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Chapter 1

Metrics and Norms

Definition 1.1. Let X be a non-empty set. A function p : X x X — R is
called a metric on X if it satisfies

e p(z,y) > 0 if x # y with equality if and only if v =y
o p(z,y) = ply, @)
e p(z,2) < p(z,y) + p(y, 2)
where x,y,z € X.
Example 1.2. The function p(z,y) = |x — y| is a metric on both R and C.

Example 1.3. Consider R™ and C". Then the function

p(r,y) = (Z |z — yi|2>

is a metric for these spaces. Here x; and y; are the i'" coordinates of the
points x and y respectively.

Example 1.4. Consider X = Cla,b], the set of all continuous functions on
la,b]. Then the function

p(f,9) = sup |[f(x) — g(x)]

z € [a,b]

1s a metric on X.
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Example 1.5. Consider X = B(S), the set of all bounded functions on a
set S. Then the function

p(f,g9) =sup |f(z) — g(z)|

reS
18 a metric on X.
Example 1.6. Consider an arbitrary set X. Then the function
1 dfaFy
1s a metric on X called the discrete metric.

Definition 1.7. If X is a non-empty set and p a metric on X, we define the
pair (X, p) as a metric space.

Definition 1.8. Let (X, p) be a metric space and A C X a subset. The
metric space (A, p) is called a subspace of (X, p).

Example 1.9. Cla,b] is a subspace of Bla,b] with their usual metric for
—0 < a < b < oo. Indeed, any continuous function on a bounded closed
interval is always bounded.

Definition 1.10. Let X be a vector space over R (or C). A function || - || :
X — R is called a norm if it satisfies the following axioms

o ||z|]| >0 ifx#0 and ||0]| =0
o || Xz|]| =|A|||z] Ve e X,VAER (orAeC)
o [lz+yll <llzll +lyl| Va,y € X
A linear space equipped with a norm is called a normed space.

Proposition 1.11. Let || - || be a norm on X. Then the function p(x,y) =
||z — yl|| is a metric on X.

Proof.

1. We first have to show that p(x,y) > 0 with equality if and only if z = y.
Since ||+ || is a norm on X, we have that p(z,y) = ||z —y|| > 0. We also
have that |[0|]| = 0 <= ||z — z|| = 0. We see that p(z,y) =0 <
r=y.
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2. We now have to show that p(z,y) = p(y,z). We have that p(z,y) =
||z—y]||. Now since ||-|| is a norm, we know that ||Az|| = |A]||z]| VA € R,
Choosing A = —1, we see that p(x,y) = ||z — y|| = ||y — z|| = p(y, z).

3. Finally, we show that Vx,y,z € X, p(x, 2) < p(z,y) + p(y, z). We have
that p(z,2) = |z —2|| = [lr —y+y—z[| = [[(z —y) = (z =Yl <
lz =yl + Iz = yll = llz = yl[ + |ly = 2|l = p(z, y) + p(y, 2).

]

Example 1.12. The metric in Example 1.2 is generated by the norm ||x|| =
x. The metric in Example 1.8 is generated by ||z|| = (3°1, |z]2)z.

Example 1.13. The metrics in Examples 1.4 and 1.5 are generated by

A1l = Sup]lf(x)\

x € [a,b

A1} = sup [|f ()]
zeS



Chapter 2

Convergence

Definition 2.1. Consider a sequence of elements x,, of a metric space (X, p).
ZTn s said to converge to x € X if

Ve >03n. € N such that Vn > n., p(x,,x) <e

Lemma 2.2. Let (X, p) be a metric space and x,, a sequence of elements in
X. Then x,, — x in (X, p) if and only if p(x,,x) — 0 in R.

Proof. This follows directly from the definition of convergent sequences in a
metric space and on the real line. O

Lemma 2.3. Consider a sequence of elements x,, in (X,p). If r, are non-
negative numbers such that r, — 0 in R and p(x,, x) < r, for all sufficiently
large n then x, — x in (X, p).

Proof. By the definition of convergence on the real line, we have that
Ve >0, dn. € Nsuch that Vn > n.,r, <e¢

Now fix € > 0 and choose n. satisfying above. We see that p(z,,z) < r, <
e ¥n > n.. This implies that p(z,,x) — 0 in R and thus by the previous
lemma, z,, — x in (X, p). O

Definition 2.4. Let p; and py be two metrics defined on a set X. We say
that the py and ps are equivalent when

xn, = xin (X, p1) <= x, =z in (X, pa)
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Definition 2.5. We define uniform convergence on S to be convergence
in the metric space B(S).

Lemma 2.6. Let f, be a sequence of functions in B(S) and f € B(S). Then

fo—f <= Ve>03n. €N such thatVn>n,VxeS, |f.(x)— flx)] <e

Proof. First we note that f, — f if and only if p(f,, f) = sup,egq |fu(z) —
f(z)] — 0. By definition, we have that the sequence of real numbers
supges|fn(x) — f(z)| converges to 0 if and only if

Ve > 0 3n. € N such that Vn > n., supzes|fa(z) — f(2)] <€

Hence we just have to show that sup,es|fn(z) — f(x)] < ¢ if and only if
|fo(z) — f(z)]| <eVazels.

— .
Now since sup,eg|fn(x)—f(x)| < ¢, it follows that | f,,(z)— f(x)]| < sup,eg | fn(z)—
flx)| <eVxebl.

—:
Now assume that Ve > 0 In. € Nsuch that Vn > n.,Vz € S,|f.(z) —

f(z)] < e. Since the supremum of a set coincides with the least upper
bound, we can always find a 6 > 0 and a point x5 € S such that

sup |f(x) = falx)] <0+ |f(2s) — fulzs)| <0+

We can choose ¢ to be arbitrarily small and in the limit 6 — 0, we have that
sup,es | f(2) = fu(z)] < e
O

Remark. A sequence of functions f, € B(S) converges to f € B(S) point-
wise if Vo € S,Ve > 0,3n., € Z such that |f(z) — fu(z)| < € for all
n > n.,. Such an integer may depend on x. If for any e, the set {n..}.es
is bounded above then f, — f uniformly.



Chapter 3

Open and Closed Sets

For the following definitions and results, let (X, p) be a metric space and
r > () some real constant.

Definition 3.1. Let o € X. Then the set
B(a)={zxze X |p(z,a) <1}

1s called an open ball of radius r centered at . The set
Bo] ={z e X [p(z,a) <7}

s called a closed ball of radius r centered at o.

Definition 3.2. Let a € X and A C X a subset. We say that A is a
neighbourhood of « if there exists an open ball B,(a) C A for some r > 0.

Remark. We can reformulate the definition of convergence of a sequence
using open balls as follows. A sequence x, in a metric space converges to
a point x if for any ball B.(x), there exists an integer n. such that for all
n > n. then , € B.(x).

Theorem 3.3. Consider two metrics p and o on the same set X. Then p
and o are equivalent if and only if every open ball B?(x) contains an open
ball B?(x) and every open ball B?(x) contains an open ball BY (z).

Proof.

= : Assume that the two metrics are equivalent. Furthermore, assume
there exists an open ball B?(z) which does not contain an open ball BY(x)

6
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with s > 0. Consider a sequence s,, — 0 and let z,, € B (z) and z,, ¢ BE(x).
Then obviously, x,, — x in the metric 0. However, x,, does not converge to
x in the metrox p because x,, ¢ BP(z) for any n. Hence the metrics p and o
are not equivalent. But this contradicts our assumption.

<= Now assume that every open ball B?(z) contains an open ball B?(x)
and every open ball B?(x) contains an open ball By (z). Given any sequence
x, - x then for any r > 0, we can choose an s > 0 and a corresponding n
such that

wn € BI(x) C B (x)

for all n > n,. Hence z, > x. Applying the same argumentation to a p-ball
contained in a o-ball implies given any sequence Tnt then also z,7.

]

3.1 Open sets

Definition 3.4. Let A C X be a subset. We say that A is open if it contains
a ball about each of its points.

Lemma 3.5. An open ball in a metric space (X, p) is open.

Proof. Let x € B,(«). Then p(x,«) = r—e for some € > 0. Consider another
point y € B.(z). Then p(y,z) < € and by the triangle inequality we have
that

ply,a) < ply,x) + plr,a) <e+r—cec=r
Therefore, y € B,(«) for all y € B.(x). Hence, B.(z) C B,(a). O
Theorem 3.6. Let (X, p) be a metric space. Then we have that
1. X and @ are both open
2. the union of any collection of open subsets of X is open

3. the intersection of any finite collection of open subsets of X is open
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Proof.

Part 1: The whole space is obviously open as it contains all open balls. The
empty space contains no points and is therefore trivially open.

