that I(g) =
n > m. But then

I(g) =

0 when
(

I,(g) for

Il
T
m
>

Ne}
—
B
1S9
E
8
S~—
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O

We can now state the most important definition
for this semester:

Definition 9.4.4. Let p be the unique Radon mea-
sure on R such that

/ 9@ dm(z) = [ otz

for all compactly supported continuous g, where the
integral on the right hand side is the Riemann inte-
gral. Let (R,B',u") be the completion of (R, B, )
where B is the Borel o-algebra on R. B is called the
Lebesgue algebra on R and its elements are called
Lebesque sets. The measure u' is called Lebesgue
measure.

Note that this definition relies on a number of
rather deep theorems. The existence of p follows from
the Riesz Representation Theorem, the linearity and
monotonicity properties of the Riemann integral and
the fact that R is locally compact and o-compact.
The existence of u! relies on Theorem

9.5 Subspace measure

This section makes precise the notions of extending a
measure from a subset to a larger set and restricting
a measure from a larger set to a smaller set.

The following is an extension of Proposition [8.2.11]

Proposition 9.5.1. Suppose that (X,Bx,ux) and
(K BY;

muy) are measure spaces and j: X — Y is a mor-
phism. Suppose Z C [—oo,4+o0]. If f: Y — Z is
integrable with respect to (Y, By, py) then foj is in-
tegrable with respect to (X, Bx,pux) and

/ FUi(@)) dpux () = / F(w) dpry (v)
reX yey

Proof. Let Px be the set of countable subsets of Bx
which are partitions of X and let Py be the set of
countable subsets of By which are partitions of Y. If
Q is a partition of Y then (5*).(Q) is a partition of
X, so

Py C ((5%)+)"(Px)

Let Ux be the set of systems of weights v on X
such that Y f(j(x))v(z) converges and let Uy
be the set of system of weights w on Y such that
> yey [()w(y) converges. Define ¢;: Ux — Uy by

(5 (0))(y) =

so that

Y fl@)o() =Y Fy)e)y)-

reX yey

Define Rf.;: Ux = Z and Ry: Uy — Z by

Ryoj(v) = Y f(j(x))v(x)

reX
and
Ry(w) = > fy)w(y).
yey
Then
Rfop = Ryoj.

Define ax: Px — p(Ux) by saying v € ax(Q) if and
only if (X, Bx,ux), Q@ and v are compatible. Simi-
larly, define ay : Py — p(Uy) by saying w € ay (R)
if and only if (Y, By, uy), R and w are compatible.
If @ € Px then

ax(Q) € ¢j(ay((77)«(Q)))-

Let £x be the upward closure of ax,(Px). and let
Ey be the upward closure of ay , (Py). Suppose W €
Ex, i.e. that there is a Q € Px such that ax(Q) C
W. Then (j*).(Q) € Py and ¢j(ay((j7)«(Q))) S
W. Therefore &y C Ex so Ex converges if & does
and the limits are the same. O]

Proposition 9.5.2. Suppose (Y, By ) is a measurable
space X € By and

Bx ={FeBy: ECX}

Suppose px is a measure on (X,Bx). Define

wuy : By — [0,400] by

py (B) = px (X N E).

204



Then (Y, By, uy) is a measure space, the inclusion
function j: X =Y is a morphism from (X, Bx, pux)

to (Y, By, uy), and
/ £(5) dpy (s)

for every integrable function f on (Y, By, uy).

d.UX
SGX

The measure py is said to be obtained from px by
extending it to be zero outside of X. This terminol-
ogy is motivated by the observation that py (Y\X) =
0.

Proof.
py (2) = px (X N@) = px (@) = 0.

If Ey, F1, ...are disjoint elements of By then X N Ey,
X N Eq, ...are disjoint elements of Bx and

Ky (U Ez) = px (X ﬂUEz) = px (U(X ﬂEz))
=Y ux(XNE) =Y puy(E

So py is a measure on (Y, By).
If E € By then

JF(E)=ENX € Bx
so E € j**(Bx). Therefore
By C Bx.
Also,
py (B) = px (X NE) = px (j(E)).

So j is a morphism. The equality of the integrals
therefore follows from Proposition [0.5.1} O

Proposition 9.5.3. Suppose (Y, By, uy) is a mea-
sure space and X € By . Define

= {E eBy: EC X}
and define ux: Bx — [0,400] by
px(B) = py (X N E).

Then (X, Bx, tx) is a measure space and

/ o(t) dux () = / xx (Dg(t) duy (1)
teX tey

for every integrable function g on (Y, By, py).

The measure px is said to be the restriction of puy
from Y to X.

Proof. @ € By and @ C X so @ € Bx. If E € By
then E € By. X € By so X \ E € By. We also
have X \ E C X so X \ F € Bx. If Ey, Fy, ...are
elements of Bx then they're all elements of By as well
so |JE; € By. Now E; C X for each i so |JF; C X.
Therefore | J E; € Bx. So Bx is a o-algebra.

px(2) = py (X N&) = py (@) = 0.

If Ey, F1, ...are disjoint elements of Bx then X N Ey,
X N E;q, ...are disjoint elements of By so

nx (U Ei>uy (X N UEZ> = Uy (U(X N El))
=Y wy (XNE) =) ux (E)
SO lx is a measure.
If g is an integrable function on Y then for every

€ > 0 there are semisimple functions f and h such
that f(t) < g(t) < h(t) for almost all ¢ € X and

h(t) dpy (t) <

tey

J(t) duy (t) + €

tey

Then

xx () f(t) < xx(H)g(t) < xx(8)h(t)

for almost all ¢ € S. The functions xx f and xxh are
semisimple functions. So there are partitions P and
Q such that f is constant on elements of P and h is
constant on elements of Q. Let R be the common
refinement of P, Q and {X,Y \ X}. The both f
and h are constant on elements of R, so there are
p,: R — Z such that f(t) = p(F) and h(t) = (F)
if x € E. Define

S={EcR:ECX}.

Then S is a countable partition of X. Now

Oy diy () = 3 p(E)y (),
tey o
| mo - 3 vlen

205



F@)dpy (t) =Y p(B)ux(E),

teX EeS

and

h(t) dpy (t) = Z Y(E)px (E).

teX EeS

We can rewrite

f(t)dpy (t) + €
tey

| nodur) <
tey

ST w(E)uy(E) < Y o(B)uy (E) +e.

EeR EeR

f(t) < h(t) for almost all t € Y so

o(E)py (E) < ¢Y(E)uy (E)

forall E € R. If E € S then py(E) = px(E). Tt
follows that

Z Y(E)py (E) < Z o(E)uy (E) +e.

EeS EeS

So for every € > 0 there are semisimple functions f
and h such that

f(t) < g(t) < h(t)

for almost all ¢t € X and

/t a0 < [ f0dus(o) +e

teX

So f is integrable with respect to (X, Bx, px). If we

set
go’(E)z p(E) if EeS,
0 if E€eR\S,
and
wl(E)Z Y(E) if Ees,
0 if EeR\S,
Then

f1(t) < xx(t)g(t) < '(t)

for almost all t € Y, where f/(t) = ¢/(F) and b/ (t) =
' (E) if t € E. Therefore

F(8) dpay (1) < / Xx (B)g(t) dpy (2)

tey tey

< / B (t) duy (t).
tey
The integrals of f’ and h' are equal to

> o(B)ux(E)

EeS

and

Z Y(E)pux (E)

EcS

respectively, which are within a distance € of

/ g(t) dux (t)
teX

SO

/ Xx (t)g(t) dpy (t) — / g(t)dux(t)’ge
tey teX

for all € > 0. The two integrals are therefore equal.
O

Note that extending a measure by zero to a super-
set and then restricting back to the original subset
gives us back the measure we started with. Restrict-
ing to a subset and then extending by zero back to
the original set does not. More precisely, if we start
with a measure py on Y and restrict it to a measure
px on X CY and then extend this by zero to Y we
get a measure v on Y, where v(E) = uy (X N E).

We'll always use the restriction of Lebesgue mea-
sure as our measure on subsets of R unless some other
measure is specified.

10 The Fundamental Theorem
of Calculus

10.1 Riemann integration

The following theorem is half of the Fundamental
Theorem of Calculus for the Riemann integral.
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Theorem 10.1.1. Suppose f: [a,b] = R is contin-
uous. Define F': [a,b] = R by

:/ayf(gc)d;v

Then F is differentiable and F'(x) = f(z) for all
x € [a,b)].

The other half is

Theorem 10.1.2. Suppose F: [a,b] — R is differ-
entiable and F' is Riemann integrable. Then

These are often called the First Fundamental The-
orem of Calculus and the Second Fundamental The-
orem of Calculus, respectively. The goal of this chap-
ter is to prove analogous results for the Lebesgue in-
tegral.

An easy consequence of Theorem is the fol-

lowing.

Corollary 10.1.3. Suppose f: [a,b] = R is contin-
wous. Then

Jin / ~ f(y)
for all y € [a,b),
1 Yy
fmy [ 1@ e =10

for ally € (a,b], and

y+h
o [ ra@)da = 1)
.

for all y € (a,b).

Proof. Let F(y) = [” f(z) dz. Then

y+h
h—0 h /

= lim —

by the definition of the derivative. By Theorem|10.1.2
this limit exists and is equal to f(y). The one sided

limits must then exist, subject to a restriction discuss
below, and are also equal to f(y), so

K%h/

for all y € [a, b),

h\Oh/ Ut

= f(y)

lim

f(y)

for all y € (a,b]. We need to exclude y = b in the first
limit and y = a in the second limit because there are
no points of the form y+ h in [a, b] if y = b and there
are no points of the form y — h in [a, ] if y = a. Now

1 y+h

2N

Taking limits gives

y+h
m i/ f(z)dx =

hl\O 2h y—h

W)+ F) = 7).

For this we require y € (a,b) so that both limits on
the right exist. O

10.2 The First Fundamental Theorem

Proposition 10.2.1. Suppose (X, B, 1) is a measure
space, g: X — [0, 400] is integrable and A > 0. Then

1
<5/ o dnte)

Ey={zeX:g(x)>A}.

H(Ey)

where

The inequality above is known as Markov’s In-
equality.

Proof. Let f = Axg. In other words,

A
) = {0

if x € Ey,
if v ¢ Fj.
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Then f is a simple function and

| 1@ duta) = (B
rzeX

On the other hand f(z) < g(x) for all x € X so

/fdus/

Therefore
il Ey) < / 9(w) du(x).
rzeX

Dividing by A gives

WEN <5 [ o) dute)

O

Proposition 10.2.2. Suppose W is an open subset
of R. Show that there is a countable partition P of
U such that if V € P then V is an open interval and
the endpoints of V', if any, are not in W.

Proof. For each x € W let A, be set of open intervals
U such that t € U and U C W. Let

V, = U U.

UeA,

Then z € V,, V, is open and V, C W. Suppose
p,q, 7 € Vy and p < ¢ < r. Then there are U, € A,
and U, € A, such that p € Up and r € U,.. If x < ¢
then ¢ € U, because x € U, r € U, x < g < r and
U, is an interval. If x > U, then ¢ € U, because
p €Uy, zecU,p<qg<zand U, is an interval.
In either case, g € V. Soifp<q¢<r,peV, and
r € V, then q € V.. In other words, V. is an interval.
The endpoints of an open interval do not belong to
the interval. Suppose V, NV, # @&. Then there is
az € VNV, V,is an open interval, z € V, and
Ve, C W so V, € A, and therefore V, C V,. But
then x € V,, V, is an open interval and V, C W so
V, € A, and V, C V,. Since we already have the
reverse inequality we find that V, = V,. The same
argument with y in place of z gives V,, = V, and
therefore V, = V,,. So for any z,y € W we either

have V; =V, or V, NV, = &. In other words, the set
P of sets of the form V,, for some x € W is a partition
of W. Every element of P is a non-empty open set
and so contains a rational number and there are only
countably many rationals so P is countable. O

Proposition 10.2.3. Suppose F': [a,b] — R is con-
tinuous. Then there are countable sets Pt, P, P~
and P_ of open subintervals of [a,b] such that

(a) If I,J €PT thenl=J orInJ=a,

(b) If (o, B) € PT then F(a) < F(B) and if F(a) <
F(B) then a = a.

(c) fa<z<y<bandx ¢ Jgcps £ then F(z) >
E(y)-

(d) If I,J € Py thenI=J orINJ =g,

(e) If (o, B) € Py then F(a) > F(B) and if F(a) >
F(B) then a = a.

(f) fa<z<y<bandz ¢ Ugep, E then F(x) <
F(y).

(g) If I,J € P~

(h) If (o, B) € P~ then F(a) > F(B) and if F(a) >
F(B) then 8 =b.

(i) Ifa<xz<y<bandy ¢ Ugcp- E then F(x) <
F(y).

G) IfI,J€P_thenI=JorINJ=0,

(k) If (o, B) € P then F(a) < F(B) and if F(a) <
F(B) then 8 =b.

() Ifa<z<y<bandy ¢ Ugcp FE then F(x)>
F(y).

Proof. Tt suffices to prove the existence of one of P+
Py, P~ or P_. We can then get the other three either
by changing the directions of some inequalities in the
proof or simply by working with —F(z), F(a+b—x)
or —F(a+b— x) in place of F(z).

Let W be the set of « € (a,b) such that there is a

€ (z,b) such that F'(z) < F(z). Suppose x € W,
i.e. that the is a z as above. Then

then I =J orINJ =09,

x € (a,z) N F*((—o0, F(2))).
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If
F*((=00, F(2)))

F(z) soy € W. F is con-
tinuous so F*((—oo, F(z))) is open and therefore so
is (a,z) N F*((—o0 ( ))). This is therefore an open
neighbourhood of x in W. Since each x € W has
such a neighbourhood it follows that W is open.

We now apply Proposition [10.2:2]to get a partition
P of W by countably many disjoint open intervals.
W C (a,b) so if E € P then F = («,[3) for some
a, B € la,b].

If ¢ W then there is, by the definition of W, no

€ (z,b) and F(z) < F(2). In other words, if x ¢ W
then F(z) > F(x) for all z € (z,b). By continuity
it then follows that F(z) > F(z) for all z € [z,b].
Replacing z by y, this means that if a <z <y <
and ¢ & Jgeps E then F(z) < F(y).

Suppose («,3) € P and t € (o, ) is such that
F(B) < F(t). Then

€ (a,2) N

theny<zandF()

= [t, B]NF*([F(t),+00))
is closed, t € A and 8 ¢ A. Let u = sup A. Then
€ [t,b) C (o, B) T W.

In other words, there is a v € (u, b) such that F'(u) <
F(v). Then

F(B) < F(t) < F(u) < F(v).
B¢ W soif 8+#0bthen 8 ¢ (a,b) and F(w) <

for all w € [3,b]. This also holds, trivially, i
So

F(B)
f8="

F(w) < F(v)

for all w € [B,b]. Therefore v ¢ [3,b]. But then
v € (a,f) and F(v) > F(t) sov e A. But v > u =
sup(A) so we have a contradiction. There is therefore
no t € (o, B) is such that F(8) < F(t). In other
words, F(t) < F(p) for all t € (o, 8). By continuity
then

Fla) < F(8).

Suppose a # a. Then o € (a,b) but @ ¢ W so
F(z) < F(a) for all z € [, b]. In particular, F(8) <
F(a). O

Proposition 10.2.4. Suppose f: R — R is inte-
grable and

Fy) = / @),

Then F is continuous.

Proof. Suppose x € R and € > 0. f is integrable so
|f] is integrable. Let

gn = X(x,:r+1/n)|f|
Then
lim g,(s)=0.

n—oo
Also
90 (s)] = gn(s) < [f(s)]
for all s € R and

/ 1£(s)]dm(s) < +o0
seER

so by the Dominated Convergence Theorem, Theo-
rem 7?7, we have

lim
n—oo s

gn(s)dm(s) = / lim g,(s)dm(s)=0.
€ER ERTT™
In other words, there is a k. such that if n > &k then
/ gn(s)dm(s) = / gn(s)dm(s) — 0| < e
s€ER s€R

This holds in particular for n = k4. Choose §; =
1/ky. Ifz <y < ax+ 5, then

—€e< /e( " f(s)dm(s)
— [ Xew®Fs)dn(s) <
seER

Now
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SO Proposition 10.2.5. Suppose f: R — R is inte-
|F(y) — F(x)] <e grable. For every A > 0 we have

whenever y € (z,z + 04 ). Similarly, if we let

1
Ey) <5 d
hn = X(@—1/na)|f]- HEL) < A /a:GR f @)l dm(z),

then where
lim h,(s)=0.
n—oo 1
Also E\ = {y€R: supﬁ/ f(x)|dm(x)}
|hn(8)] = hn(s) < [f(s)] h>0 T Jaelyytn]
so Proof. Consider the function
lim h,,(s)dm(s :/ lim A, (s)dm(s
A2 Jy g V)= [ 5 () dmls) P = [ 7)) = Xy o)
r€|a,y

=0.
F is continuous by Proposition[10.2.4]so we can apply
Proposition [10.2:3] There is therefore a countable
set P of disjoint open intervals with the properties

listed there. In particular, if a < 2 < y < b and
/seR fin(s) dm(s) — 0’ <€ z ¢ Upep E then F(x) > F(y). We can rewrite this
inequality as

by the Dominated Convergence Theorem and there
is a k_ such that if n > k_ then

/ ls) dm(s) =

This holds in particular for n = k_. Choose §_ =
1/k_. If x — 0_ <y < x then

/ T dm(s) < M —a).

SO Equivalently, if
—e< / f(s) dm(s) 1 /
s€(y,x) Y= Joclony |f(5)| dm(s) > A
- /SER X(y.a)(5)(5) dm(s) <& for some y € (z,b] then
Bl T € U E.
F@) - F) = [ f(s)dm(s) 5o
s€(y,m)
SO Another way of saying this is that if
[F(y) — F(x)| <e .
whenever y € (z —d_,z). If y =0 then sup E/ |f(s)]dm(s) > A
s€[z,x+h]
[F(y) — F(x) =0 <k,
then
SO
T € E.
‘F(y) - F(.’I})| <e€ ELéJ”p
whenever y € (x—0_,z+0d4), where § = min(6—,0+)- [ terms of E\ we have
For any = € R and € > 0 there is therefore a § such
that if |y — x| < § then |F(y) — F(x)| < e. In other By C U B
words, I is continuous. O  pep
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By countable additivity then

m(Ex) < > m(E).

EeP

If (o, B) € P then F(a) < F(B), i.e.
s)|dm(s) = s)|dm(s
/S€E|f< )| dim(s) /Sw)m )| dm(s)

So

O

Proposition 10.2.6. Suppose (X,T) is a locally
compact Hausdorff space and p is a Radon measure
on X. If f: X — R 1is integrable and ¢ > 0 then
there is a compactly supported continuous function
g: X — R such that

/ |f(x) — g(x)|du(z) < e.
zeR

Proof. f is integrable so

/  J@)dua) < /  I@a)
and hence

/xexf(x) dp(x) </ F(@) du(z) + g

LreX

From the definition of the upper integral as an infi-
mum there is therefore a semisimple function h: X —
R such that f(z) <wv(z) for all z € X and

/EEX h(x) du(z) < / F(@) du(z) + %

L reX
- / S @ dut) + 5.

Then

/ Ih(z) — £(2)] du(z) = / (h() — f(z)) dp(z)
reX reX

<€
5"

h is semisimple so there is a countable partition Q of

X and a function ¢: @ — R such that h(z) = ¢(E)

if z € E. Let Ey, Eq, ...be an enumeration of Q.

Let
€

0; = —

T 22 (jp(B)| +1)
1 is a Radon measure so there are compact K; and
open U; such that

K; C E; CU;,

u(E;) < p(Kj) +9;
and

w(U;) < p(Ej) +6;
By Proposition [0.3.1] there is a compactly supported
continuous function g;: X — [0, 1] such that g;(z) =
lifz € K and g;(z) =0if 2 € X \ U. Then

Xk, (7) < g;j(z) < xu, (o)

for all x € X and hence

/zeX gj(z) < /U (z) du(x) = m(Uj;)

J

< pu(Ej) + 6, :/ i X&; (%) + 95
S

and
/zex g9;(x) > /Kj(a:) du(z) = m(K;)

>M(Ej)—5j=/ xe,(x) — 0;.
rel

Then |
[ 0E)0@) = o, ()] die) < Lol

Now

3 = el e e
P(EIO =) T 79572 < 5
;' e ;Olsowj)umm 5
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So

o

Jz::o/m( |o(Ej)g;(x) — o(B;)xE, ()| du(z) <

N

It follows from the Monotone Convergence Theorem
that

> le(E))g; () — ¢(E;)xe, (z)]
§=0

is integrable. It then follows from the Dominated
Convergence Theorem that

> (p(Ej)g;(x) — o(Ej)xe, (x))
j=0
is integrable and that its integral is equal to

o0

z:/;X@JEﬁ%hﬂ¢G%MEAIDdu@%

Jj=0

which is of absolute value less than €¢/2. Defining ¢
by

g(z) = Z o(Ej)g;(z)

j=0

we then have
€
[ lot@) = @)l dute) < 5.
zeX
From this and the inequality
€
[ thia) = 5@ dutz) < 5.
zeX

obtained earlier we get

/ l9(2) — f(2)) du(z) <
reX

O

Theorem 10.2.7. Suppose f: [a,b] — R is inte-
grable. Then

1
lim

g [ d@dn) = 1),

1
lim —
hI{‘noh

/ f(x) dm(z) = £(y),
zE€ly—h,h]

and
lim — / (@) dm(z) = f(y)
z€ly—h,y+h]

for almost all x € [a, b].

Proof. By Proposition [10.2.6] there is a compactly
supported continuous function g: R — R such that

/ |f(x) — g(x)| dm(z) <.
zeR

Let
Ave={ €R: |f(@) — g(@)] 2 A},
Bye={z e R: k(s) > A},
where
o) =supp [ 156 oo dm(s
and

Cre={z e R:[f(z) —g(x)] <A k(z) <A}.
By Proposition [10.2.1] we have

€
m(A/\’E) < X
By Proposition [10.2.5| we have
€
m(B)\,e) < X
Now
AA,e U BA,e U C/\,e =R
SO
R\ C/\,e - A/\,e U B/\,e
and

m(R\ CA,E) < m(A/\,e U B/\,e)
<m(Axe) +m(Bye) < 2%.
From Corollary [10.1.3] we get

W e g <A
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for sufficiently small positive h. If x € C  then

|f(z) —g(z)] <A
and

1
w1~ gl dm(s) < A
s€[z,x+h]
for all positive h. It then follows that

1
- / o T ) = 1@

for sufficiently small positive h. Then

<3A

lim sup < 3

h>0

1
1 / i ) = 1)

This holds for z € C (. Let

o0
Dy = U Cx,1/2n-

n=0

If z € Dy then there is an € > 0 such that z € C) .
SO

lim sup
h>0

1
h /se[r,m—i-h] f(s)du(s) = f(@)| < 3A

for all x € D). Now

R\ D, = ﬂ (R\ Cx1/2)
n=0
and \
m(R\CA’1/2n> < on—1 —0

as n — oo. It follows from Proposition [7.6.8] that
that their intersection is null, i.e. that

m(R\ Dy) = 0.
Let -
E == m Dl/Qn.
n=0
Then -
R\E: U(R\Dl/Qn)
n=0

LR\ E) = 0.

If z € E then x € Dy on for all n so

3
< —

1
im sup om

h>0

1
- / o T ) = 1@

for all n. This is possible only if

1
= / o )~ g =0

lim sup
h>0

and therefore

. 1
tim | / BERLCLTOR(®

= O7
RN\O

or, equivalently,

1
tw [ f(s)duts) = @
hNO R s€[z,z+h]
for x € E.
There is a similar argument for [z — h, x] or, alter-

natively, we can apply the same argument to f (x) =

f(=x).

1
lim — s)du(s) = f(x
g [ T = 1w
for x in some set E such that m(R \ E) = 0. There
is then a E such that m(R \ E) = 0 for which both

1
}11{‘% E /se[ac,;c+h] f(S) d/‘<5> - f(x)
and )

for x € E and hence

i o [ £()du(s) = f(a).
s€lx—h,z+h]
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Corollary 10.2.8. Suppose E is a measurable subset
of R. For almost all x € E we have

1
fi o3 m(E 0 [z = h, 2 + h]) = xp(2).

Proof. We first consider the special case where

m(E) < 4oo. Applying Proposition to the
function x g shows that for almost all z € R we have

1
lim — E — = .
hl{r}) th( ﬂ[a: h,sr:—i—h]) XE(HC)

for almost all z € R. It m(FE) = +oo then we apply
the above argument to

E,=(—n,n)NE.

This gives

Jio oen((—,m) N BNl —ha+h]) = X i)
for almost all x € E. The exceptional set could be
different for each n but the union of countably many
null sets is still null so for almost all x € R we have
the equation above for all n. In particular it holds
for n large enough that € (—n,n). For such n we
have
X(fn,n)ﬁE(x) = XE(x)

Also,

(—n,m)NEN[z—h,z+hl=EN[z—h,x+h)

for sufficiently small h so we can replace the set on
the left with the set on the right in the limit. In other
words,

. 1
}lllg%) %m(E Nz —h,z+h]) = xe(@).
O

The following is our analogue of Theorem [10.1.2)
for Lebesgue integration.

Theorem 10.2.9. Suppose f: R — R is integrable
and

Fo= [ @),

Then F is continuous. For almost all y in R F s
differentiable at y and F'(y) = f(y).

Proof.
F(z) - F(y) _ %fme[y,y+h] f@)dm(z) if z >y,
z—y %fze[yfh’y] fx)dm(z) if z <y,

where h = |z — y|. The preceding theorem therefore
shows that

O

10.3 The Second Fundamental Theo-
rem

Proposition 10.3.1. Suppose I is a non-empty in-

terval and F': I — R is Lipschitz continuous. Then

there are Lipschitz continuous functions G and H

such that G is monotone increasing, H is monotone
decreasing and F = G + H.

Proof. Tt’s useful to introduce the quantities

Vi(a,b) = sup » _max(0, F(z;) — F(x;_1))

Jj=1

V_(a,b) = inf Y _min(0, F(z;) — F(z;-1))

Jj=1

V(a,b) =sup »_|F(x;) — F(z;1)|

=1
for a,b € I such that a < b, where the suprema and
infima are over xq, -1, ..., T, are such that

a=zo <z <<z =b

First of all, Vi(a,b) > 0, V_(a,b) < 0 and
V(a,b) > 0. This is clear because the sums in the def-
initions of V. and V are sums of non-negative terms
while the sum in the definition of V_ is a sum of
non-positive terms.

Next, if a < b < ¢ then

Vi(a,c) = Vi(a,b) + Vi(b,c),

V_(a,¢) =V_(a,b) + V_(b,c),
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and

V(a,c) =V(a,b) + V(b,c).