Part 2: Let x € U,A, for some open sets A,. Then x € A; for some i.
Since A; is open, it contains an open ball around z. Obviously this ball is
also contained in A,, and thus A, is open.

Part 3: Let Ay,..., Ay be open sets and z € UszlAn. Then z € A,
for every n. Since each A, are open, for each n there exist an r, > 0
such that B, (z) € A,. Now let » = min{ry,...,r,}. Then r > 0 and
B.(r) C B, (z) C A, foralln =1,... k. Hence B,.(X) Cnk_,A,.

]

Lemma 3.7. A set is open if and only if it is the union of a collection of
open balls.

Proof. = : Let A be an open set. We have to show that it is the union of

a collection of open balls. Let z € A. Since A is open, there exists an open
ball B(z) around x. Then obviously A = U,caB(x).

<= : Now assume that A is the union of a collection of open balls. We
know that open balls are open sets and also arbitrary unions of open sets are
again open. Therefore A must be open.

]

Definition 3.8. Let x € A. We say that x is an interior point of A if there
exists an open ball B.(x) C A for some r > 0. We define the interior of a
set A to be the union of all open sets contained in A. In other words, it is the
mazximal open set contained in A. The interior of A is denoted by int(A).

3.2 Closed sets

Definition 3.9. Let X be a set and A C X a subset. We say that a point
x € X is a imit point of the set A if every ball about x contains a point of
A distinct from x. We denote the set of limit points of A by A’.

Lemma 3.10. Let A be a set. Then x is a limit point of A if and only if
there is a sequence x,, of elements of A distinct from x which converges to x.
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Proof.

—> : Let x be a limit point of A. By the definition of a limit point,
we know that every open ball around z contains a point of A distinct from
x. Consider the ball Bi(x). By the previous statement, such a ball will
contain a point of a sequence x,, € A which is distinct from z. Since this ball
converges to x, obviously z,, — x.

<= Now assume that there exists a sequence z,, of elements of A distinct
from x that converges to z. It follows trivially that any ball around x must
contain an element of x,,.

]

Definition 3.11. We say that a set is closed if it contains all of its limit
POINts.

Lemma 3.12. A set A is closed if and only if the limit of any convergent
sequence of elements of A lies in A.

Proof. = : Assume that A is closed. By definition, it contains all of its
limit points. Since the limit of a convergent sequence either coincides with
an element of A or one of its limit points, all convergent sequences must
converge to a point in A.

<= : Now assume that the limit of any convergent sequence of elements

of A lies in A. By definition, a limit point of A is a limit of some sequence
{z,} C A. Tt follows that A must contain all of its limit points and thus is
closed.

]

Lemma 3.13. Let (X, p) be a metriz space. Then any closed p-ball in X is
a closed set.

Proof. Let x,, be a convergent sequence lying in the closed ball B, [a] with a
limit . By the triangle inequality, we have that

p(x, o) < p(x, 2n) + p(ay, @) < p(x,x,) +7

Since z,, — x, p(z,x,) — 0 for large n. This implies that p(z,a) < r and
thus o € B,[a]. Hence B,[a] contains all of its limit points and it must be a
closed set. O
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Definition 3.14. Let X be a set and A C X a subset. Then we define the
complement C(A) of A to be all points x € X which do not belong to A.

Theorem 3.15. If A is open then C(A) is closed. If A is closed then C(A)
18 open.

Proof. Let A be open. Then for every point of A there exists an open ball
around the point, contained in A. Clearly such a ball does not contain any
points from C(A). Therefore no point of A can be a limit point of A. Indeed,
if there did exist such a limit point then there would exist an open ball
around the point containing some points of C(A) distinct from the point. We
must therefore have that C(A) contains all of its limit points and is therefore
closed.

Now assume that A is closed. Then, by definition, A contains all of its limit
points. Therefore C(A) cannot contain a limit point of A. Therefore for any
x € C(A), there exists a ball B,.(X) which is contained in C(A). Thus C(A)

is open. O
Theorem 3.16. Let (X, p) be a metric space. Then

1. X and @ are closed

2. arbitrary intersections of closed sets are closed

3. the union of any finite collection of closed sets is closed

Proof. The proof is left as an exercise to the reader. It follows from Theorem
3.6, Theorem 3.15 and the application of De Morgan’s Law. O

Definition 3.17. Let A be a set. We define the closure, denoted A, of A
to be the intersection of all closed sets containing A. In other words, it is the
minimal closed set containing A.

Theorem 3.18. Let A be a set. Then A= AU A'.

Proof. We first show that AUA’ is a closed set. Let x € C(AUA’). Obviously
x ¢ A'. Therefore there exists a ball B,(z) which does not contain elements
of A distinct from z. Since also x ¢ A, we have that B,(x) C C(A). Since
B,.(x) is an open ball, it must be an open set. Hence for any y € B,(z), there
exists a ball B.(y) C B,(z) € C(A) that also does not contain any points
of A distinct from z. Hence B,.(z) C C(AU A’). We see that we can excise
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an open ball around any point of C(AU A’) and therefore C(AU A’) is open.
This implies that AU A’ is closed.

It now suffices to show that A U A’ is the minimal closed set containing A.
Let K be a closed set such that A C K C AUA" and K # AUA’. Obviously
K must not contain at least one limit point of A’. Therefore there must be
a sequence of elements x,, € A C K which converges to this point. But we
know that a set is closed if and only if it contains the limit point of any of
its convergent sequences. Therefore K is not closed - a contradiction. O]

Corollary 3.19. Let A be a set. Then x € A if and only if there exists a
sequence {x,} C A which converges to .

Proof.
— :  Assume that z € A. Then either z € A or x € A’. Assume that
x € A. Then obviously the sequence {z,z,...,x} C A converges to x. Now

assume that © € A’. Lemma 3.10 implies that there must exist a sequence
x, of elements of A converging to x.

<= : Now assume that there exists a sequence {z,} consisting of elemments
of A which coverges to z. If ¥, = x for some n then x € A. If not then
Lemma 3.11 implies that x € A’. Therefore x € A =AU A’.

O

Example 3.20. Let (X, p) be a metric space equipped with the discrete metric

_J 1 ifaFy
Then the p-balls are given by

s { 9751 oo { 1 971

Since the open ball is open, any point is an open set. Since the union of open
sets is open, we have that every subset of X s open. It therefore follows that
every subset of X is also closed (as it is they are complements of open sets).

Theorem 3.21. In a normed linear space, B.(«) = B,[a].
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Proof.

B.(a) € B,[a]: Obviously, B.(«a) C B,[a]. Now the closure of a set is the
minimal closed set containing that set. We also know that closed balls are
closed sets. Hence we have that B,.(«) C B,[a].

B,(a)) 2 B,[a]: We need to show that B,[a] C B,(a) = B.(a) U (B.(a)).
Let © € B,(a). Then p(a,xz) < r. If p(a,z) < r then z € B,(«) and we
are done. Hence assume that p(a,z) = r and consider z,, = z;'(a — x). We
have that

p(En, @) = |[zn — o]
=[lz —a+n"H (a2
= (L —n"Y)||z, —af|
=(1—-n"r
<r

This shows that z,, € B,(«) for all n. Now,

We see that in the limit n — oo, p(z,, ) — 0. Therefore x is a limit point
of the set B,(«) and z € (B,(«))".
O



Chapter 4

Continuity

Definition 4.1. Let (X, p) and (Y, d) be metric spaces. A map T : X — Y
s said to be continuous at o € X if

Ve > 0,30 >0 such that whenever p(z,a) < 6§ then d(Tx,Ta) < €

The map T is said to be continuous if it is continuous at every point a € X.

Theorem 4.2. Let (X,p) and (Y,d) be metric spaces and T : X — Y a
mapping. Then T is continuous at o € X if and only if for every sequence
x, converging to a in (X, p), the sequence Tx,, converges to Ta in (Y,d).

Proof. = : First assume that T is continuous at « € X and z, — « in
(X, p). We need to show that for all € > 0, there exists an n. such that for
all n > n., d(Tx,, Ta) <e.

Now fix ¢ > 0 since T is continuous at a, we can always find a § > 0 such
that p(z,,a) < d = d(Tx,,Ta). Since the sequence x,, converges to «
in (X, p) for this § there exists an ny such that p(x,,«)d. Obviously, taking
ne 1= ng satisfies the condition.

<= : Now assume that for any sequence z,, that converges to a in (X, p),
the sequence T'x, converges to Ta in (Y,d). Suppose, for a contradiction,
that 7" is not continuous. Then there exists an ¢g > 0 such that for any
d > 0, there is an x € X for which p(z,a) < ¢ and d(Tz,Ta) > 9. We can
choose z, € X such that p(z,,a) < % and d(Tx,,Ta) > 9. Then z, — «
in (X, p) but Tx,, does not converge to T« in (Y, d) - a contradiction.