We can see this as follows. All three equations hold
trivially if @ = b so we’ll assume from now on that

a<b If

a:$0§$1<---<1‘n:b

and

b=y <y <---<y,=c

then set z; = x; if j < nand z; = y;—p if j > n.

Then

a=z2<zn<---<z=c

where ¢ = n + p. Also,

Zmax(o, F(z;) — F(z;-1))

j=1

+ Zmax((), F(y;) — F(y;-1))

j=1

= Zmax(O,F(zj) — F(zj-1)).

Now

S max(0, F(z) — F(zj-1)) < Vi (a,0)

Jj=1

SO

Zmax((), F(z;) — F(zj-1))

j=1

+) max(0, F(y;) = F(yj-1)) < Vi (a, o).

j=1

Taking the supremum over all possible choices of the

x’s gives

Vie(a,b) + Y max(0, F(y;) — Fly;-1)) < Vi(a,¢).

Jj=1

Taking the supremum over all possible choices of the

y’s then gives

Vi(a,b) + Vi(b,c) < Vi(a,c).

Suppose now that zp, 21, ..., 24 are such that
a=z <z << zg=c

Let n be the smallest integer such that z, > b. Define
z; = z; if j < n and x, = b. Define yo = b and
Yj = Zntj—1 if j > 0. Then

a=z9<x1<---<x,,=0b

and
b=y <y <<y, =c,

where p = ¢ — n + 1. For any real numbers u, v and
w such that v + v = w we have

max (0, u) + max(0,v) > max(0, w).
We apply this to
w=F(n) = Fan_1)
v=F(y1) = F(yo)

w=F(z,) — F(zn-1).

Note that n — 1 > 0 since a < b. The equation
u + v = w holds because z,, = b = Yo, Tn_1 = Zn_1
and y; = z,,. So

max (0, F(z,) — F(zp—1)) < max(0, F(z,) — F(zp—1))
+max(0, F(y1) — F(yo))-

To this inequality we add the equations

n—1
Z max (0, F(x;) — F(xj_1)
n—1
= Z max(0, F(z;) — F(zj—1)
j=1

and
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to get

> max(0, F(z) — F(z-1))

j=1
< ZmaX(O, F(zj) — F(zj-1))
j=1
+ Z max (0, F(y;) — F(y;j—1))-

Now

S max(0, F(a;) = Fla;-1)) < Vi (a,b)

Jj=1
and
p
> max(0, F(y;) — Fy;—1)) < Vi (b,c)
j=1
SO

> max(0, F(z;) — F(zj-1)) < Vi(a,b) + Vi (b, 0).

j=1

Taking the supremum over all possible choices of the
z’s gives

Vi(a,c) < Vi(a,b) + Vi(b,c).
Since we already have the reverse inequality we get
Vi(a,c) = Vi(a,b) + Vi(b,c).

The proofs of the corresponding results for V_ and V'
are similar, with minor changes.

From V4 (a,c) = Vi(a,b)+ Vi (b,c) and Vi (a,b) >
0 and V, (b, c) > we get that V, (a,c) > V,(a,b) and
Vi(a,¢) > Vi(b,c). So Vi (a,c) is monotone increas-
ing as a function of ¢ and monotone decreasing as a
function of a. The same is true for V, while V_(a, ¢)
is monotone decreasing as a function of ¢ and mono-
tone increasing as a function of a.

Next we note that

|F(z;) — F(zj-1)|. = max(0, F(z;) — F(z;-1)
—min(0, F(z;) — F(zj_1).

Summing over j and taking suprema over all possible
choices of the z’s gives

Vi(a,b) —V_(a,b) = V(a,b).
Note that the supremum of
=Y min(0, F(z;) - F(x;-1))
j=1
is minus the infimum of the same sum, i.e. —V_(a,b).
Next we show that
Vi(a,b) +V_(a,b) = F(b) — F(a).

For each € > 0 there is, by the definition of the supre-
mum, a choice of xg, ..., x, such that

a=xg<x1<---<zp=0
such that
Vi(a,b) —e <Y max(0, F(z;) — Fz;-1)).
j=1

Similarly, there is, by the definition of the infimum,
a choice of

a=yo<y1 < <y,=0>

Let 29, 21, ..., zq be the 2’s and y’s sorted into in-
creasing order. Then

a=2<21 << zg=b.

For any j there are k and [ such that z;_; = 2 and
x; = 2z;. Then

F(x;) — Fzj-1) =

The inequality
max(0, u) + max(0,v) > max(0, w)

used previously can be extended by induction to finite
sums. From this and the equation above we get

max (0, F(z;) — F(zj_1))
!

< > max(0,F(z) — F(zi-1)).

i=k+1
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Summing over i gives

> max(0, F(z;) — F(w;-1))

< ZmaX(O, F(z5) = F(zj-1))-

The sum on the right hand side is bounded by
Vi (a,b) by the definition of the supremum. Com-
bining what we have so far we obtain

Vi(a,b)—e < ZmaX(O,F(zj)—F(zj,l)) < Vi(a,b).

A similar argument gives
q
(a,b) < Z n(0, F(z;)—F(zj-1)) < V_(a,b)+e

Now
F(25) — F(zj—1) = max(0, F'(2;) — F(zj-1))
+min(0, F(z;) — F(z-1)).

Summing over j and using the inequalities obtained
earlier we find

V_(a,b) + Vi(a,b) — e < F(b) — F(a)
<V_(a,b) + Vi(a,b) +e.
This holds for all € > 0 so
V_(a,b) + Vi(a,b) = F(b) — F(a).
F' is Lipschitz continuous so there is a K > 0 such
that
|F(z) —

for all z and y in I. In particular, if z;_; < x; then

F(y)| < K|z —y|

|[F(zj) = Fzj-1)| < Koy — 21| = K(2; — 2j-1).
If

a=x9 <x1 < <z,=0b
then
n n
Z |F(x;) = F(zj-1)] < KZ(% zj-1) =K(b—a)
=1 j=1

Taking suprema we find that

V(a, b) S K(I’j - Ij—l)-
From
V+(a7 b) >0,
V_(a,b) <0
and
V(a,b) = Vi(a,b) — V_(a,b)

it follows that
0<Vi(a,b) < K(b—a)

and
—K(b—-a) <V_(a,b) <0

I is non-empty so there is a w € I. Define

Gla) = sF(w) + Vi(w,z) if x> w,
B 1F(w) — Vi(z,w) ifz<w,
and
1 i >
Hiz) = %F(w)—FV_(w,x ?fx_w,
sF(w) = V_(r,w) ifr<w,
Then
V—Q—(‘Tay) lfIS’y,
G(y) — G(z) =
W) =6 {—V+(y7w) if x>y,
and
V_(z, if v <y,
)~ i) = {0 s
—V_(y,z) ifz>y.

There are a number of cases to consider depending
on the ordering of w, z and y but all of them are
immediate consequences of the definitions and the
fact that

Vi(a,c) = Vi(a,b) + Vi(b,c)

and
=V_(a,b) + V_(b,c).

SO
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We apply this with x = w and use the identity
F(w) = G(w) + H(w),
which follows immediately from the definitions, to get

F(y) =G(y) + H(y)

forall y € I.
From
0<Vi(a,b)<K(b—a)
and
—K(b—-a)<V_(a,b)<0
we get that

0< G(b) — Gla) < K(b— a)

and
—K(b-a)<H(b)—H(a) <0

for all a,b € I such that a < b. From these inequali-
ties we conclude that G is monotone increasing, H is
monotone decreasing, and both are Lipschitz contin-
uous with Lipschitz constant K. O

It’s convenient to introduce substitutes for the
derivative for functions which may not have them.

Definition 10.3.2. Suppose F' is a function from a
neighbourhood of x € R to R. The Dini derivatives
of F at x are

F
DV F(z) = limsup *
AN h

D4 F(z) = liminf

AN) h ’
F - F
D™ F(z) = limsup (z+h) (z)
b0 h

and
D_F(z) = liminf Floth) - F(m)
h0 h

If F is defined in a neighbourhood of = then all
four Dini derivatives exist as elements of [—oo, +00],
even if f is not differentiable, or even continuous.

Proposition 10.3.3. Suppose F' is a function from
an open interval in R to R. Then DiF(x) <
DT F(z) and D_F(x) < D™ F(z). If F is mono-
tone increasing then 0 < D, F(x) < DYF(z) and
0<D_F(z) <D F(z).

Proof. The liminf is always less than the lim sup so
D, F(x) < DYF(z) and D_F(x) < D™ F(x). If F is
monotone increasing then

F(erh]sz(x) >0

for all h > 0 so
F(x+h)— F(x)

h

Dy F(z) = liminf >
+F(@) = limin 2 =
but also
F(x+h) — F(x) >0
3 >
for all h < 0 so
F - F
D_F(z) = liminf (z+h) (2) > 0.
R0

O

Proposition 10.3.4. F is differentiable at F' if and
only if

DYF(z) =D, F(z) =D F(z) = D_F(z) € R.
Proof.

lim F(z+h)— F(x)

RN\0 h
exists if and only if the liminfy\ o and limsup h ™\, 0
are finite and equal, i.e. if and only if D, F(z) =
DT F(z) € R. It is then equal to their common value.
Similarly,

lim F(z+h) — F(x)

h 0 h
exists if and only if the liminf, »o and limsuph 0
are finite and equal, i.e. if and only if D_F(z) =
D~ F(z) € R. It is then equal to their common value.
Finally,

lim F(z+h)— F(x)
h—0 h

exists if and only if limy\ ¢ and limj, o exist and are
equal. O
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Proposition 10.3.5. If I is an interval and F: I —
R is continuous then the Dini derivatives of F are
all measurable.

In fact the continuity assumption is not needed,
but it makes the proof considerably simpler.

Proof. Tt suffices to prove this for one of the four
derivatives. The other three can then be obtained by
replacing F'(z) by F(—x), —F(z) or —F(—x). We'll
prove it for DFT.

F h)—F
DF™T(x) = limsup (z+h) (z)
h—0 h
= inf sup (@+h) - Fz)
k€(0,450) he(0,k) h
o Flo+h) ~ F(a)
x + - x
y= sup A )
he(0,k)NQ
Then » 0P
<y Pt = F@)

he(0,k) h
because (0,k) N Q is a subset of (0, k). Suppose
F(z+h)— F(x)
he(0,k) h '

y <

Then there is an h € (0, k) such that
F(zx+h)— F(x)
< .
h
Another way to say this is that the set
Fzx+h)—-F(x
VRTINS

is non-empty. It’s open by the continuity of F' and
every non-empty open subset of the reals contains a
rational, so there is an h € (0, k) N Q such that

- F(ac—&-h]i—F(x)

But this contradicts the definition of y, so the as-
sumption that

{h € (0,k):

sup F(x+h) — F(x)

y <
he(0,k) h

was false and therefore

F(z +h)— F(z)

Yy = sup

he(0,k) h 7
ie.
sup F(x+h)— F(x) — sup F(x+h)— F(x)
he(0,k)NQ " he(k) h
So
h)—F
DF*(x)= inf sup (z+h) (z)
ke(0,+00) he(0,k) h
= inf sup Fleth) - Flo)
ke(0,40) he(0,k)NQ h
Let

F(I‘Fh)*F(I).

z = inf Sup
k€(0,+00)NQ he(0,k)NQ

(0, 400) N Q is a subset of (0, +00) so
F(z+h)— F(x)

z > inf su
" ke(0,400) he(o,lgnQ h
It Fz+h) —F
o “up (x+h)— F(x)
k€(0,400) he(0,k)NQ h

then there is a k € (0 + oco) such that

F - F
sup (x+h) (z)
RE(0,k)NQ h

z >

Every non-empty open subset of the reals contains a
rational number so there is a j € (0,k) N Q. Then

(0,/)NQ C(0,k)NQ

S0
F h)—F F h)—-F
wp FENFE)  ,, Fath)=Fo
he(0,7)NQ he(0,k)NQ
and therefore
F h)—-F
o> sup (x+h) = F(z)
he(0,5)NQ h
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But this contradicts the definition of z, so

R F(m—&—h)—F(x).

sup

k€(0,+00) he(0,k)NQ h
In other words,
F h)—-F
D+F(x) = inf sup (z+h) (x)
k€(0,+00)NQ he(0,k)NQ h
Now F@+h)=F(@) i 5 measurable function of z for

h
each h and Proposition tells us that infima and
suprema, of countable sets of measurable functions are
measurable so DT F' is measurable. O

Now that we know that the Dini derivatives are
measurable it makes sense to try to estimate the mea-
sure of the set on which they are larger than a given
value. This will require a preliminary lemma.

Lemma 10.3.6. Suppose that A is a finite set of
intervals in R. Then there is a B C A such that

(@) Urea =U,ep and

(b) forallxz € R the set {J € B: x € J} has at most
two elements.

Proof. Let n be the number of elements in A. Define
a finite sequence Cj, as follows. Cy = A. For k& > 0 we
terminated the sequence with Cy, if no element of Cj, is
contained in the union of two other elements. If there
is an I € Cj, such that I is contained in the union of
two other elements of Cj, then we set Ci41 = C \ {I}.
The intervals we remove belong to the union of the
ones which remain so

Ur= U 1

IeCy I1€Crq1

for each k£ and hence, by induction,

Ur=yr

I€Cy IeA

An even easier induction shows that C, C A for all k
and that the number of elements in Cy, is n — k. From
this last fact it follows that the sequence ends with
some C,,, with m < n. Call this final element 5. No

element of B is contained in the union of two other
elements.

Suppose z € I, z € J and x € K for distinct
I,J,K € Cy. Let

L=IUJUK,
a=inf L
and
b=supL.

a could be finite or —oo and b could be finite or
+00. In any case there is an M € {I, J, K} such that
inf M =aand an N € {I, J, K} such that sup N = b.
If y € (a,z] theny € M. If y € [z,b) then y € N.
If x € L then z € (a,b) sox € M or x € N, ie.
re€MUN. So

ITUJUK=LCMUN.

I, J and K were distinct so there is an H € {I,J, K}
such that H # M and H # N. Then

HCIUJUK CMUN.

so one element of Cj, is contained in to the union of
two others. Thus k # m. Equivalently, if || = m then
we can’'t have x € I, x € J and z € K for distinct
1,J, K € C,, = B. So each z is an element of at most
two elements of B. O

Proposition 10.3.7. Suppose F: [a,b)] — R s
monotone increasing and A > 0. Then there is a
C > 0 such that

F(b) — F(a)
m(ET) < C 5 ,
_ F(b) — F(a)
m(E7)<C 5 )
" F(b) - F(a)
m(E_) <C 5y
where

Et ={z €[a,b]: D"F(z) > A},
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E. ={z €a,b]: DyF(x) > A},
E” ={z €[a,b]: D" F(z) > A},

and
E_={z€a,b]: D_F(z) > A}.

If F is continuous then the inequalities above hold
with C = 1.

Proof. 1t’s sufficient to prove and one of these since
the other three can then be obtained from that one
by applying it to F(—z), —F(z) and —F(—z). We’ll
prove the one for E+.

Suppose K is a compact subset of Et and s €
(0,1). For each z € K we have

DY F(z) = limsup Fle+h) - F(z)

> A
AN\ h -

Since kA < A there is an A > 0 such that

F(zx+h)— F(x)

A > KA.

Let

2k +kh —h 25k +kKkKh+h
Ia:,h: .

2K ’ 2K
Then z € I, 5, and

h
E(Ifﬁh) == E

We can therefore rewrite the inequality above as

F(erh)fF(:r)

L) <
(I ) < oY

The sets I as above form an open cover of K so
they have a finite subcover. In other words, there are

T1, ..., Ty and hq, ..., h, such that
n
K C U Iy n,
j=1
and
Wy n)) < F(z; + hy) — F(z;)

K2\
By Lemma|10.3.6| we can assume, without loss of gen-
erality, that each x € K belongs to at most two of

the intervals Iy, p,.
have

By countable subadditivity we

n

m(K) < Z (Lo, n,) =Y UIa, ).

j=1

On the other hand

n

Y (F(zj +hy) = Flay)) < 2(F(b) — F(a))

j=1
" F(b) - F(a)
— F(a
< .
m(K) <2 X
This holds for all x € (0,1) so
F(b) - F(a)

Lebesgue measure is a Radon measure so
p(ET) = supm(K)

where the supremum is over all compact subsets K
of EY, all of which satisfy the inequality above, so

F(b) — Fa)

ET)<2
m(B*) < 22—,

which is what we were looking for, with C' = 2.
To get C = 1 in the continuous case we need a
different argument. Define G by

G(z) = F(x) — Az.

If F' is continuous then so is G. We can therefore
apply Proposition [10.2.3| to get a set PT of disjoint
open intervals contained in [a, b] such that

G(a) < G(B)
for each (o, 3) € P and
G(z) = G(y)

ifa <z <y<band x ¢ Ugcp+. In terms of F
these inequalities can be written as

o) -Fo)
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and
F) - F@) _
y—z
If x € (a,0) and = ¢ [Jpcps then
F) - F@) _
y—z

for all y € (z,b] and so

Fly) — F(x)

DT F(x) = limsup
y—x

R\0

<A

Equivalently, if D F(z) > X then 2 € Ugcp+, ie.
x € (a, B) where (o, 3) € PT. Therefore

{x € (a,b): DTF(z) > \} C U E
EcP+

SO

m ({z € (a,b): DYF(z) > A}) < Z m(E).

Eep+
If (, §) € P* then
F(B)~Flo) _
B —«
then
m((@.8) = —a < T L)
SO

m ({z € (a,b): DY F(z) > A})
.y PO Fl)
(a,8)ePt

Any finite subset of P+ can be ordered as (aq, 1),
.+, (ap, Bn) such that

a<o <P < Loy, By <h
F was assumed to be monotone increasing so

F(ay)—F(a) >0

and

Adding the left hands of these inequalities to
> =1 (F(Bj) — F(a ) gives F(b) — F(a) since all the
remaining terms cancel in pairs. From this we see
that

n

> (F(8;) = Fla;) < F(b) — F(a).

Jj=1

Taking the supremum over all finite subsets of P+
gives

(e,f)ePH

and therefore
m ({z € (a,b): DY F(z) > A})
c oy FO-F@
(a,B)ePT+

Now {a, b} is of measure zero so we can immediately
improve this to

m ({z € [a,b]: DYF(z) > A})
Ly FOFE
(o,8)ePT

This is still not quite the statement of the proposition
though because we have “> )\’ here rather than “>
A’. To get the version as it appears there we take a
k € (0,\) and apply the argument above with & in
place of A\, obtaining

m ({z € [a,b]: DTF(z) > k})
.y FO-Fe)
(a, )Pt

Now
{x € [a,b]: DTF(x) > A} C {x € [a,b]: DY F(x) > K}

so the measure of the left hand side is less than or
equal to that of the right hand side. It then follows
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that and
F(y) — F(x)

m ({z € [a,b]: DYF(z) > A}) s =P
< Z M. If y € (a,b) and y ¢ Upep- E then
(a,8)eP+
Ply) ~ Fz) _
This holds for all k € (0, A) so y—z =P
m ({z € [a,b]: DYF(z) > \}) for all = € [a,y) then
F(B) - F(a)
< -7 @ 7
< > — D_F(y) > p
(a,B8)ePt
0
= y ¢ Apg

Proposition 10.3.8. Suppose I is a non-empty in- Equivalently, if y € A,, then y € Ugcp- E, ie.
terval and F: I — R is continuous and monotone. there is an interval (a, ) € P~ such that y € (a, §).
Then F is differentiable at x for almost all x € X. Then

| F(B) - Flo) _
Proof. If D_F(x) < D" F(z) then there are rational 3—_a =p
numbers p and ¢ such that F(B) - Fla)
— F(a
m(ApqN(a,p)) £ —————

D_F(z) <p<q<DVF(x). q
by Proposition SO

In other words,

p p
{rel: D_F(z)<D'F@)}C |J Apg m(ApqN(a,B)) < 6(5 —a)= am(aﬁ)-
(p,a)€Q?
e Now
where Apq = U Apg N (e, B)
(a,B)eP—

_ . +
Apg={y€R:D_Fly) <p<q<DTFy)} and this is a disjoint union, so

Suppose [a,b] C I. We apply Proposition [10.2.3 to

the function m(Apq) N (a,b) = Z m(Apq N (e, B)).
G(x) = F(x) — px. (.)€P™
This gives a countable set P~ of disjoint open inter- Also,
vals such that if (o, 8) € P~ then U (o, B) C (a,b)
Glo) > G(3) e

and this union is also disjoint so

Y ml(a,f)) < mi(a,b)).

andifa <z <y<bandy ¢ Jgcp- then

G(z) < G(y) (a,8)€P-
In terms of F' these inequalities are Combining all of these, we have
F(B)— Fla p
: ﬁ) a( ! =P m(Ap,q N (a,b)) < am((% b)).
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In particular, if € I° then

1

Sy 01 (o = hyo+ 1) <

SIS

for sufficiently small positive h. We can write this as

1

— X4,.,(s)ds.
2h z€(x—h,x+h) )

The limit as o N\, 0 is x4, ,(z) for almost all = by
Theorem On the other hand we must have

.1 D
%{réﬁm(flp,qﬂ(m—h,x—i—h)) < . <1
SO

X4,,(®) <1

for almost all . In other words, « ¢ A, , for almost
all z, or m(A4,4) =0. As we saw earlier,

U Apg.

(p,9)€Q?
r<q

{rel:D_F(z)<DV'F(z)} C

This is a countable union, so

m({z €I: D_F(z) < DYF(z)}) =0.

A similar argument with
Byg={yeR: DyF(y) <p<q<D F(y)}

and P gives

m({z €1: D.F(z) < D F(z)}) = 0.
So for almost all x € I we have

D_F(x) > DY F(x)

and
D F(x) > D™ F(x).

On the other hand, Proposition [10.3.3| gives
D_F(x) < D™ F(x)

and
D, F(z) > DT F(x)

DYF(z) =D, F(x) =D F(z) = D_F(x)

for almost all z € I. It follows from Proposi-
tion [10.3.7] that they are finite for almost all z as
well. By Proposition it then follows that F is
differentiable for almost all x € I. O

Theorem 10.3.9. Suppose I is a non-empty interval
and F: I — R s Lipschitz continuous. Let E be the
set of x such that F'(x) is differentiable at . Then
m(I\ E) = 0, F’ is integrable on E N [a,b] for all
a,be I and

/ F'(z) dm(z) = F(b) — F(a).
z€EN(a,b]

Proof. From Propositions and Proposi-
tion [[0.3.8] we know that F is differentiable almost
everywhere. Choose a sequence hg, hq, ... of positive
numbers with lim;_,.—o and define

F(x + hy) —F(m)

fi(z) = h

This will require us to evaluate F' at points outside

of [a,b] so we extend F by defining F(x) = F(a) for

x < aand F(z) = F(b) for x > b. It’s easy to see

that this extension is also Lipschitz continuous. Then
lim f;(z) = F'(2)

Jj—o0

for all x at which F' is differentiable, i.e. almost all
x. Also, if K > 0 is a Lipschitz constant then

[fi(x)| < K

for all x. We also has
/ Kdm(z) = K(b—a) < +o0.
z€Ja,b]

We can therefore apply the Dominated Convergence
Theorem to get

lim
Jj—o0

fi(z)dm(z) = /e[ ) F'(z) dm(z).

z€a,b]
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Now
‘ _ F(z+hj) — F(x)
~/I€[a,b] fJ (:E) dm(m) /we[a,b] hj

1
—j </m€[a’b] F(z + hj)dm(z)

_ / Fla) dm(x))
z€la,b]
1
- ( / e F(z) dm(z)

- / Fla) dm(w))
z€[a,b]

1
=— F(x)dm(z)
hi Jeelvbn,]

1

hj x€la,a+hj]

From Corollary we have

lim / F(z)dm(z) = F(a)
z€[a,a+hj]

>

F(x)dm(z).

and
. 1
lim — / F(a) dm(z) = F(b),
x€[b,b+hj]

since F' is Lipschitz continuous and hence continu-
ous. Corollary [I0.1.3] refers to Riemann integrals but
these are equal to the Lebesgue integrals. From the
equations above it follows that

/ F'(z)dm(z) = F(b) — F(a),
z€la,b]

as claimed. O

11 Affine spaces and convex
sets

11.1 Affine spaces

Definition 11.1.1. A € p(R"™) is called affine if
(1—t)x+ty € A whenever t € R and x,y € A. The

dm(x)

affine span of a subset of V' is the intersection of its
affine supersets.

Proposition 11.1.2. (a) The intersection of any
collection of affine spaces is affine.

(b) The affine span of a set is the smallest affine
space containing it.

(c) If A is an affine space, to, ..., tm € R are such

that
m
S
i=0

and xq, ...X;, € A then

m
Z tix; € A.
=0

Proof. Suppose A is a set of affine spaces and B =
Naca A If x,y € B then x,y € A for all A € A
Each A is an affine space so if ¢t € R then (1 — t)x +
ty € A. This holds for all A € Aso (1—t)x+ty € B.
This establishes [1.1.2al

Let A be the set of affine spaces containing S and
let B be its affine span, i.e. B = (1,4 A. Thisis an
affine space by and it contains S so A € A.
Any other element of A contains the intersection of all
elements and so contains B. This establishes [T.T.2hl

Let N,, = {0,1,...,m}. We define r: N,, — N,,
as follows. r(0) is the ¢ with the maximum value of
t;. (1) is the i with the maximum value, other than
i =7(0). r(2) is the ¢ with the maximum value, other
than ¢ = 7(0) or ¢ = r(1). If there is more than one
choice at any stage the we make a choice arbitrarily
and continue. After m + 1 steps we have a func-
tion r: N,, — N,,, which is injective by construc-
tion, since at each stage we chose a number other
than those already chosen. It’s also bijective since
any injective function from a finite set to itself is also
surjective and hence bijective. If s; < 0 then some
summand t; is less than or equal to zero. If k > j
then k > ¢ and t; < ¢; < 0, because otherwise r(k)
would have been chosen earlier than r(z). It follows
that

m
Sm =8 + Z tr(j) <0.
k=j+1
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But

Sm =1

since this is just a reordering of the finite sum

But then 1 < 0, which is impossible so there can be
no j for which s; < 0. In other words,

J
sj = Ztr(j) >0
i=0
for each j € N,,,. We now define
_bo

’LLj—

and

Then
Yo = X (0)

Ym = Z L) Xr(i) = Z LixX;.
1=0 =0

and

Also,
Jj+1

tr(i)
= X
Yi+ ; i1 r(i)

! tT(’L)
:Z Xr(i) +

Sj4+1

tr(j+1)
TSir1 Xr(j+1)

0

55

= Yi + Ujr1Xe(j41)
Sj+1

= (1 —w))yj + ujXp(jt1)-

By induction we see that y; € A for each j € Ny,
and hence for j = m. In other words,

m
Ztixi € A.
=0

This establishes [[1.1.2d O

Proposition 11.1.3. IfV is a linear subspace of R™
then V is an affine set and 0 € V. Conversely, if V
is an affine subset of R™ and 0 € V' then V is a linear
subspace.