O

13
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Theorem 4.3. Let (X,p),(Y,d) and (Z,0) be metric spaces. Consider a
continuous at o mapping Ty = (X,p) — (Y,d) and a continuous at Ty«
mapping Ty : (Y,d) — (Z,0). Then TyTy : (X, p) — (Z,0) is continuous at
«.

Proof. Let z,, be a sequence converging to « in (X, p). Since T} is continuous
at a, Thz, — Tia in (Y,d). Now since Ty is continuous at Tyo, ToTix,, =
T5(Thx,) — To(Tha) in (Z,0). Applying Theorem 4.3, we see that 75T} is
continuous. 0

Lemma 4.4. Let (X, p) be a metric space and xg € X a fized element. Then
T:x— p(x,x0) 1s a continuous map from (X, p) to R.

Proof. We need to show that given a sequence =, — « in (X, p), Tz, — T«
in R. We have that

This implies that Tz,, — T'a whenever x,, — a. [

Definition 4.5. Let (X, p) and (Y,d) be metric spaces. Then we can define
a metric on their Cartesian product X XY

o((w1,91), (v2,92)) = \/(P($1a5€2))2 + (d(y1,92))?

Remark. We note that given the continuity of a function of two variables
with the above metric is not the same as continuity in each variable seperately.
For example

ity f 2y #£0
_ ) Py
flz,y) {O ifr=y=0

defined on R? = R x R is continuous at the origin in each variable seperately
but discontinuous as a function of two variables.



CHAPTER 4. CONTINUITY 15

Definition 4.6. Given a mapping T : X — Y and a subset A CY. The set
THA) ={reX|Tzc A}
is called the inverse tmage of A.

Definition 4.7. (Alternate formulation of continuity)

Let (X, p) and (Y,d) be metric spaces. A mapping T : X — Y is said to be
continuous at o € X if for any open ball B:(T«) about Ta, there exists a
ball Bs(a) about o such that Bs(a) C T~1(B.(Ta)).

Theorem 4.8. Let (X,p) and (Y,0) be metric spaces and T : X = Y a
mapping from X — Y. Then the following are equivalent:

1. T 1s continuous
2. the inverse image of every open subset of Y is an open subset of X

3. the inverse image of every closed subset of Y is a closed subset of X

Proof. We shall prove the theorem in the order (2) <= (3),(1) < (2).

(2) <= (3): The inverse image of the complement of a set A is exactly the
complement of the inverse image T71(A) hence the equivalence of (2) and
(3) follows from Theorem 3.15.

(1) = (2): Assume that T is continuous and let A be an open subset of
Y and x € T71(A) C X. Since A is open, there exists an open ball B.(Tx)
about the point 7'z such that B.(Tz) C A. Now since T is a continuous
map, we have that there exists an open ball Bs(x) C T-Y(B.(Tx)) C T~'(A).
Therefore for every point we can excise an open ball around any z € T*(A).
It thus follows that T-'(A) is an open set.

(2) = (1): Now assume that the inverse image of any open set is
open. Let z € X and B.(Tx) be a ball around T, € Y. The inverse image
T~Y(B:(Tx)) is an open set containing the point . Therefore there is an open
ball Bs(z) about x such that Bs(x) C T~(B.(Tx)). Hence T is continuous.

[]

Definition 4.9. Let X and Y be normed linear spaces equipped with the
norms || - ||x and || - ||y respectively. We say that a linear map T : X —'Y
is bounded if there exists a positive constant C' such that ||T,||ly < C||z||x
forall z € X.



CHAPTER 4. CONTINUITY 16

Theorem 4.10. Let (X, p) and (Y,d) be normed spaces and T : X — 'Y a
linear map. Then the following are equivalent:

1. T is continuous
2. T is continuous at 0
3. T is bounded

Proof. (1) = (2) is satisfied trivially. We shall prove the theorem in the
order (2) = (3) = (1).

(2) = (3): Let T be continuous at 0. Then there exists a § > 0 such
that p(0,2) = ||z|| <6 = d(0,Tz2) = ||Tz|| < 1. For arbitrary = # 0 in
X, the element z = §||x||~ 'z satisfies the condition ||z|| = § implying that
172l < 1.

Now since 7' is a linear map, we have that

1Tz]] = [|T (=07 |||l = 0~ [|T2]] < d ]|

Obviously this inequality is valid for x = 0 as well. Therefore T" is bounded
with C' = 6%

(3) = (1): Now assume that T is bounded. Then ||T,|ly < C||z||X for
all z € X. Fix € > 0 and take z € X. Furthermore, set 6 = C~'e. Then for
all z € X such that p(z, 2) = ||z — z||x < J, we have that

ATz, Tz) = ||Tx —=Tz|ly = ||T(x — 2)|ly <Cllz —z|]|x <¢

Hence T is continuous.



Chapter 5

Completeness

5.1 Cauchy Sequences

Definition 5.1. Let (X, p) be a metric space. We say that a sequence of
elements x, € X is a Cauchy sequence if

Ve > 0,3n. such that Vn > n., p(T,, Tm) < €

Lemma 5.2. Let (X, p) be a metric space. Then every convergent sequence
i X is a Cauchy sequence.

Proof. Let x, — x be a convergent sequence. Then for any € > 0, there
exists an n. such that p(z,,z) < § for all n > n.. By the triangle inequality,
it follows that

3
Pn Tm) < p(n, @) + plam, @) < 5+ 5 =¢

for all n,m > n.. Hence z,, is a Cauchy sequence. O

Lemma 5.3. Let (X, p) be a metric space. If a Cauchy sequence in X has
a convergent subsequence then it is convergent to the same limit.

Proof. Let x,, be a Cauchy sequence and z,, — = a convergent subsequence.
By definition we have that for any € > 0, there exists an n. such that
P(Tns Tny,) < §5 and p(ay,,r) < § for all n,n; > n.. By the triangle in-
equality, it follows that

€
p(In,I) < p(l’nk7$) + P($n,$nk) < 5 + 5 =&
for all n > n.. Therefore x,, — z. O

17
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5.2 Complete Metric Spaces

Definition 5.4. Let (X, p) be a metric space. We say that (X, p) is com-
plete if any Cauchy sequence {x,} C X converges to a limit x € X.

Theorem 5.5. Let (X, p) be a metric space. Then there exists a complete
metric space (X, p) such that

1. X C X and p(z,y) = p(x,y) whenever x,y € X

2. for all T € X there exists a sequence of elements x, € X such that
T, — T in the limit n — oo in the space (X, p)

We say that the metric space (X, p) is the completion of (X, p).

Theorem 5.6. Let (A, p) be a subspace of a complete metric space (X, p).
Then (A, p) is the completion of (A, p).

Proof. Consider a Cauchy sequence {z,} C A. Now since (X, p) is complete,
we are guaranteed that that z,, — z for some z € X. But A is closed and
must contain all its limit points. Therefore x € A. Hence (4, p) is complete.
By Corollary 3.19, we know that an element of A must be the limit point of
a sequence {s,} C A. Therefore (A, p) myst be the completion of (4, p). O

Example 5.7. Let (X, p) be the rational numbers equipped with the standard
metric p(x,y) = |x —y|. Consider a sequence that converges to an irrational
number such as (3,3.1,3.14,3.141,...) — 7. Obviously such a sequence does
not have a limit point in the rational numbers. Therefore X is not complete.
We define the real numbers R equipped with the metric p to be the completion
of X.

Example 5.8. The complex numbers C equipped with the standard metric
p(x,y) = |v — y| are complete. Indeed consider a sequence {c,} C C. Let
Cn = ayn + iby, for some ap,b, € R. Then {c,} is a Cauchy sequence if and
only if the sequences {a,} and {b,} are Cauchy sequences of real numbers.
We also have that the sequence {c,} converges if and only if the sequences
{a,} and {b,} converge.