Definition 11.1.4. If x € R"™ and A € p(R"™) then
the translate of A by x is the set

{yeR":y—xec A}

Proposition 11.1.5. If A is a non-empty affine set
then there is an x € R™ and a linear subspace V' of
R"™ such that A=x+V. Ifx € R"™ and V' are such
that A=x"+ V' then V' =V and x' —x € V.

Definition 11.1.6. If A is a non-empty affine subset
of R™ then we define the dimension of A to be the
dimension of V', with V' as in the proposition above.
If A is empty then we say that the dimension of A is
—1. An affine subset of dimension n — 1 is called a
hyperplane.

Proposition 11.1.7. A € p(R"™) is a hyperplane if
and only if there are a1, ..., an, € R, not all of which
are zero, and a b € R such that

A:{(xl,...,xn)eR": Zaixi—l—sz}.

=1

11.2 Convex sets

Definition 11.2.1. C € p(R") is called conver if
(1 —t)x +ty € C whenever t € [0,1] and x,y € C.
The convex hull of a subset of V is the intersection
of its convex supersets.

Definition 11.2.2. If C' € p(R™) is convex then the
relative interior of C, denoted C°, is the interior of
C regarded as a subset of its affine span, with the
subspace topology. U € p(R") is called relatively
open if U = U°.

As a subset of the affine span U is open if and only
if it is equal to its interior so U is relatively open if
and only if it is open as a subset of the affine span of
A, with its subspace topology.

You might wonder why we don’t define a set to be
relatively closed to mean that it’s closed as a subset of
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its affine span with respect to the subspace topology.
A relatively closed set would be closed and vice versa
so this would simply be an unnecessary synonym for
closed. By contrast, not every relatively open set is
open. In fact {x} is relatively open for each x €
R"™. {x} is an affine space and a superset of {x} and
so is equal to the affine span of {x}. {x} is open
as a subset of {x} in the subspace topology so it’s
relatively open. {x} is not, of course, open if n > 0.

The following properties are consequences of the
definitions above.

Proposition 11.2.3. (a) Every affine set is con-
vet.

(b) The intersection of any collection of convex sets
18 convez.

(¢) The intersection of any collection of relatively
open sets is relatively open.

(d) The convex hull of a set is the smallest convex
set containing it.

(e) If C is a convex set, tg, ..., tm € [0,400) are

such that
m
S
i=0

and Xg, ...Xm € C then

m
Ztixi eC.
=0

Proof. Ift € [0,1] thent € R, so if (1 —t)x+ty € S
for all t € R then (1 —¢)x+ty € S for all ¢ € [0,1].
This establishes [1.2.3al

Suppose C is a set of convex sets and B = (¢ C.
If x,y € B then x,y € C for all C € C. Each C is
a convex set so if ¢ € [0,1] then (1 —t)x +ty € C.
This holds for all C € C so (1 —t)x +ty € B. This
establishes [[1.2.30]

Suppose Uy, ..., U, are relatively open. In other
words, U; is open as a subset of A; for each i, where
A; is the affine span of U;. Let

and let B be the affine span of V. V C B so

m

((BNU).

i=1

V:VﬂB:VﬂﬁUi:

i=1

U, is relatively open, so open in the subspace topology
on A;. In other words, there is an open W; such that

Ui = Az N VVZ
Then
V=[)BNANW,).
i=1

But B C A; so BN A; = B. Therefore

V:ﬁ(BﬁWi):Bﬁ (ﬁw)

i=1 i=1

Ni~, W; is an open set, so V is open in the subspace
topology on B. In other words, it’s relatively open.
This establishes I1.2.3d

Let C be the set of convex sets containing S and
let C be its affine span, i.e. B = [Joce C. This is
a convex set by and it contains S so C € C.
Any other element of C contains the intersection of all
elements and so contains B. This establishes [1.2.3dl

The proof of [I1.2.3¢]is the same as that of [[1.1.2d
except that we note that ¢; > 0 for each i implies
s; < s;41 for each j and hence u; € [0, 1]. O

Definition 11.2.4. An open halfspace in R"™ is a set
of the form

{(xl,...,xn) e R": Zaixi+b>0}

i=1

for some aq, ..., a, in R, not all of which are zero
and some b € R. A closed halfspace is the same, but
with a non-strict inequality, i.e.

{(xl,...,xn) eR"™: Zaixi+b>0}
i=1

A set which is either an open halfspace or a closed
halfspace is called a halfspace.
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Note that the open and closed halfspaces are, as
the terminology suggests, open and closed subsets,
respectively, of R™, since linear functions are contin-
uous.

Proposition 11.2.5. Halfspaces are conver.

Definition 11.2.6. C' € p(R") is called a conver
polytope if there is a finite set S such that C is the
convex hull of S. Tt is called a simplez if there is such

an S with m + 1 elements, where m is the dimension
of C.

Proposition 11.2.7. C is simplex of dimension m
if and only if there are Xq, ..., X, € C such that for
everyy € C there are unique to, ..., Ly, € [0,1] such

that
m
S
i=0
and
m
Z tix; =y
i=0
The set {xg,...,Xm} is uniquely determined by the
simplex.

Definition 11.2.8. The points xq, ..., X,, as above
are called the wvertices of C. If C' is a simplex then
the barycentre of C' is the point

1
Z m + 1Xi'
i=0

The vertices and barycentre is well defined because
the simplex determines the set {xq, . .., X;, } uniquely.
Note that it’s only the set of vertices which is deter-
mined, not their order. This is sufficient to make the
barycentre well defined though since the coefficients
of the vertices are all equal.

Definition 11.2.9. The dimension of a convex set
is the dimension of its affine span.

Proposition 11.2.10. Suppose C' is a conver subset
of R", x€ C°andy € C. Then (1 —t)x+ty € C°
for allt €10,1).

Proposition 11.2.11. Suppose C € p(R™) is con-
ver.

(a) C° is convex.

(b) C is conver.

(c) C° and C have the same affine span.
(d) C° and C have the same dimension.
(e) If C # & then C° # &.

Proposition 11.2.12. (a) If C € p(R) is convex
then

(Co)=C
and B
(©)° =c~.
(b) Suppose Cy,Cs € p(R") are convex. Then Cy =
Cs if and only if CY = C5.
(c) If C € p(R™) is convex, U € p(R") is open and
C°NU =@ thenCNU =@.

(d) If C1,Cy € p(R™) are convex, Cy # &, and
Cy C C3, CiNCy = @ then the dimension of
C, is less than the dimension of Cs.

11.3 Faces

Definition 11.3.1. Suppose C € p(R™) is convex.
F € p(C) is said to be a face of C if whenever x,y €
C,te€(0,1) and (1 —t)x +ty € F we have x € F
andy € F.

Note that by this definition @ is a face of every
convex set because the condition above holds vacu-
ously.

Proposition 11.3.2. Suppose F is a face of a convex
subset C' in R™.

(a) F is convez.

(b) If D € p(C) is convex and D° N F # & then
DCF.

(¢) If E is a face of F then E is a face of C.

(d) If f: R™ is a linear functiony € C and f(x) <
f(y) for all x € C then the set

{xeC: f(x)=f(¥)}
s a face of C.
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(e) If D is a convex set such that F C D C C then
F is a face of D.

(f) If D is a convex set such that D° N F # & then
F is a face of D.

(9) F=CNF.

(h) If C is closed then F is closed.

(i) If E is a face of C and E°NF® # & then E = F'.
(G) If F #C then C°NF =g

(k) If F # C then the dimension of F is less than

the dimension of C.

Proposition 11.3.3. Suppose C is a conver set. Let
Q be the set of relative interiors of faces of C and let
P = Q\{@}. Then P is a partition of C. If D is
a relatively open convex subset of C' then D C E for
some E € P. If C is a convex polytope then P is
finite.

Definition 11.3.4. Suppose (X, d) is a metric space
and A € p(A). The diameter of A is

sup d(,y).
T, yeA

This is an element of [0, +occ]. It is an element of
[0,400) if and only if A is bounded.

11.4 Complexes

Definition 11.4.1. A complex is a finite C €
p(p(R™)) satisfying the following properties:

(a) If E € C then E is a compact convex polytope.
(b) If E € C and F is a face of E then F € C.

(¢) If E1,E5 € C then E; N Es is a face of both E;
and Fs.

The dimension of C is the maximum of the dimen-
sions of FE for all E € C. The underlying space of
C is the set (Jpce £ The mesh of a complex is the
maximum of the diameters of its elements.

Note that includes the case By N Fy = &.

Proposition 11.4.2. A finite set C of compact con-
vex polytopes is a complex if and only if the following
two conditions are satisfied.

(a) If E € C and F' is a face of E then F € C.

(b) If x belongs to the underlying set of C then there
is a unique E € C such that x € E°.

Proposition 11.4.3. Fvery compact convex polytope
1s the underlying set of a complex.

It’s certainly possible for the same compact convex
polytope to be the underlying set for more than one
complex. In fact this always happens for complexes
of positive dimension, and is quite useful.

Definition 11.4.4. Suppose A and C are complexes
and A C C. Then A is said to be subcomplex of C.

Not every subset of a complex is a complex and
therefore not every subset is a subcomplex, but we
do have the following proposition.

Proposition 11.4.5. Suppose C is a complex and
A € o(C). Then A is a subcomplex if and only if
F e A whenever if E € A and F is a face of E.

Definition 11.4.6. A complex C’ is said to be a re-
finement of a complex C if they have the same un-
derlying set and for every E’ € C’ there is an E € C
such that B/ C E.

Proposition 11.4.7. If C; and Cy are complezes
with the same underlying set then there is a complex
D which is a refinement of both C; and Co

11.5 Simplicial complexes

Definition 11.5.1. A complex C € p(p(R™)) is
called simplicial if every F € C is a simplex.

Proposition 11.5.2. Suppose C is a complex. Let
C~ =\{o}. Suppose : C— — R™ is a function such
that o(E) € E° for each E € C. Let S be the set
of strictly increasing sequences of elements of C™, i.e
sequences Eg, Eq, ..., E, € C~ such that

EyCFEyC---CE.
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Define : S — p(R™) by saying that 1 takes the
sequence Ey, FEi, ..., Ex to the conver hull of
{o(Ep), p(F1),...,0(Ex)}. This is a k-dimensional
simplex. Let R be image of 1. Then R is a simplicial
complex and a refinement of C. If C is a simplicial
complex and @(E) is the barycentre of E for each
E € C then the mesh of R is at most —~— times the

E+1
mesh of C, where k is the dimension of C.

Theorem 11.5.3. Suppose C1, Ca, ...Cp, are com-
plexes with the same underlying set and 6 > 0. Then
there is a simplicial complex D which is a refinement
of each of the C’s and has mesh less than 6.

12 Higher dimensions

R has a natural order structure while R™ for n > 1
does not. There are several places where we used this
order structure in developing the theory of Riemann
integration in one dimension and these will need mod-
ification to get the corresponding theory for higher
dimensions. To get from the Riemann integral to
the Lebesgue integral, by contrast, we used the Riesz
Representation Theorem, which works equally well
for any locally compact o-compact Hausdorff topo-
logical space, including R™, so no changes are re-
quired there.

12.1 Semilinear sets

In R we obtained the Jordan algebra J by complet-
ing the Boolean algebra of finite unions of intervals,
which we called Z. We need an analogue of Z for
higher dimensions. There are a number of distinct
choices one could make which lead to the same J in
the end. The particular one I'm making here is based
on the observation that every element of Z is describ-
able by linking a finite number of linear inequalities
with Boolean operators and that any set which can
be so described is an element of Z.

Definition 12.1.1. The semilinear algebra is the
Boolean algebra generated by the open halfspaces. A
semilinear set is an element of the semilinear algebra.

Proposition 12.1.2. The following subsets of R"
are semilinear:

(¢) @
(b)
(c)
(d)
(¢)
(f)

R
any closed halfspace
any hyperplane

any affine subspace

any intersection of finitely many hyperplanes
and affine subspaces

(9)

any union of finitely many intersections of
finitely many hyperplanes and affine subspaces

We'll see soon that every semilinear set can be writ-
ten in the last of these ways.

Proof. We use repeatedly the fact that complements,
finite unions and finite intersections of elements of a
Boolean algebra belong to that Boolean algebra.

(a) @ is the union of an empty collection of open
hyperplanes.

(b) R™ is the complement of @.

()
{($1, e 7I’n)

is the complement of

cR": iaﬂierZO}

i=1

{(ml,...,xn) eR™: i(fai)xi -b> 0}.

i=1

(d) Every hyperplane is of the form

{(xl,...,zn) ceR"™: Zaixi+b0}.

i=1
This is the intersection of

{(xl,...,xn) e R": Zaixi+b>0}

i=1
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and

n
{(ml,...,xn) e R": Z(—ai)xi -b> 0} ,
i=1
both of which are semilinear by the preceding
part, and the intersection of finitely many semi-

linear sets is semilinear.

Every affine subspace is the intersection of
finitely many hyperplanes, and the intersection
of finitely many semilinear sets is semilinear.

The intersection of finitely many semilinear sets
is semilinear.

The union of finitely many semilinear sets is
semilinear.

(2)

O

Proposition 12.1.3. The semilinear algebra is a
subset of the Borel algebra.

Proof. The open halfspaces are open sets so the o-
algebra generated by the open halfspaces is a subset
of the o-algebra generated by the open sets, i.e. of the
Borel algebra. The o-algebra generated by the open
halfspaces is a o-algebra and hence is a Boolean al-
gebra. The semilinear algebra is the Boolean algebra
generated by the open halfspaces and so is the small-
est Boolean algebra containing them. It is therefore a
subset of the o-algebra generated by them, which, as
we just saw, is itself a subset of the Borel algebra. [

The proof above only shows that the semilinear
algebra is a subset of the Borel algebra, not that it is
a proper subset, but that’s easy to see for n > 0. Q"
is a Borel set which is not a semilinear set.

Proposition 12.1.4. Suppose C is a complex and
A€ p(C). Then Jge E° is a bounded semilinear
set.

Proof. Every simplex is bounded and every subset of
a bounded set is bounded so E° is bounded for each
E € A. The union of finitely many bounded sets is
bounded, so |Jpce E° is bounded. Each E° is a finite
intersection of open half spaces and so is a semilinear
set. The union of finitely many of them is therefore
also a semilinear set. O

The converse is true as well. For every bounded
semilinear set A there is a simplicial complex C and
an A € p(C) such that A = (Jg.o E°. Proving this
will require the following proposition, which gives a
more explicit characterisation of the Boolean algebra
generated by a set.

Proposition 12.1.5. Suppose X is a set A €
p(p(X)) and B is the Boolean algebra generated by A.
Let Sy be the set of E such that E € A or X\ E € A.
Let Sy be the set of intersections of finitely many el-
ements of S1. Let Ss be the set of unions of finitely
many elements of Sy. Then B = S3.

Proof. By the definition of the Boolean algebra gen-
erated by a set we have A C B and B is a Boolean
algebra on X. From the former we see that if £ € A
then E € B. Since B is a Boolean algebra on X we
then have X \ F € B. So & C B. The intersection of
finitely many elements of a Boolean algebra belongs
to the Boolean algebra, so So € B. The union of
finitely many elements of a Boolean algebra belongs
to the Boolean algebra, so S3 C B.

We next show that Ss is a Boolean algebra. Sup-
pose E € S3. Then there is a finite C C S such

that
E = U F.
FeC

Each F € S; so there is a set D(F) C S; such that

F= () G

GED(F)

So
E=J ) ¢
FeC GeD(F)

Then

X\e=() U x\6).

FeC GeD(F)

D is a function from C to S;. Let P be its product,
i.e. the set of all functions s: C — &7 such that

s(F) € D(F)

forall '€ C. If v € X\ E then © € Ugep(r) (X \G)
for each F' € C so for each F € C there is G € D(F)
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such that z € (X \ G). If we choose such a G for each
F € C and call it s(F') then s is a function from C to
81 such that s(F) € D(F), i.e. an element of P. So

ze [ MN&X\sF).

seP FeC

Conversely, if the statement above holds, i.e. if there
is an s € P such that z € (X \ s(F)) for all F € C
then s(F) € D(F) and there is, for each F € C, a
G € D(C) such that x € X \ G, namely G = s(F).
So € Ugep(r) (X \ G) for each F' € C. Since this
holds for all F' € C we have

x € m U (X\G),

FEC GeD(F)
ie. x € X \ E. In other words,
X\E=J (X \s(F)).
seP FeC
For each s € P and F' € C we have s(F') € S; so
X\ s(F) € S;.

Therefore

N X\ s(F) €S

FecC

since C is finite, and
X \ EeS;

since P is finite.
If Ei, Es € S3 then there are finite C; C S5 and
Cy C S5 such that

E1:UF

FelCq
and
Ey = U F.
FeCs
Then
E\UE,= |J F
FeCiUCso

C1 UCq is a finite subset of Sy so

EiUE; € S5.

Therefore S3 is a Boolean algebra.

S3 is a Boolean algebra and contains A. B is the
smallest Boolean algebra containing A so B C Ss.
But we’ve already seen that S3 C B, so B=3S83. O

The proof above used the fact that the product of
finitely many finite sets is finite. It is not the case
that a product of countably many countable sets is
countable so the argument above cannot be adapted
to prove the corresponding statement for o-algebras,
and indeed that statement isn’t true, since there
are Borel sets which cannot be written as countable
unions of countable intersections of open or closed
sets.

Proposition 12.1.6. Suppose E is a bounded semi-
linear set. Then there is a complex C and a A € p(C)

such that
E= ] F
FeA

Proof. By Proposition we can write E as

where H;; is a halfspace for each ¢ and j. Let
P, = fj and @; ; = R"\ H; ;. These are closed
halfspaces. Define T € p(p(p(R™))) by saying that
S € T if and only if both the following conditions are
satisfied:

o If H € Sthen H=PF,; or H=(Q;; for some ¢
and j.

e For each ¢ and j we have P, ; € Sor Q,; € S,
or both.

For each S € T we have a closed convex set

1(8)= () H.

HeS

This set may, of course, be empty.
Every y € R"™ belongs to I(S) for some S € T. To
see this note that each H; ; is of the form

HiJ‘ = {X e R": gi,j(x) > O}
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or
H;,; ={xeR": g; j(x) >0},

depending on whether H; ; is an open or closed half-
space, for some linear function g¢; j: R®™ — R. Then

P,'J' = {X cR™: gi,j(x> > O}

and
Qij={xeR": g ;(x) <0}.

Let S be the set of P; ; such that g; ;(y) > 0 and Q; ;
such that g; ;(y) < 0. Theny € I(S). Also, for every
i and j we have g, ;(y) > 0 or g; ;(y) < 0 or both, so
P ;€S orQ;; €S orboth. In other words, S € T.

Suppose D is a non-empty face of I(S) for some S.
Then there are y € I(S)® and z € D°. Let R be the
set of H € S such that y € H° and z ¢ H°. Each
such H is of the form

H={xeR": fg(x) >0}

for some linear function fi: R™ — R. z ¢ H° so
f(z) =0. Then H € § so I(S) C H and therefore
fr(x) > 0= fu(z) for all x € I(S). It follows from
Proposition that

{xelI(S): fux) =0}
is a face of I(S). Also,
ze{xelI(S): fu(x)=0}.

Let F' be the intersection of these sets for all H € R.
Then F is the intersection of set of faces of I(S) and
so is a face of I(S). z € F and z € D° so F is a
face D by Proposition I1.3.2f] But then D = F by
Proposition [I1.3:2]] In other words,

D=1I(8nN ﬂ {xeR": fy(x) =0}.
HER

For each H € R we can write

(] {xeR": fu(x)=0}=HNH
HeER

where H' = Q, ; if H = P, j and vice versa. So

D=1(S)

where
§'=8Sn{H': HeR}.
If S € T then &’ € T. So every non-empty face of
I(S) for an S € T is I(S’) for some S’ € T.
Suppose
I(S)°NE # @,
i.e. that there is ay € I(S)° N E. Then

l;
ye| | Hij

j=1

for some ¢. Here we use the representation of E as a
union of intersections of halfspaces described earlier.

Now
18)=|J K.
KeS
Each of these K is of the form

K={xeR": fx(x) >0}

for some linear function fx. If z € I(S)°® then
fx(z) = 0 for all K € S such that fx(y) = 0 and
fr(z) > 0 for all those K € S such that fx(y) > 0.
It follows that z € H; ; whenever y € H; ;. So

I(S)° C E.

In other words, every set I(S)° is either contained
entirely within F or entirely within its complement.

Let A be the set of sets of the form I(S) such that
I(S)° C E. Then

E = U F°.
FeA

Let C be the set of faces of elements of A. Every
element of A is a face of itself, so

ACC.

If I € Athen F = I(S) for some S € T. If D is a face
of F then D =Z(S’) for some &’ € T. If D € C then
D C E. E is bounded so E is bounded and hence
D is bounded. So D is a bounded intersection of
finitely many closed halfplanes and hence is a convex
polytope. Suppose D1, Dy € C, i.e. that there are
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Fi,F5 € A such that D; is a face of F} and D> is
a face of Fy. Then there are S7,S85 € T such that
Dy = I(87) and Dy = I(S}). Then

D1 N Dy =I(S;USY).

This is a face of both D; and Dy so it’s a face of I}
and F5 and therefore an element of C. So C is a set of
convex polytopes with the property that every face of
an element of C is an element of C and the property
that the intersection of any two elements of C is an
element of C. In other words, C is a complex. O

Theorem 12.1.7. Suppose E is a bounded semilin-
ear set. Then there is a simplicial complex C and a
A € p(C) such that

E= ] F°.
FeA
Proof. We take the complex C from the preceding
proposition and refine it to a simplicial complex by
means of Proposition [I1.5.2 O
12.2 Jordan Content

Lemma 12.2.1. Let M be the n+1 by n+ 2 matrix

1 1 R 1 1
V1,0 V1,1 V1,n V1,n+1
M = :
Un—1,0 Un-1,1 Un—1,n Un—1,n+1
Un,0 Un,1 Un,n Un,n+1

and let N; be the (—1)7 times the matriz M with its
7+ 1’s column removed. Then

n+1

> det(N;) = 0.
§=0

Proof. Consider the n + 2 by n 4 2 matrix

Expanding this matrix on its first row gives

n+1
det(P) = det(NV;).
§=0

But the first two rows of P are equal so P is singular
and
det(P) = 0.

O

Lemma 12.2.2. Suppose vy, Vi, ..., vV, are affinely
independent. Define t;: R"™ — R to be the linear
function

t5(x) = — det(N; (x))/ det(Ny41)

where Nj is (—1)7 times the matriz obtained by delet-
ing the 7+ 17st column from the n+1 by n+ 2 matriz

1 1 - 1 1
V1,0 V1,1 V1,n T
Un—-1,0 Un-1,1 Un—1n Tn-1
Un,0 Un,1 Un,n Tn

Then

Proof. If j # k then N;(vy) has a repeated column
SO

tj(vi) =0.
On the other hand, N,(v;) differs from N,41 only
by a permutation of the columns and multiplication
by the sign of that permutation so N;(v;) = —Np11
and hence

1 1 1 1
1 1 1 1
V1,0 V1,1 Vi,n V1,n+1
P =
Un—1,0 Un-—1,1 Un—1,n Un—1n+1
L Un,0 Un,1 Un,n Un,n+1 i

tj(vy) =1,

The affine span of vg, vy, ..

x € R™ can be written as

., vV is all of R™ so any

n
X = E SEVi.
k=0
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Then

So

The equation
D tix) =1
j=0
follows from Lemma [12.2.1] O

Corollary 12.2.3. Suppose vy, Vi, ..., V, are
affinely independent. Let E be the simplex of which
they are wvertices. Let t; be the functions from

LemmalIZ22.2 Then
E={xeR": ty(x) >0,t1(x) > 0,...,t,(x) > 0}.

Lemma 12.2.4. Let S’ be the simplex with vertices

Vo, V1, .., Vp_1 and v, let S” be the simplex with
vertices Vo, Vi, ..., Vp—1 and vi.. Let F be the sim-
plex with vertices vg, vy, ..., Vp—1. If
1 1 1 1 ]
/
V1,0 V1,1 V1,n—1 Vin
det
Un—1,0 Un-—1,1 Un—1,n—1 Up_1n
L Un,0 Un,1 Un,n—1 ’Un’n |
and
[1 1 1 1
"
V1,0 V1,1 V1,n—1 Vli,n
det
1
Un—1,0 Un-1,1 Un—1,n—1 vnfl’n
L YUn,0 Un,1 Un,n—1 Unmn |

have opposite signs then S’ N S" = F. If they have
the same sign then S’ N S" is of dimension n.

Implicit in the statement that S’ and S” are sim-
plices is the assumption that vg, vi, ..., v,,_1 and
v/, are affinely independent, as are vg, vy, ..
and v!/. Then vg, vy, ..., and v,_jare also affinely
independent. This affine independence assumption
ensures that the determinants are non-zero.

-y V-1

Proof. Define ¢ and t/ as in Lemma [12.2.2| with v,,
replaced by v/, and v/ respectively. Now

tn(x) = — det(N;,(x))/ det(Ny, 1)

and
tn(x) = — det(N,/(x))/ det(N}/, 1),

with notation which is an obvious modification of
that in the lemma. The numerators in these fractions
are functions of x but the denominators are not, since
these involve dropping the last column, the only one
which depends on x. The determinants appearing in
the statement of corollary are just the determinants
of (—=1)"*'N/}_ , and (—1)"**N//,_,. The matrices
N/ (x) and N;/(x) are both equal to

1 1 . 1 1
V1,0 V1,1 V1,n—1 Z1
)" | :
Un—-1,0 Un—-1,1 Un—1,n—1 Tn-—1
1
Un,0 Un,1 Un,n—1 Ty,

If this matrix is non-zero and the determinants of
(=1)"*'N/_, and (—1)"T!N/_, are of opposite sign

n

then ¢t (x) and t!'(x) are of opposite sign. If x €
SN S” then t)(x) > 0 and #/(x) > 0. So if the
determinants are of opposite sign then ¢/ (x) = 0 for
all x € S'NS”. But then we can rewrite

X = Z t(x)vy + t, (x)v'

and

and
n—1
> ti(x)=1.
=0

In other words, x € F. Therefore S’ N S"” C F if
the determinants are of opposite sign. The reverse
inclusion holds in any case so we conclude that

S'nS"=F.
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Let u be the barycentre of F. Then

th(u) = = =t7(u)

for j < n and

t(u) =0=t"(u).

Define
w(s)=(1-s)u+sv'.

Then w(s) € S’ for s € [0,1].
1(w(s)) = (1 - $)E() + st(v") = stl(v").

But
th(v')=— det(N,’L’(v’))/det(N,’L’H).