Theorem 5.9. Consider the set B(S) equipped with the metric p(f,g) =
sup,cg |f(x) — g(z)|. Then B(S) is complete.
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Proof. We have to show that given a Cauchy sequence {f,} C B(S), there
exists an f € B(S) such that f, — f uniformly. By definition of a Cauchy
sequence, we have that

5

Ve > 03n. such that Vn,m > n.,sup|f.(x) — fin(z)| < 5
zesS

Now fix some z € S. Obviously, in light of the above, the numbers f,(x)
form a Cauchy sequence of real (or complex) numbers. We know that the
space of real (or complex) numbers is complete and therefore, for a fixed z,
the sequence f,(z) converges to some limit which we denote f(z). In other
words

Ve e S, Ve >0,3n., such that Vn > n.,. |f.(x) — f(z)| < g
Now we note that

= |fa(@) = fu(@) + (fm(z) = f(2))]

< |fal@) = fin(@)] = [fin(z) = f(2)]
Now choose n and m such that n > n., m > n. and m > n.,. Then it
follows that

() = f(@)] < [fal2) = frn(@)| = | fin(2) — f(2)]

for all x € S. Therefore the left hand side is less than or equal to ¢ for all
x € S provided that n > n.. Since this n. is independent of x, we have that
fo(z) = f uniformly.

It remains to show that f(z) is a bounded function. Indeed, choose n > n.
and

sup |f ()] = sup [ fu(z) = falw) + f ()
< sup(|fu(@)l + |f(2) = fu()])

< sup | ()] + Sup |f(z) = fu(2)]

<sup|fu(x)|+e
zesS
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Now, by assumption, f,(x) is bounded and therefore f(z) is also bounded.

]

Corollary 5.10. Consider Cla, b] equipped with the metric p(f, g) = sup,epay | f(7)—
g(x)|. Then Cla,b] is complete.

Proof. Since continuous functions on closed intervals [a, b] are bounded, we
know that any sequence f,, of continuous must converge uniformly to a func-
tion f that is bounded on [a, b]. It suffices to show that f is continuous. In
other words, we have to show that

Ve > 036 > 0 such that if | —y| < 0 then |f(z) — f(y)| < e

Indeed, we have that

[f (@) = f(W)| = |f (@) + fal2) = ful@) + fuly) = fuly) = f(y)]
= [f(@) = fal2) + (fulz) = fu()) + (fuly) = f(¥))]
< (@) = fal)| + [ful) = ()] + [fa(y) = F(y)]

Now since f,, — f uniformly, we can choose an n. such that for all n > n.,
|f(z) — fu(z)| < § and |f(y) — fu(y)| < 5. Furthermore, by assumption, we
have that each f,, is a continuous function. Therefore we can always find a o
such that if |2 — y| < 0 then [f(z) — f(y)| < 5. Hence

[F(2) = )l < |f(@) = ()| + | fulz) = fu(@)] + [fnly) = f(»)]

PO
_3+3+3
€

whenever |z — y| < 0. O

5.3 Series in Banach Spaces

Definition 5.11. Let X be a normed linear space. Then X is called a Ba-
nach space.

Example 5.12. Theorem 5.9 and Corollary 5.10 imply that B(S) and C|a, b]
are Banach spaces.



CHAPTER 5. COMPLETENESS 21

For the following definitions and results, let x,, be a sequence of elements
in a Banach space X.

Definition 5.13. Consider the series Y - . We say that this series is con-
vergent if the sequence oy, = Zi:l T, s convergent in X. If o, > x € X
as k — oo, we write Y >~ T, = .

Definition 5.14. Let o = Y ° |, be a series. We say that o is absolutely
convergent if Y 0~ ||za|] < oo.

Theorem 5.15. Every absolutely convergent series in X is convergent in X.

Proof. Let op = Y.F_ x, and s, = S2F_ ||z,]|. Since the series 3.7, is
convergent, the sequence of positive numbers {s;} must also be convergent
and it is therefore a Cauchy sequence. We therefore have that

P(Om, k) = ||Jm - Uk“

m

> e

n=k+1

m
< > llall

n=k+1

= [Sm — S|

Now,
Ve > 0dn, such that Vm, k > n., |s,, — sk| <€

Then let m, k > n.. It follows that

P(Oms k) < |8 — Sk

<e€

and thus {o,} is a Cauchy sequence in the Banach space and thus it must
converge. n

Corollary 5.16. Let {f,} C B(S) be a sequence of bounded functions. If
Yoo sup |fu(z)| < 0o then there exists a bounded function f € B(S) such
that

k—o0

sup — 0

€S

flx) = fal@)
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Furthermore, if S = |[a,b] is a bounded interval and the functions f, are
continuous on |a,b] then f is also continuous.

Proof. Since B(S) and Cla,b] (with their usual norms) are Banach spaces,
the corollary follows from Theorem 5.15. O

5.4 Contractions

Definition 5.17. Let (X, p) be a metric space and T : X — X a mapping.
We say that T is a contraction if p(Tz,Ty) < cp(z,y) for some 0 < ¢ <1
and for all x,y € X.

Example 5.18. Consider R equipped with the standard metric p(x,y). Then
function
f:R—=R

'_>x
x —
2

18 a contraction. Indeed, we have that

p(@) F) = |5 = 2] = 5 b= vl = ()

Theorem 5.19. (Contraction Mapping Theorem)

Let T be a contraction on a complete metric space (X, p). Then the equation
Tx = x has a unique solution. Furthermore, for any xq € X, the sequence
x, = T"xy converges to x.

Proof. Let n > m and fix o € X. Since T is a contraction we know that
p(Tx,Ty) < ep(x,y) for some 0 << ¢ < 1. We have that

p(xmv xn) = p(me07 Tnxo)
< cp(T™ Yoy, T 1)
S C2p(Tm_2fL'0, Tn_2x0)

< " p(xo, T ™x0)



CHAPTER 5. COMPLETENESS 23

Now the triangle inequality implies that

p(xo, T" ™x0) < p(x0, T'w0) + p(T'x0, T" " 20)
< p(xo, To) + p(Txo, T?w0) + p(T w0, T ™x0)
< p(xo, Two) + p(Txo, T?x0) + p(T%w0, T?x0) + p(T 20, T" ™10)

< p(zg, T'wo) + p(T'xo, szo) e P(Tn_m_lxo, T g0)
< p(o, Two) + cp(zo, Txo) + ... "' p(xo, To)
= (1 4+ c+ 02 4+ .+ cn*mfl)p(l.07 Tl’o)

We now note that 1 + ¢ + --- + ™1 = % Since 0 < ¢ < 1 then
obviously 0 < ¢ < 1. Tt thus follows that 1+c¢*+-- -+ < (1—¢)7 L

Combining the above results, we see that

(T, ) < " p(ao, T ™ x0)
<A1 +c+c 4+ (g, Tao)
< ™1 —¢)p(xo, Txo)

for all g € X and for all n > m. Obviously the right hand side can be made
arbitrarily small by choosing large m. This implies that {z,} is a Cauchy
sequence. Furthermore, since the space is complete, {x,} converges to a
limit € X. By Lemma 4.4, we know that the function f(x) = p(x,Tx) is
a continuous function. Therefore

p(x, Tz) = lim p(z,, Tx)

n—o0

= lim p(T"zo, T')

n—oo

IN

c lim p(T™ 'z, )
n—oo

= lim plon-1,2)

=0

Thus p(xz,Tz) = 0 and hence Tx = x. Now let y be another solution such
that Ty = y. Then

0= p(Tz,Ty) — p(z,y)
< ep(v,y) = p(a,y)
= (c—1Dp(x,y)
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hence p(z,y) = 0. We therefore see that z is the only solution of the equation
Tx = x. []

Remark. The previous theorem allows us to construct an approximate so-
lution to an equation of the form Tx = x. We choose an aribitrary element
xo € X and evaluate x,, = T™xy for sufficiently large m. This is called the
method of sucessive approximations.

Corollary 5.20. The error for the method of successive approrimations is
gien by

p(xm,l’> < cm<1 - C)ilp(x()’TxO)
for all xy € X and m > 0.

Proof. This follows easily from the previous theorem and passing to the limit
as n — oo. O

Example 5.21. Let f be a real-valued function defined on an interval [a,b]
such that f(x) € [a,b] and

|f(x) = f)] < clz -y (5.1)
for all z,y € la,b] and some constant ¢ < 1. Then for any zo € la,bl,
the sequence x1 = f(xg),xe = f(x1),23 = f(x2),... converges to the only

solution of the equation f(x) = x.

Remark. Inequality (5.83) is referred to as the Lipschitz condition. If
[ is continuously differentiable on |a,b] then by the mean value theorem, f
satisfies the Lipschitz condition with ¢ = sup e,y | f'()|.
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Connectedness

Definition 6.1. Let X be a metric space and A C X. We say that A is
connected if there does not exist two non-empty open sets Uy, Uy C X such
that Uy NUy = @ and A C Uy U Us. If such a pair Uy, Us does exist, we say
that Uy and U, are a disconnection of the disconnected set A.