We've already seen that N/ and N), are the same
function so we can write this as

tn(v') = —det(N,,(v'))/ det(Ny/ ).
or
t//(v/) — det(Nr/L-i-l)t/ (V/) — det(Nv/H—l)
m T et (N ) T det(NT )

The numerator and denominator are, as we’ve al-
ready seen, the two determinants appearing in the
hypotheses of the theorem. If they are of the same
sign then

tr(w(s)) = st (v') >0

for all s > 0. We also have

ti(w(0)) =t/ (u) =1/n>0
for j < n, so for sufficiently small positive s we have,
by continuity,

#/(w(s)) > 0.

Choose some such s with s < 1. Then ¢;(s) > 0 for
all j so w(s) € S”. We already have w(s) € S’ for
all s € (0,1) so

w(s) e S'ns".

Let C be the convex hull of v, ..., v,_1, w(s). C
is convex and its vertices lie in S’ N S” and so C C
SN S” and the dimension of C is less than or equal

to that of S’ N S”. ¢ (x) = 0 for all x in the affine
span vo, ..., v,_1 while ¢, (w(s)) > 0 so w(s) is not
in the affine span of vqg, ..., v,,_1. Sovg, ..., V,_1,
w(s) are affinely independent and C' is a simplex of

dimension n. S’'NS” is therefore also of dimension n.
O

Corollary 12.2.5. If C is a simplicial complex in
R”™ and F € C is of dimension n — 1 then there are
at most two simplices of dimension n in C of which
F is a face.

Proof. Let vq, vi, ...v,_1 be the vertices of a sim-
plex F. Suppose F;, Fo and E3 were distinct sim-
plices in C such that F' is a face of each of the three.
Let wy, be the vertex of E}) which is not in F' and

1 1 - 1 1
1,0 V1,1 V1,n—1 W1,k
P =
Un—1,0 Un-1,1 Un—1,n—1 Wn—1,k
Un,0 Un,1 Un,n—1 Wn, k

FEi,FE; € C so E1 N Ey € C by the definition of a
complex. If E; N Ey; were of dimension n then its
relative interior would lie in the relative interiors of
both E; and E,. Every point in the underlying set
of C lies in the relative interior of only one element
of C though, so the dimension of F; N Es is at most
n—1. It follows from Lemmal[I2.2.4]that det(P;) and
det(P,) are of opposite sign. But the same argument,
with obvious modifications, shows that det(P;) and
det(Ps) are of opposite sign and that det(P) and
det(P3) are of opposite sign. But this is impossible.

O

Theorem 12.2.6. Suppose C, C' and C" are simpli-
cial complexes, with C being a refinement of both C’
and C". For any n dimensional simplex E define

1
V(E) = —|det(Ag)]
n!
where Ag is the matrix
1 1 cee 1 1
WE,1,0 WE 1,1 WE 1,n—1 WE,1,n
WEn-1,0 WEn-1,1 WEn—-1,n—1 WEn—1,n

WE n,0 WE n,1 WE n,n—1 WE n,n
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Wg,,; 45 1'th coordinate of wg j, and the vertices of
E are wgo, W1, ..., WE . Then

Y V(E)= > V(E)= ) V(E)

EecC!, EeC, EBec!

where Cy, Cl. and C!! are the sets of simplices of di-
mension n in C, C' and C", respectively.

Proof. Suppose S € C/,. Let S be the simplicial com-
plex in R™ consisting of the n dimensional simplex S
and its faces. Let R be the simplicial complex con-
sisting of those elements of C which are subsets of
S. Then R is a refinement of S. Let Ry and Sj, be
the sets of k£ dimensional elements of R and S re-
spectively. In particular R is the set of vertices of
elements of R, and contains Sy, the set of vertices of
S. We can number the elements of R, starting at 0,
in such a way the the first n + 1 are the elements of
Ro. Let vg, v, ..., v, be the elements of R, with
this numbering. For each E € Ry let wgo, Wg 1,
..., Wg . be the vertices of I/, numbered in increas-
ing order with respect to the ordering chosen for the
elements of Ry. In particular,

WSk = Vg.

Let Mg be the n 4+ 1 by n + 2 matrix

1 A 1 1 Ce 1
V1,0 Vi,n—k WE,1,0 WE1,k
Un—1,0 Un—1,n—k WEn-1,0 WE n—1,k
Un,0 Un,n—k WE n,0 WE n,k

and let Ng 1, be (—1)* times the n+1 by n+2 matrix
obtained by removing the k + 1’st column from Mpg.

By Lemma we have

n+1
Z det(NE,k) =0.
k=0

Now
h
Ngpth-kt+1 = (—1)"Np, n—k+41

SO

det(Ne nyn—rt1) = (=1)" det(Ng, k1)

where F}, is that face of E' which does not have wg j,
as a vertex. Let & be the subset of Ry consisting of
those simplices which are subsets of the & dimensional
simplex in S whose vertices are v, _g, ..., v,. Let
Fi. be the subset of Ry, consisting of those simplices
which are subsets of the £ + 1 dimensional simplex
in S, whose vertices are v,_p_1, ..., V,,. Then & C
Fi. If B €& and j < n — k then the n + 1 columns
of Ng ; are linear combinations of the n vectors vy,

.oy Vj_1, Vjt1, ..., Vp and so

det(NEJ) =0
for such j. We can therefore rewrite the equation

n+1
Z det(NE,j) =0
7=0

as .
det(Ngn—k) = — Z det(Ngn+h—k+1)
h=0
or
k
det(NEm_k) = Z(—l)h_H det(NF}“n_]H_ﬂ
h=0

It follows that

Z PE det(NEyn,k)
Ecé&y

= Z Z PECE,F det(NFh,n—k)

E€&, FEFK-1

where pg is the sign of det(Ng,—x) and og r is
(—=1)h*Lif F is that face of E for which wg j, is not a
vertex and 0 if I is not a face of E. For any F' € Fj_1
either

o '€ &,_1 and there is one E € & such that F'
is a face of E, with pr = pgog, r, or

o "¢ &1 and there are two E’s such that F is
a face of E, with opposite values of ppog. r.

This follows from Lemma [12.2.41 Therefore

Z pE det(Ngn—k) = Z prdet(Npn k1)
Ecé&y, Fe&,_1
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We therefore have

Z pEdet(NEm) = Z pEdet(NE@).

Ecé&y Eecé&,

Now & consists of the single element v,, while &, =
R.. This equation therefore tells us that the absolute
value of the determinant of the matrix

1 1 cee 1 1
1,0 V1,1 V1,n—1 Vin
Un—-1,0 Un-1,1 Un—1,n—1 Un—1n
Un,0 Un,1 Un,n—1 Un,n

is equal to the sum of the absolute values of the de-
terminants of

1 1 cee 1 1
WE 1,0 WE 1,1 WE 1,n—1 WE 1,n
WEn-1,0 WEmnN-1,1 WEn-1n—-1 WEn—1,n
WE n,0 WE n,1 WE n,n—1 WE n,n

over all £ € R,,.
Summing over all S € C;, and dividing by n! gives

Y V(E)= ) V(E).

Eec!, EeC,

The same argument with C” in place of C’ gives
Y V(E)= ) V(E).
E€C, Eec!

O

Corollary 12.2.7. IfC' and C" are simplicial com-
plexes with the same underlying space then

Y V(E)= ) V(E).

EecC!, Eec!

Proof. By Theorem [11.5.3| there is a simplicial com-
plex C which is a refinement of both C’ and C”, so we
can apply the theorem above. O

Corollary 12.2.8. Suppose E is a bounded semi-
linear set, C' and C" are simplicial complewes whose
underlying set is E, and A’ and A" are subsets of C’'
and C" respectively such that

U == F.

FeA FeAr
Then
Y V(E) =Y V(E).
Eecc, Eecc!

Definition 12.2.9. Suppose F is a simplicial set If
FE is bounded then we say the semilinear content of
E'is 3 pee, V(E), where C is a simplicial complex
with underlying set E, C., is the set of n-dimensional
simplices in C’ and V(E) is the volume of the simplex
E, given by the determinantal formula above. If E is
unbounded then we say the semilinear content of F
is 4o00.

That volume is well defined follows from Theo-
rem which assures that that there is such a
simplicial complex C’, and from the corollary above,
which shows that the semilinear content is indepen-
dent of which such simplicial complex is chosen.

Proposition 12.2.10. The semilinear content is a
content on the semilinear algebra.

Proof. Clearly the semilinear content of the empty
set is 0. If E and F' are disjoint bounded semilinear
sets then we can choose a simplicial complex C with
underlying set E and a simplicial complex D with
underlying set F. Then CUD is a simplicial complex
with underlying set £ U F and each n-dimensional
simplex in CUD belongs either to C,, or to D,, but not
both. It follows that the semilinear content of £ U F'
is the sum of the semilinear contents of £ and of F.
If E or F' is unbounded then so is £ U F', since it’s a
superset of both, and so again the semilinear content
of E U F is the sum of the semilinear contents of F
and of F, since the sum of 400 and any element of
[0, 4+00] is +o0. O

Definition 12.2.11. The completion of the semilin-
ear content space on R" is called the Jordan content
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space. Its Boolean algebra is called the Jordan alge-
bra on R™ and the elements of this algebra are called
the Jordan sets in R™. The content is called Jordan
content on R™.

Proposition 12.2.12. FEvery compactly supported
continuous function on R™ is integrable with respect
to Jordan content.

Proof. Suppose g is compactly supported and con-
tinuous. Then g is supported in [—M, M]™ for some
M € N. The restriction of g to [—-M, M]™ is a con-
tinuous function on a compact set and so is uniformly
continuous. For any e¢ > 0 there is therefore a § > 0

such that c

lg(x) —g(¥)I < @M)"
if |x — y|| < 4. Choose a k € N such that

k>?.

Let P be the set of hypercubes of side length 1/k in
[-M, M]™ whose vertices are rational numbers with
denominators divisible by k. There are (2M k)™ such
hypercubes. Let Q be P together with the comple-
ment of [—M, M]"™. For each E € Q let

f(x) = inf g(y)

yeE

and

h(x) = sup g(y)

If x € E where E € Q then
€

f(X)Sh(X)Sf(X)+W

because of the inequalities for |g(x — y)| above. If
x € R"\ [-M, M]™ then

F(x) =0 = h(x).

We therefore have simple functions f and h such that

f(x) < g(x) < h(x)
for all x € R™ and

| neganeo < [ fegamto +e

We have such f and h for all € > 0 so g is integrable
by our usual criterion for integrability. O

The following is the Fubini Theorem for Riemann
integrals.

Theorem 12.2.13. Suppose g is a compactly sup-
ported continuous function on R™ wheren = n'+n".
Then

/ / G, %) dptr (%) dpry (),
x/GR"‘/ x”GR””

| o) do.

and

/ / 9, ") Aty () it (")
x""eR""’ Jx'eR"’

are all equal, where x = (x',x") and py, denotes Jor-
dan content on R¥.

Proof. For each € > 0 we set up f and h as in the
proof of the preceding proposition. f is a simple func-
tion so we can write it as a sum over elements of Q
or, since the summand for R \ [-M, M]™ is zero, a
sum over elements of P. It doesn’t matter how we or-
der this sum, so we can sum first over those elements
where the projection from R™ to R™ is a particu-
lar hypercube, of which there are (2M k:)””7 and then
over all (2M k)™ choices for this hypercube. The in-
ner sum is k™ times the integral

[ o dpr ()
x"€R"

by our formula for integrals of simple functions on
R™ and the outer sum is

/ : / PO X dpr (X7 dp (X'
x/eRn x// eRn

by the same formula, but for functions on R™ . This
sum is also equal to

[ S0,

again by the formula for integrals of simple functions,
but this time for functions on R™. So

Lo ) d ()
x'eR" Jx"eR""
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and is less than or equal to

[ 169 din )

are equal. A similar argument, but grouping the hy-

percubes by their projection onto R™ , shows that We can also run that argument in the reverse direc-
this integral is the same as tion though.

[ oG dun)+ e
xeR™

Lo ] T dia ) i (), g 10 in )
x”eR"" Jx'eR" x<

is less than or equal to
We can do the same with A in place of f. Now

h(x) dpiy,
g(x) < h(x) /xeR" (%) dpin (%)
for all x € R™ so which in turn is less than or equal to
/” ) g(x', x") dpn (") / F(x) dpn(x) + €.
x"eRn xeR™
is less than or equal to But

X) dpiy, (x
/ h(X/,X”) d,u”u(x”) /xGR" f( ) 12 ( )
x”GR””

is equal to

/ / FO ")t (%) dpir (),
x”eR"" Jx'eR"

which is less than or equal to

and hence

/ / 9(x %) dptyr (") dpte (x)
x'eR™ Jx""eR""

is less than or equal to

g(xlv XH) dpin (Xl) dpinr (XH)-
/ / B, x") dptgr (") s (x'), /xuem/f /x/emf
x’€R™ Jx”eRn"

Combining all of these,
which, as we just saw, is equal to

/x 00 dian () /xeRn 90 din(x)

is less than or equal to
This, in turn, is less than or equal to

g(x',x") dpin (X)) dppn (x") + €.
f(x) dpn(x) + € /x”ER"” /x’eR"'
/. (x)

Together with what we showed earlier this means that

which is less than or equal to the difference between

/x . 9(x) dpn(x) + €. /x . 9(x) dpin (x)

Combining these, and

/ , / 9 X" dp () s (X') / , / , 90X dpae (') A ()
x'eR" Jx""eR"™ x'"eR™ x’'eR™
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is of absolute value at most €. This holds for all € > 0
so the difference must be zero. The same holds, by an
almost identical argument, for the difference between

| ) a0

and

Lo b i () (),
X/ER"/ x//eRn”

12.3 Lebesgue measure

Proposition 12.3.1. There is a unique Radon mea-
sure up on R™ such that

/XERn f(x)dup(x) = /xem F(x) dpy(x)

where py is Jordan content on R™ .