Definition 6.2. Let (X, p) be a metric space and let x1,x5 € X. A contin-
uous function f :[0,1] — X such that f(0) = z1 and f(1) = x is called a
path from x; to xo. A subset A C X is said to be path-connected if there
exists a path that lies entirely within A between any two points of A.

Example 6.3. A connected set is not necessarily path-connected. An exam-
ple is the topologists sine curve:

(-

This set is connected but not path-connected as the point (0,0) cannot be
reached by a non-constant path lying in the set.

xe(O,l]}U{(O,O)}§R2

Theorem 6.4. A path-connected set is necessarily connected.

Proof. Let A be a path-connected set and assume that A is not connected. In
particular, let U; and U, form a disconnection of A. We have that A C U;UU,
and Uy NU; = @. Choose 1 € Uy N A and x5 € Uy N A. Furthermore, let
f be a path in A from x; to xo. By definition, f is a continuous map and
therefore the inverse images f~!'(U;) and f~!(Us) are open subsets of [0, 1].

25
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Obviously, these sets are non empty and

FHY) N ()
SN U Y (Us) = [0, 1]

In other words, f~*(U;) and f~!(Uy) form a disconnection of [0, 1].

Now let 1 := sup f~}(U;). Since 0 € f~1(U;) and f~'(U,) is open in [0, 1],
there exists a positive number r < 1 such that the open ball B,(0) = [0,r)
lies in f~'(U;). Therefore 0 < r < ry. Similarly, since 1 € f~'(Us;) and
f~H(Uy) is open, there exists r < 1 such that B,(1) = (r,1] lies in f~1(Us).
Hence no point of f~!(U;) lies in (r, 1] and therefore r; <r < 1.

Now, the point 7; cannot belong to f~!(U;). Indeed if it did then there
would exist an € > 0 such that (r; —e,r; +¢) C f~1(U;), contradicting
the fact that ry is the supremum. However, every neighbourhood of r; must
contain a point from f~'(U;). Hence if r; € f~1(Us), there would exist an
open neighbourhood contained in f~!(U,) which contains points of f~1(Uy),
contradicting the fact that they are disconnected. But then 71 ¢ f~1(U;) U
f~Y(Uy) which is a contradiction. O

Lemma 6.5. Any interval of R is path-connected.

Proof. Let A be an interval and 1, xo € A such that 1 < x5. Then [zq, x9] C
A. Now define f(t) = (1 —t)xq +tzs for 0 < ¢t < 1. Obviously, f(t) € [z1, x2]
hence f(t) is a path between z; and x5 lying in A. We thus see that A is
path connected. O

Lemma 6.6. Any ball in a Banach space (over R or C) is path connected.

Proof. Let A be an open (or closed) ball and choose x; € A. Then f(t) =
(1 —t)xy +tx for 0 <t < 1is a path from x; to z. We have that

£ (@) = 2|l = [|(1 = D)y + b — zf| = (L= B)[|z1 — 2| < |21 — 2]

for all ¢ € [0,1]. Therefore f(t) is contained in A. Hence given any ball, we
can find a path between any of its points and its centre. Since the ball is
arbitrary and can be centered anywhere with any positive radius, the whole
space must be path connected. O

Theorem 6.7. Let X be a Banach space. Then every open connected set in
X 1s path-connected.
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Proof. Let A be an open and connected set and fix x € A. We define
Uy ={ye€ A| thereis a path from x to y }

It can easily be seen that U; is path connected. Indeed, given any two points
y,z € A, let fi be the path from x to y and f5 the path from x to z. Then

fu(=2t) o<
f(t):{ f2t—1) if i<

is a path from y to z. If U; coincides with A then A is path-connected and
we are done. Hence assume that U; does not coincide with A. Consider
Uy = C(Uy) N A. Since A is an open set, we can excise an open ball B,.(y)
around any point y € A.

Now, B,.(y) N U; is empty. Indeed if it contains a point z then z € U; and
there exists a path between z and z. Since z is also in B,(y) and all balls
in a Banach space are path connected, there must also exist a path between
y and z. But then we can construct a path between x and y which would
imply that y € U; which is absurd. Hence B, (y) C U,. But y is an arbitrary
point and hence U, is open. We also see that A = U; U U,. But then U; and
U, are a disconnection of A which contradicts that A is connected. Therefore
Uy = @ and A = U; and it is path-connected. O

Theorem 6.8. Fvery connected subset of R is necessarily an interval.

Proof. Let A C R be a connected subset of the real line. Furtermore, let
a =inf A and b = sup A (if A is unbounded then we allow a = —oo and/or

= 00). We claim that A necessarily contains every point between a and
b. Fix such a point z. Since a < x < b, there must exist some point o« € A
such that o < x (otherwise z would be a lower bound greater than a which is
absurd). Similarly, there exists a finA such that x < . Now suppose that
x € A. Then (—oo,x) (which contains «) and (x, 00) form a disconnection of
A. This is a contradiction to the fact that A is a connected subset. Therefore
x € A. Since x is an arbitrary point, A must contain all points between a
and b and is therefore an interval. O

Theorem 6.9. Let (X,p) and (Y,0) be metric spaces and f : X — Y a
continuous mapping. Then the image of any connected subset A of X under
f 1s a connected subset of Y.
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Proof. Let A C X be a connected subset and denote B = f(A) C Y. We
need to show that B is a connected subset of Y. Suppose that B is dis-
connected. In particular, there exist two open sets U;,U; C Y such that
UiNU; =@ and B C Uy UU,. We see that since U; and U, are open sets,
f71U,) and f~1(U,) are also open since the inverse image of open sets under
a continuous map is always open. Since U; N Uy = @, we must have that
YU, NUy) = f~Y(2). This implies that f~1(U;) N f~1(U;) = @. Further-
more, f~Y(B) C f~H (U Ul,) = f~HU1) U f~1(Us). Therefore f~(U;) and
f~Y(U,) form a disconnection of A. But this contradicts the fact that A is
connected. Therefore B must be connected. O

Example 6.10. Let X be a metric space equipped with the discrete metrox.
Then every subset of X is necessarily open. We can see that every set which
consists of more than one element can be represented as a union of two or
more disjoint singleton sets and is therefore disconnected. We call such a
space totally disconnected.
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Compactness

Definition 7.1. Let (X, p) be a metric space and K C X a subset. We say
that K is sequentially compact if any sequence of elements of K has a
subsequence which converges to a limit in K.

Remark. In light of the previous definition, it is obvious that K is compact
in (X, p) if and only if it is compact in (X, o) for any metric o equivalent to
p.

Definition 7.2. Let S be a Jamily of subsets of a metric space (X,p) and
K C X a subset. We say that S is a cover of K if K C Ug.g¢S. If each

member of S s open then we call it an open cover of K. Furthermore,
if S is a cover of K and a subset Sy C S also covers K then Sy is called
a subcover of S. A cover (or subcover) is called dinite if it has a finite
number of members.

Definition 7.3. Let (X, p) be a metric space and K C X a subset. We say
that K 1s compact if every open cover of K has a finite subcover.

Theorem 7.4. A subset of a metric space is compact if and only if it is
sequentially compact.

Definition 7.5. Let (X, p) be a metric space and K C X a subset. We say
that K is bounded if for some x € X and r > 0 we have that K C B,(x).

Theorem 7.6. A compact set K of a metric space (X, p) is necessarily
bounded and closed.

29
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Proof. Suppose that K is not bounded. Then for every z € X, the family of
open balls B,(z) for n = 1,2,... form an open cover of K which does not
have a finite subcover. This is a contradiction to the fact that K is compact.
Now suppose that K is not closed. Then it does not contain at least one of its
limit points. Consider a sequence of elements of K which converges to this
limit point. Every subsequence of this sequence converges to the same limit
point. Hence there exists a sequence of elements of K that does not have
a subsequence which converges to a limit K. Hence K is not sequentially
compact. But a set is sequentially compact if and only if it is compact which
contradicts the fact that K is compact. O

Lemma 7.7. Let (X, p) be a metric space and K C X a compact set. Any
closed subset B C K 1is necessarily compact.

Proof. Let K be a compact set and B C K a closed subset. Now any sequence
{z,} € B must contain a convergent subsequence as {z,} C K which is a
sequentially compact set. Since B is closed, it must contain all of its limit
points. Hence {z,} has a subsequence which converges to a limit in B and
B is thus sequentially compact and therefore compact. O

Lemma 7.8. Let (z,p) and (Y,o) be metric spaces and K C X and L C L
compact subsets. Then K x L C X XY with the metric

d((mla yl)a (372, y2)) = \/p(a:l? $2)2 + J(y17 y2>2
18 compact.

Proof. Let (x,,y,) be an arbitrary sequence in K x L, we claim that it has
a subsequence that converges to a limit (z,y) € K x L. Since K is compact,
there is a subsequence z,,, which coverges to a limit x € K as k — oco. Since
L is compact, there sequence y,, has a subsequence y,,, which converges to a
limit y € L as @« — oo. Since z,,, — = as k — oo we also have that T, — T
as ¢ — 00. Z

Now by the definition of convergence, we can reformulate the above as
p(Tny,, x) — 0and o(yn, ,y) — 0asi — oco. Thisimplies that d((s, , Yny, ), (7,9)) —
0 as ¢ — oo. In other words, (2, ,Yn, ) = (2,y) € K x L. Therefore any
sequence (z,,y,) of elements of K 'x L'has a subsequence that converges to
a limit in K x L. Therefore K x L is sequentially compact and is hence
compact. 0
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Theorem 7.9. A bounded and closed subset of R™ is necessarily compact.

Proof. Since any bounded subset lies within a closed cube Q™, we just have
to show that the cube is compact and the compactness of the subset will
follow from Lemma 7.7. Now if Q' and Q™! are both compact then by by
Lemma 7.8, Q" is also compact. Therefore it is sufficient to show that a
closed interval of R is compact and we will then be able to apply induction.
Let {z,} be a sequence of elements of the closed interval [a, b] where b > a.
We begin by splitting the interval into two intervals of equal length g where
d = b — a. Obviously one (or even both) of the intervals contain infinitely
many elements of {z,}. Choose such an element from that interval and
denote it y;.

Now we again split the interval of length g into two intervals of length g.
Again one of these two intervals will contain infinitely many elements of
{z,}. We choose one of this elements, distinct from y;, and denote it by ys.
Continuing like this, we obtain a sequence {y;} of the sequence {z,} such
that each y; lies in an interval of length 27506 for all k > ko for some constant
ko. It is clear that {y;} is a Cauchy sequence.

Now since R is a complete metric space, {y;} must converge to some limit.
But [a, b] is a closed set and must contain all of its limit points and hence {y; }
converges to an element of [a,b]. We have shown that an arbitrary sequence
{z,} has a convergent subsequence {y,} which converges to an element of
la,b] and therefore [a,b] must be sequentially compacy. It thus follows that
la, b] is compact. O

Theorem 7.10. Let (X, p) and (Y,d) be metric spaces and T : X =Y a
continuous mapping. Then if K C X s a compact set, T(K) is necessarily
compact.

Proof. Let y, be an arbitrary sequence of elements of T'(K). Then y, =
Tx, for some elements of a sequence z, € K. Since K is compact, it is
also sequentially compact. We therefore have that {x,} has a subsequence
{zy, } which converges to a limit x € K. Now Theorem 4.2 implies that the
sequence y,, = Tz, converges to the limit Tz € T(K). Hence T(K) is
sequentially compact and is thus compact. O]

Definition 7.11. A metric space (X, p) is said to be compact if the set X
18 itself compact.

Theorem 7.12. A compact metric space (X, p) is necessarily complete.
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Proof. Let {x,} C X be an arbitrary Cauchy sequence. Since X is compact,
this sequence has a subsequence that converges to a limit in X. Now Lemma
5.3 implies that {z,} also converges to this limit. Hence any Cauchy sequence
in X converges to a limit in X and X is thus complete. O]

Theorem 7.13. Let (X, p) and (Y, o) be two compact metric spaces and T :
(X, p) = (Y,0) a continuous bijective mapping. Then the inverse mapping
T~ is also continuous.

Proof. By Theorem 4.8, we know that 7! is continuous if and only if B C X
closed = T(B) C Y is also closed. If B is closed then by Lemma 7.7,
it is necessarily compact as the subset of a compact space. The image of
compact sets under continuous mappings are compact and therefore T'(B)
is compact. It follows that T'(B) must be bounded and, more importantly,
closed as required. O

Example 7.14. Let X be the space of continuously differentiable functions
on a closed interval [a,b] and p and o be metrics on X given by

p(f:9) = sup |f(z) —g(z)|+ sup [f(z) —g'(x)|

x€[a,b] z€[a,b]

o(f.9) = sup |f(z) —g(z)]

z€a,b]

The map (X, p) — (X,0) is a bijection and is continuous because f, %>
f = f. > f. However, the inverse mapping is not continuous. Consider
the sequence f,(x) = n~'sin(n?z) converges to the zero function with respect
to the metric o but does not converge with respect to the metric p.

Definition 7.15. We say that a function f defined on a metric space (X, p)
is uniformly continuous if

Ve>036 >0 such thatVa,y, p(xz,y) <d = |f(x) — fly)| <e

Remark. Note that this definition is subtley different from that of ordinary
continuity. Ordinary continuity guarantees the existence of a ¢ for anyx € X
but such a 6 may be dependent on x. In other words, the § depends on the
distance between x and y. On the other hand, uniform continuity guarantees
the existence of a single delta regardless of the given x and y.

Theorem 7.16. Let (X, p) be a compact metric space. Then any continuous
function f on (X, p) is uniformly continuous.
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Proof. Fixe > 0. Since f is a continuous function, we have that, by definition
there exists a 0, > 0 such that

ply.a) <8, = |fly) — J(@)] < 3

Now let J, = Bs.(x) be an open ball. The collection on balls {J,}.ex
obviously forms an open cover of X. Now since X is compact, such an
open cover must contain a finite subcover. That is to say that there exists
a finite collection of points x1, ...,z such that Uﬁzlen~ Now define § =
min{dz,, ..., 04, }-

Now let z,y € X and p(z,y) < d. Since X = Uﬁzé, we can always find
an n such that x € J,, . In other words, p(z,x,) < % Now the triangle
inequality implies that

Py, ) < p(w,2,) + p(,y) < 59”7” +d <94,
Hence we see that
) = F@)] < [F) = )] + @) = F@)] < 5 + 5

5~ ¢

Therefore we have shown that Ve > 036 > 0 such that Vz,y, p(z,y) <
6 = |f(x) = fly)l <e. O

Definition 7.17. Let (K, p) be a metric space. Then C(K) denotes the
linear space of continuous functions f : K — R equipped with the norm

A1 = supger [ f(2)].

Theorem 7.18. (Weierstrass’ Approxzimation Theorem)
Let P represent the set of polynomials in Cla,b] for some closed bounded
interval [a,b]. Then P = Cla,b].

Proof. The proof follows from the Stone-Weierstrass theorem below. O

Remark. The previous theorem is equivalent to the fact that any continu-
ous function on a closed bounded interval can be uniformly approrimated by
polynomials.

Definition 7.19. Let X be a linear space and let x,y € X. We say that X
is an algebra if vy € X.
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Example 7.20. C(K) is an algebra.

Definition 7.21. Let X be an algebra and A C X. We say that A is a
subalgebra of X if A is a linear space and if v,y € A then zy € A.

Definition 7.22. Let (X, p) be a metric space and A C X. We say that A
is dense in X if A=X.

Theorem 7.23. (Stone-Weierstrass)
Let K be a compact metric space and P a subalgebra of C(K). If

1. P contains the constant functions
2. for all x,y € K, there exists a function f € P such that f(x) # f(y)
then P = C(K). In other words, P is dense in C(K).

Example 7.24. Consider finite sums of the form

k l

c+ Z a, sin(nz) + Z bjcos(jx)

n=1 j=1

for some constants c, ay,b;. Such sums are referred to as trigonometric poly-
nomials. We shall show that the Stone-Weierstrass theorem implies that the
trigonometric polynomials are dense in Cla,b] for any closed bounded inter-
val [a,b] provided that b — a < 2.

The product formulas for trigonometric functions confirm that the set of
trigonometric polynomials is a subalgebra of P.

Now, if sin(nz) = sin(ny) and cos(nx) = cos(ny) for all n, the product
formulas imply the following

0 = sin(nx) — sin(ny) = 2 cos n(z+y) sin n(x —y)

0 = cos(ny) — cos(nx) = 2sin n(z+y) si n(z —y)

It follows that sin @ = 0 for all n. This is only possible if 5% = km for
some integer k. But if b—a < 27 then x = y and therefore the trigonometric
polynomials are dense in Cla, b].



Chapter 8

Integration

8.1 Step functions

Definition 8.1. Let ¢ be a complex valued function on a bounded interval
la,b]. We say that 1) is a step function if there exists a finite collection of
intervals I, C [a,b] with k =1,2,..., N such that

1. Uk::ljk = [CL, b]
2. NI, =@ forj #k
3. 1 1s constant on each individual Iy

Remark. Any step function 1 is determined by a collection of intervals Iy
and constants ¢, = P|;,. We write ¢ ~ { Iy, c, } if ¢ is constant on the
intervals on I, and takes the value ¢, on the interval I,.