Proof. This follows immediately from the Riesz Rep-
resentation Theorem applied to

1= [ 160

which Proposition [12.2.12] assures us is defined for
all compactly supported continuous functions f on
the locally compact o-compact Hausdorff topological
space R”. O

We’'re less interested in the Borel measure pp than
we are in its completion, which is described by the
following theorem.

Theorem 12.3.2. There is a o-algebra By, on R"
and a measure m on (R™,Br) with the following
properties.

(a) The Borel o-algebra is a subset of Br,.
(b) If K € Br, is compact then m(K) < +oo.
(¢) If E € By, then

m(E) = supm(K)

where the supremum is over all compact K € By,
such that K C E.

(d) If E € By, then
m(E) = inf m(U)

where the infimum is over all open U € By, such
that K C U.

(¢)
/xeR" floc) dm{x) = /xGR"

where py is Jordan content on R™ .

f(x) dpy(x)

(f) If F € B, m(F) =0 and E C F then E € By,
and m(E) = 0.

Proof. We apply Theorem to (R",Bp, pg5),
where Bp is the Borel g-algebra and pp is the mea-
sure from the preceding proposition. All of the prop-
erties of m are consequences of the corresponding
properties of up except for the last, which follows
from Proposition [7.6.13 O

Definition 12.3.3. The o-algebra By, from the pre-
ceding theorem is called the Lebesgue o-algebra on
R" and its elements are called Lebesque sets. The
measure m is called Lebesgue measure on R™.

12.4 Fubini-Tonelli

Suppose n = n’ + n”. For functions g on R™ define
the iterated integrals

Ii(g) = / / g(x', x") dmn (X" dm: (x)
x'eR" Jx/"eRn"
and

R =[x dm () e ()
x//e n x/e n

where my, denotes Lebesgue measure in R*, provided
these integrals exist. By Theorem [12:2.13] we know
that

Ii(g) = I(g9) = I2(9)

for compactly supported continuous functions, where

Hoy= [ o6dxdm(x).
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The goal of this section is to prove the same result
for all integrable functions.
We define

m(E) = Li(xe)
and
p2(E) = Ix(xE)

If E is a Borel set then for each x’ € R" we have
xe(x',x") = Xez, (E) (x")
where @y is the function from R"" to R defined by
o (x") = (x,x").

This function is continuous so %, (F) is a Borel set
by Proposition So X+, (k) is Borel measurable

and we can write
B = [ (3e(B)) dma ()
x'eR™
with the integrand being defined for all x’. Similarly,

pa(E) = [ o (5 (1) dm ()

where
wx// (X/) = ()(/7 X//).

For Lebesgue measurable sets the situation is more
complicated. Even if E is Lebesgue measurable the
sets %, (E) and 9%, (E) needn’t be Lebesgue mea-
surable for all X’ € R" and x” € R"'. They are
Lebesgue measurable for almost all x’ and x” though,
and this suffices to define the integrals.

p1 and po are in fact just m,, but we don’t know
this yet. We will show this gradually, by showing
that they share various properties of m,, until we have
enough properties that they must be equal to m,,.

If f(x) < g(x) for all x € R™ then

/ ) f(X/,XN) dmn” (X//)
x’ eR™

is less than or equal

[
x""eR™

for all X' € R™ by the monotonicity property of in-
tegrals in R™ and so

/ / FX XY dmg (X)) dmg, (x7)
x'eR™ Jx"eR""

is less than or equal

/ / g(x', x") dmy (X)) dmy, (X7).
x'eR" Jx/"eRn"

In other words,

Li(f) < LIi(g).

A similar arguments gives

I(f) < Ix(9)-

If £ C F then

Xe(x) < xF(x)

for all x € R™ so

Ii(xr) < Li(xr)
and hence
i (E) < pi(F),

where j =1 or j = 2.
IongElg then

[ i e () dm ()

1 eRn“ k—o0

and

) XEk (){/7 Xl/) dmn// (X//)
x""eR™

lim
k—o0

are equal by the Monotone Convergence Theorem. If
k < then

[ e ()
x// eRTL

is less than or equal to

[ el dm)
x""eR™
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so we can also apply the Monotone Convergence The-
orem to the integrals over R" to get that

e ()5
Of course we also have
o0
li EL) = E. .
Jim pio(By) = pro (ka k)

If Eg O E1 D -+ and u(FEy) < +o0o then we can apply
a similar argument, but with the Dominated Conver-
gence Theorem in place of the Monotone Convergence
Theorem, to get

oo
I E.) = E. ).
Jim gy (By) = (pﬂ k)

and
]

Proposition 12.4.1. Suppose K is a compact subset
of R" and j =1 or j =2. Then

1 (K) < m (K).

Proof. m,(K) < 400 by one of the defining proper-
ties of Radon measures. Choose some A > m,(K).
By one of the other properties of Radon measures we
have

my(K) = inf m, (U)

where the infimum is over open supersets U of K.
There is therefore an open superset U such that

mn(U) < A

By Proposition [9.3.1] there is a compactly supported
continuous function h: R™ — [0, 1] such that h(x) =
lifx € K and h(x) =0if x ¢ U. Then

Xk (%) < h(x) < xv (%)

for all x € R™ and hence

Now h is compactly supported and continuous so
Ij(h) = I(h).
By monotonicity
I(h) < I(xv) = ma(U) <A,

SO
1 (K) <A

This holds for all A > m,,(K) so
() < ma (K).
O

Proposition 12.4.2. Suppose U is an open subset
of R" and j =1 or j =2. Then

115 (U) = my (U).

Proof. Choose some A < m,,(U). By one of the prop-
erties of Radon measures we have

M (U) = sup my, (K)

where the supremum is over compact subsets K of
U. There is therefore a compact subset K such that

mn(K) > A

By Proposition there is a compactly supported
continuous function f: R™ — [0, 1] such that f(x) =
lifxe K and f(x) =0if x ¢ U. Then

Xk (%) < f(x) < xu(x)
for all x € R™ and hence
i (U) = 1;(U) = I;(f).
Now f is compactly supported and continuous so
I;(f) = I(f).
By monotonicity
I(f) 2 I(xk) = mn(K) > A,

0
1 (U) > A
This holds for all A < m,(U) so

115 (U) = man (U).
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Proposition 12.4.3. Suppose K is a compact subset x € B(yy,1/2F) or, equivalently, y

of R" and j =1 or j =2. Then

1 (K)

Proof. We've already proved that

= m, (K).

1 (K) < my (K)
so it suffices to prove
1 (K) = ma (K).
K is compact so
my, (K) < 400

There is therefore a A such that m,(K) < A < +o0
and we can choose an open superset U of K such that

mu(U) < A < +o0.
Let
Vi=Un | B(x,1/2").
xeK

Then Vg D Vi D ---. Also Vy C U so

my (Vo) < +o0.

#(0)

115 (Vie) = man (V)
by Proposition [12.4.2] Therefore

<
kl;m mn (Vi) < p (ﬂ Vk>

Now K C V,, for each k so

It follows that
hm w(Vy) =

V}. is open so

o0

K C ﬂ V.
k=0

On the other hand, if x € (;—, Vi then x € Vj, for
all k, so for every k there is a y; € K such that

yi € B(x,1/2%).
Then x = limy_o % and so x € K = K. Therefore

ﬁVkQK

k=0

and hence

K= ﬁ Vi.
k=0

(0+)

lim m, (Vi) < p,(K).

k—o0

Now K C V,, for all k so

So we can rewrite

lim m,, (Vi) < g
k—o0

as

mn(K) < mp (Vi)
and hence

my,(K) < lim m, (V)

k—o0

and hence
mn(K) < py(K).

We already obtained the reverse inequality in Propo-

sition [2.4.1] so
W(K) = ma(K).
O

Proposition 12.4.4. Suppose U is an open subset
of R" and j =1 or j =2. Then

i (U)

Proof. We've already proved that

=my,(U).

15 (U) = man (U)
so it suffices to prove
1 (U) < ma (U).

Let A be the set of balls with rational coordinates
and radii which are subsets of U. There are only
countably many such balls so we can write

A={B(yo,70), B(y1,71),---}-
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Let i
Ky = | B(yi,:/2).
1=0

Then Ky C K; C . It follows that

st = ()

K. is compact so
i (Kk) < mp (Ky)

by Proposition [I2:4.1] Therefore

o0
U K,CU
k=0

On the other hand, if x € U then B(x,s) C U for
some s. There is a y with rational coefficients in
B(x,s/4). Then B(y,3s/4) C U. Choose a rational
r € (s/2,3s/4) Then x € B(y,r/2) and B(y,r) C U.
Therefore B(1,r) € A and so x € K}, for some k. So

kl;m M (Ki) > 15

Now K}, C U for each k so

ve U
k=0

and, since we already have the reverse inclusion,

™
k=0

We can therefore rewrite
o0
k=0

lim m,, () > py (0).

k—oc0

Now K, C U for all k so

lim m, (Kx) > p;

k—o0

as

mp(Kx) < my,(U)

and hence
lim my, (Vi) < m,(U)

k—o0

and therefore
Nj(U) <my(U).

We already obtained the reverse inequality in Propo-
sition [12.4.2] so

i (U) = my, (U).
O

Proposition 12.4.5. Suppose E is a Borel subset of
R"” and j =1 or j =2. Then

i (E)

Proof. Suppose A < m,,(FE) There is a compact sub-
set K of F such that

=my(E).

my(K) > A
By Proposition then
pi (K) > A
K is a subset of E so
1 (K) < p (E)

and hence
A< pi(E)

This holds for all A < m,(E) so
mn(E) < p1;(E).
If m,,(E) = +oo then we have

mn(E) > p;(E)

since every number is less than or equal to +oo. If
my,(E) < 400 then we can find a A with

mu(E) < A < 400
and then an open superset U of F such that

1 (U) <A
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FE is a subset of U so

1 (E) < pi(U)
and hence
i (E) <A
This holds for all A such that m,,(E) < A < 400 so
mn(E) = p;(E)

We found the same inequality whether m,,(E) = +o0
or my(E) < 4o00. We already have the reverse in-
equality, so
15(B) = ma(E).
O

Proposition 12.4.6. Suppose E is a Lebesgue subset
of R" and j =1 or j =2. Then

1 (E) = mn(E).

Proof. By Proposition [7.6.12] there are Borel sets D
and H such that

EAH CD
and
my(D) = 0.
Then
H\DCECDUHC(H\D)UD
SO

pi(E) < pi(DUH) =mn(DUH)
<mu(H\ D)+ m,(D)=m,(H\ D)
< m,(E).
Also,
115 (E) = pi(H \ D) = mn(H \ D)
=mu(H \ D)+ mu(D) =m,(HUD)
> my(E).
So
1 (E) = mn(E).
Note that only use the equality of 1; and m,, on DUH
and H \ D, both of which are Borel sets, so we can

use Proposition to avoid what would otherwise
be a circular argument. O

Proposition 12.4.7. Suppose g is a simple function
on R" and j =1 or j=2. Then

Ii(g9) = 1(g)-

Proof. For characteristic functions this follows imme-
diately from the definition of p and uo and Proposi-
tion Simple functions are linear combination
of characteristic functions and both integrals over R™
and I; and Iy are linear. O

Proposition 12.4.8. Suppose g is a non-negative
semisimple function on R™ and j =1 orj = 2. Then

Ii(g) = 1(g)-

Proof. Non-negative semilinear functions are limits

of increasing sequences of simple functions so this fol-
lows from Proposition and the Monotone Con-
vergence Theorem. O

The following is known as Tonelli’s Theorem

Theorem 12.4.9. Suppose g is a non-negative mea-
surable function on R™ and j =1 or j =2. Then

Ii(g9) = 1(g)-

Proof. Every non-negative measurable function on
R™ is a limit of increasing sequences of semisimple
functions so this follows from Proposition and
the Monotone Convergence Theorem. O

Proposition 12.4.10. Suppose |g| is an integrable
function on R™ and j =1 or j =2. Then

[L;(9)] < I(|g]).
Proof.
—lg(x)] < g(x) < |g(x)|
for all x so

Ii(=lgl) < 1;(9) < I;(lg])

by monotonicity. From Theorem [12:4.9 we have

(gDl = 1(lgl)-

Also, by linearity,

Ii(=lgl) = =L;(Ig])
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SO and
—1I(lg]) < I;(g9) < I(lg)), I(f) = I(g) + 1(h)

which is equivalent to o)

I; -1 2e.
1L;(9)] < I(|g])- 1;(f) = I(f)| <

This holds for all € > 0 so

The following is known as Fubini’s Theorem

Theorem 12.4.11. Suppose f is an integrable func-
tion on R™ Then the following three integrals are all
equal:

/ / f(X/, XU) dmn// (XH) dmn/ (X/)7
x'eR" Jx/"eRn"

[ fe0dm. ),

and
Lo g 16
x""eR"" Jx'eRn

In the notation we’ve been using so far this is the
statement that

Li(f) =I(f) = LI(f)
for all integrable f.

Proof. By Proposition [10.2.6] there are for any € > 0
a compactly supported continuous function g and an
integrable function h such that

f=g9+h
and
I(|h) <e.
O
Then
Ii(g9) = 1(9)

by Theorem [12.2.13] By Proposition [12.4.10| we have
()] < I(|h]) <e.
Now

Li(f) = Li(g) + 1;(h)
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248



Hausdorff,
Heine-Borel Theorem,

hyperplane,
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upper integral,
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