Lemma 8.2. The set of all step functions form a linear space. In other
words, let 11,19 be step functions and A € C. Then

1. My 1s a step function

2. 1 + s is a step function

Proof.

Part 1: Let ¢ ~ {I,cx }. Then M) ~ { I, Acy }. Therefore A\ is a step
function.

Part 2:  Now let ¢y ~ {Ij,¢;} for j = 1,...,N; and 95 ~ { I, ¢} for
k=1,..., Ny. The intersections I;N I} are obviously all disjoint intervals and

35
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I;N I}, C [a,b]. By definition, we have that ij:lllj = [a,b] and UN2 I;, = [a, D).
Therefore, we have that

N1 N3

Uu <Ij ﬂﬁ:) = [a,b]

j=1k=1

Hence the collection of intervals { I; N IYforj=1,... . Nyandk=1,..., N,
satisfies the first two conditions of the definition of a step function. Further-
more, the function 1; + 1) is constant on each interval I, N I, and takes the
value ¢;+¢;. Hence 11+, is a step function and ¢+ ~ { I; N fk, cj+ ¢}

[]

Definition 8.3. Consider the step functions as a subset X of Bla,b], the set
of bounded functions on a closed bounded interval [a,b. Then the set R[a,b] =
X is called the set of Riemann integrable functions and consists of all step
functions and functions f that can be approximated by step functions.

Remark. By Corollary 3.19, f € R|a,b] if and only if there exists a sequence
of step functions 1, converging to f in Bla,b|.

Theorem 8.4. The continuous functions Cla,b] are a subset of the Riemann
integrable functions R|a,b].

Proof. Let f € Cla,b] be a continuous function. Then, since the interval [a, b]
is comapct, f is uniformly continuous (by Theorem 7.16). By definition, this
means that

Ve > 0,39 > 0such that Vz,y, |z —y| <0 = |f(z) — f(y)| <e

Therefore we can choose a 6, such that | f(x) — f(y)| < = whenever |z —y| <
dn. We now split the interval [a, b] into the union of pairwise disjoint intervals
I}, of lengths not greater than §,,. Now choose an arbitrary point x; € I, for
each k and let ¢, = f(xy). Denote ¢ ~ { I, ¢ } to be the corresponding step
function.

Now choose an element = € [a,b]. Then x € I} for some k and, therefore,
|z — x| < 0,,. Furthermore,

S|

[f(2) = n(@)] = [f(2) — x| = [f(2) = flzr)] <
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Thus |f(z) — ¢n(2)| < + for all z € [a,b]. This implies that

1
sup |£(2) — Yu(w)] < =
z€a,b] n
Now, as n — oo, the above goes to 0 and thus f € Rla,b]. ]

Definition 8.5. Let f be a complex-valued function on a closed, bounded
interval |a,b]. We say that f is piecewise continuous if there exists a
finite collection of intervals Iy, C |a,b] for k=1,..., N such that

1. UN I = [a, b]
2. NI, =@ forj #k
3. fis continuous inside each interval Iy, and has a finite limit at the end
points of the interval I}
Corollary 8.6. Let f be a piecewise continuous function. Then f € R[a,b].

Proof. By the previous Theorem, we can always find, given an interval I, a
sequence of step functions wék) such that

sup |f(z) — ¢ ()] = 0 (8.1)

€l

as n — o0. We now extend w,(f) by zero to the whole interval [a, b] and define

Then 1, is a step function defined on the interval [a,b] and because of (8.1),
we have that

sup |f(x) —¢n(z)] =0

z€[a,b]
as n — oo. Hence f € R|a,b). O

Definition 8.7. Let ¢ be a step function and ) ~ { I, cx } fork=1,... N.
Then we define the integral of 1(x) with respect to x between a and b to be

N

[ o)z =3 cuntr)

k=1

where p(Iy) is the length of the interval Ij.
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Lemma 8.8. Let ¢,y be step functions and A € C a constant. Then

/a () dr = A / () di (8.2)

/ab U1 (z) + Yo(z) do = /ab Uy () da + /ab¢2(x) dx (8.3)
Proof.

Part 1: This follows immediately from the definition of the integral and the
fact that Ay ~ { I, Ay }

Part 2:  Let ¢ ~ {I;,¢;} forn = 1,...,Ny and vy ~ {I}, &} for k =
1,...,Ny. Then

U1+ by ~ { ;N I e+ & }

forj=1,...,Nyand k =1,..., Ny. Therefore

N1 N2

/¢1 )+ o( dx—ZZc]—f-cku 1)

= ZCJM +Z20kﬂ(jk)

/m d:c+/¢2

Lemma 8.9. Let ¢ be a step function. Then

/w

< (b—a) sup [y(z)]

z€a,b]
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Proof. We have that

]

8.2 Definition and Basic Properties of Inte-
grals
Definition 8.10. Let f € R[a,b] be a Riemann integrable function and v,

such that n € N a sequence of step functions convergeing to f in Bla,b]. We
define the integral of f(x) with respect to dz between a and b by

b b
/ f(z) dz = lim ¢n(x) dx

n—oo

Furthermore, we define fb ) do = —f fz

Remark. This definition only makes sense zf the limit actually exists and is
independent of the choice of sequence 1,. Assume that 1, — f in Bla,b].
Then 1, is a Cauchy sequence in Bla,b] and, by definition,

sup |¢hx) = ()| =0

z€[a,b]

as m,n — oo. Therefore, by Lemma 8.8 and Lemma 8.9, we have that

b b
(2) da — / (@) de| = | [ ($al@) — tm(2)) da
< (b—a) sup [dn(z) — ()| = 0

z€[a,b]
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as m,m — oo. Hence the sequence fab n(x) is Cauchy and the limit must
erist. ~

Now let 1, be another sequence of step functions converging to f in Bla,b].
Then

sup [t (2) — (@) < sup [u(2) — f(a)| + sup |f(x) = da(z)| = 0

z€[a,b] z€a,b] z€[a,b]

as n — oo. Hence

/ab1/1n(x) dx — /ab@z?n(x) dx

as n — 0o. Hence the limit does not depend on the choice of sequence ,.

[ (i) atw)) o
< (b= a) sup [t(x) = (o)

z€[a,b]

Lemma 8.11. Let f € R[a,b]. Then

/ab f(z) dx

Proof. Let 1, be a sequence of step functions that converge to f. By Lemma
8.9 and the triangle equality, it follows that

/ab () da

Therefore

/abf(x) dx

< (b—a) sup [f(z)]

z€la,b]

< (b—a) sup |,(2)]

z€la,b]
=(b—a) Sl[lpb} |f()] + (b—a) s?pb] () — f()]

ab
= le U () drx
<(b-a) sup |[f(@)] + (b—a) lim sup [Un(z) — f(2)]
= (b—a) sup [f(z)|

z€[a,b]



CHAPTER 8. INTEGRATION 41

Definition 8.12. Let X be a linear space. A linear map F : X — C is said
to be a linear functional on X.

Theorem 8.13. Let f € R|a,b] be a Riemann integrable function. Then the
map

f—>/abf(a:)dx

is a linear uniformly continuous functional on R[a,b].

Proof. We first show that the functional is linear. Let f,g € R[a,b] and
A\ po€ C.o Let ¢, and ¢, such that n € N be a sequence of step functions
that converge to f and g respectively. Then by Lemma 8.8, we have that

/:(A%(x) + pen(z)) do = )\/ab@bn(x) dx + M/ab () dz

Now, taking the limit as n — oo on both sides of the above equation, we see
that the map must be linear.

We now show that the functional is uniformly continuous. In order to do this,
we need to show that Ve > 0,30 > 0 such that whenever sup () |f(7) —

g(x)] < § then |ff f(z) dx — fabg(x) dr| < e. Lemma 8.11 and the linearity
of the functional imply that

/abf(x) d:}:—/abg(x) dx

Now fix e > 0. It is easy to see that for § = (b—a)~'e, whenever sup ¢, | f () —
g(z)] < ¢ then |fabf(x) dr — fab g(z) dz| < e. O
Definition 8.14. Let f : [a,b] — R be a function. We denote

@) i f@) >0 {0 i f@)>0
ﬁ“”‘{o #ﬂ@<0’ﬁ“ﬂ_{—ﬂ@ if f(2) <0
Remark. Obviously, f. and f_ are non-negative functions on [a,b] and
f(@) = filx) = f=(2),[f(@)] = fe(x) + f-(z) and fi(z)f-(z) = 0. Hence
any real-valued function can be represented as a linear combination of non-
negative functions. Any complex calued function f is a linear combination
of real valued functions Re(f) and Im(f) and therefore it can also be repre-

sented as a linear combination of non-negative functions.

b
/Xﬂm—g@»m
< (b—a) sup |f(2) - g(o)|

z€[a,b]
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Proposition 8.15. Let f € R|a,b] be a non-negative Riemann integrable
function. Then f: f(z) dz > 0.

Proof. Let 1, such that n € N be a sequence of step functions that converges
to f. Now,

(@) = (¥n)+(2)] < [f(2) = ¢n(2)]
= sup |f(2) = (¢n)4(2)] < sup |f(z) = n(z)|

z€la,b] z€la,b]
for all z € [a, b]. Therefore, (1,,); also converges to f. Obviously, fab(@/}n)Jr(x) dx >
0 for all n. Passing to the limit n — oo, we see that fab f(z) dz > 0. O
Proposition 8.16. Let f € R[a,b] be a Riemann integrable function. Then

|f| € Rla,b] and
[ r@ras| <[5 as

Proof. Let 1, such that n € N be a sequence of step functions convergent
to f in Bla,b]. Then obviously, the sequence || converges to |f| in Bla, b].
Therefore |f| € R|a,b].

The inequality holds for any step function 1, and thus, passing to the limit
n — oo, we obtain the desired result. O

Proposition 8.17. Let f € Rla,b] be a Riemann integrable function and

c € [a,b]. Then
/baf(x)d;z::/acf(x)der/cbf(:c)dx

Proof. 1t suffices to show the equality for step functions, after which the
general result follows by passing to the limit n — oo.

Let ¢ be a step function and ¢ ~ { Iy, ¢ }. Let ¢ € Iy, for some kg. Now
denote I} ={x € I, |x <c}and I} ={x €I}, | v >c}. Then

b
/ (@) do =S eun(li)
= Z (L) + cropt(Liy) + Z crtt(1r)

k<ko k>ko

= /acw(x) dx+/cb¢(x) dx
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8.3 Unbounded Functions and Unbounded In-
tervals

Definition 8.18. Let ¢ € (a,b). If f € Rla,c—¢€| and f € Rlc+ 6,b] for all
positive € and d then we define

b c—¢ b
/ f(z) dx = ll_r%/ f(z) doz + lim f(z) dx

6—0 c+d

If either of the limits on the right hand side does not ezist (or is £oc) then
we say that fabf(x) dx is not defined.

Example 8.19. Let f(x) =27 anda <0 < b. Then
/ f(z) dz =loge —log|a| = —o0,e = 0
ab
/ f(z) dx =logb —logd — 00,8 — 0
5
hence the integral fff(x) s undefined. On the other hand,

—& b
iy ([ sy o+ [ t0) o) = ozt~ tog )
= log b — log|al (8.4)

Hence it is important that we consider seperate limits in the definition of
such an integral. The integral defined by Definition 8.18 is often referred to
as an improper integral while the integral in Equation (8.4) is referred to
as a singular integral.

Definition 8.20. Let f € Rla,b] be a Riemann integrable function. Then
for all —oo < a < b < 00, we define

/:of(x) dx:bngo/abf(x) da
/;f(x) dz = lim bf(:r) dx

a——0o0 a

/OO fayde= tim [ f@)dot tim [ f@)de

a——0o0
—00 a
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Remark. Let (a,b) be an unbounded interval and R(a,b) the set of Rie-

mann integrable functions on (a,b). Then the map f — fff(x) dx is
not a continuous functional on R(a,b) with respect to the standard metric
p(f,9) = suDyep |f(¥) — g(x)|. Indeed, consider the sequence of functions

if —n<z<n
if otherwise

ho={

Such a sequence obviously converges to the zero function on B(—o00,00) but
ffooo fo(z) dx =2 for all n.

8.4 Integrals depending on a parameter

Theorem 8.21. Let [a,b] and |«, B] be bounded closed intervals and f(x,t)
a continuous function on [a,b] X [a, B]. Then fabf(x,t) dx is a continuous
function on |a, f5].

Proof. The set [a,b] X [a, 5] is compact. Hence f is uniformly continuous on
la,b] x [a, B]. By definition, we have that

Ve > 0,30 > 0such that [t —tg| <d = |f(x,t) — f(z,t0)] <€
This means that

sup [f(2,t) — f(z,to)] = 0
z€[a,b]

as t — tg. Therefore

/abf(a:,t) dx — /abf(x,to) dx

b
/ () — F(o,10))

<(b—a) s?pb} |f(x,t) — f(x,t0)] =0

as t — ty as required. O

Theorem 8.22. Let [a,b] and [a, 5] be two closed bounded intervals and
f(z,t) a continuous function on [a,b] X [a, f]. Furthermore, assume that f
15 continuously differentiable in t. Then

d ([ )
i ([ fanar) = [ Lo a
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Proof. We have that

%(/abf(a:,t) dx) = lim " (/abf(x,tJré)—/abf(x,t) dx)

Now applying the mean value theorem, we see that

b b b
fracddt (/ f(z,t) dm) = (lsi_r>r(1)5_1 (/ f(x,t+9) —/ f(z,t) dx)

b

= lim 51[f(x,t+§)—/ f(z,t) dx]

6—0 a

b
zlim/a %(m,t—i—é*) dx

6—0

where 0 < 6* < 4. Obviously, if § — 0 then 6* — 0. Now by Theorem 8.21,
the integral is a continuous function and hence

d ([ "9
%(/a f(x,t)d:p)zél*igo/ a—{(m,t—f—é*) dx

baf
= E(x,t) dx

a

]

Theorem 8.23. Let [a,b] be a closed bounded interval and f, € R[a,b] a se-
quence of Riemann integrable functions converging to a function f € Rla,b].
In other words,

k
=0

then

g (/abfn(x) dm) :/abf(x) iz

Proof. Since the integral is a linear continuous functional on R]a, b], we have
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that

]

Remark. This theorem essentially states that we can integrate a convergent
series term by term.

Corollary 8.24. Let [a,b] be a bounded interval and f, a sequence of con-
tinuously differentiable functions on [a,b] such that

1Y% ful@) = f(z) for all 2 € [a,b]
2. the series > -~ | fl is uniformly convergent

then the function f is continuously differentiable and
> @) = f(@)
n=1

for all x € [a,b].

Proof. Let Y7 = f. Since the series S n = 1 converges uniformly in
C'la, b], the function f is continuous. Now, Theorem 8.23 and the fundamen-
tal theorem of calculus imply that

/w flyde=> xfé(t) dt =Y (fal@) = fala)) = f(z) = f(a)

for all # € [a,b]. Now, the fundamental theorem of calculus implies that f is
continuously differentiable and ' = f. ]
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8.5 Picard’s Existence Theorem for First Or-
der Differential Equations

Let f be a real valued function defined on an open domain 2 C R%. Consider
the ordinary differential equation

dy
— = f(x,p(x
R ACHEC))
with the initial condition ¢(zg) = ¢ where z is a one dimensional variable
and ¢ is a function of z and ¢ is some constant.

Theorem 8.25. (Picard’s Theorem)
Let (xqg,p0) C Q and [ a continuous function satisfying the Lipschitz condi-
tion

|f(:7c,y1) - f(x7y2)| < C|y1 - y2|

where ¢ s some constant. Then the ordinary differential equation above has
a unique solution on some interval [xo — 0,z + 0].

Proof. Since f is a continuous function, we have that |f(z,y)| < R, for some
constant R whenever (z,y) lie in a sufficiently small ball B around the point
(20, o). Now we choose a small positive constant 6 such that (z,y) € B
whenever | — zo| < § and |y — ¢o| < RI. Furthermore, we require that
cd < 1.

We denote by C* the closed ball of radius R centered at ¢, in the space
Clzg — 0,9 + 0]. In other words, C* is the set of all continuous functions ¢
on the interval [zo — 0, ¢ + 0] such that

sup lp(z) — wo| < RO
x€[zo—0,x0+9]

By Theorem 5.6, C* with the standard metric is complete.
By the fundamental theorem of calculus, with the initial condition ¢(xy) = ¢
is equivalent to the integral equation

(@) = o + / At o(t)) dt (8.5)
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Now consider the map T : C* — Clzg — 0, ¢ + 0] given by
7o) = o+ [ fltw(0) di

for z € [xg — §, 20 + d]. Then Equation (8.5) is equivalent to Ty = ¢. Now,
if 1 € C* then we have that

[ TY(x) — ol <

| fevw) dt‘ < RS
x0
This implies that T": C* — C*. Now,

710~ o) < | [ 15000 — 10,0200 dt\
<o sup [t —valt)

te [1076,x0+6]




