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CHAPTER 1

Metric Spaces

ABSTRACT. The chapter introduces the initial definitions regarding metric
spaces, subspaces, open and closed sets, and product spaces.

1. Metric Spaces

Definition I.1. Let X be a set. A metric on X is a function
p: X xX—-R
satisfying
(M1) p(z,y) > 0 and p(x,y) = 0 if and only if z = y (Positivity);
(M2) p(z,y) = p(y,z) (Symmetry);
(M3) p(x,y) + p(y, 2) > p(z, z) (Triangle Inequality).
The pair (X, p) is called a metric space.

Example 1.2. Let X be any set and define p: X x X — R by

0 ifx =y;
p(z,y) ={

1 otherwise .

Then p is a metric on X, called the discrete metric, and (X, p) is called a discrete
metric space.

Proof. In order to prove that (X, p) is a metric space, we need to demonstrate (M1),
(M2), and (M3). We take the opportunity of this simple example to discuss some
general assumptions we can make in the course of such a proof.

(M1) We have two things to verify; that the image of p consists only of non-
negative reals, and that p(z,z) = 0 for every x € X. The first is immediate upon
inspection of the definition, and in general won’t need to be mentioned unless there
is some doubt. The second is directly provided by the definition.

(M2) Let z,y € X. If z =y, then p(x,y) = 0 = p(y,x). Note that if (M1) if
already verified, then this case need not be considered.

Thus suppose that « and y are distinct. Then p(z,y) =1 = p(y, x).

(M3) Let x,y,2 € X. If z = z, and (M1) is already verified, then this
condition says that 0 < p(z,y) + p(y, 2), which is true. If x = y or y = z, this
statement becomes an immediate equality. So again, we can assume that x, y, and
z are distinct. Then

plz,z) =1<2=p(z,y)+ p(y,2).
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Example 1.3. Let z = R and define p(z,y) = | — y|. Then (X, p) is a metric
space.

Proof. We address (M1), (M2), and (M3).

(M1) The absolute value is always nonnegative, and the absolute value of zero
is zero, so p(x,x) = |z — 2| = |0] = 0. On the other hand, if x # y, then x —y # 0,
so p(z,y) = |z —y| # 0.

(M2) Let z,y € R; without loss of generality, assume that « > y. Then
pla,y) =lz—yl=z—y=-(y—2)=y—2z|=ply,z).

(M3) Let z,y,z € R; we have seen that |a + ¢| < |a + b| + |b + ¢| for every
a,b,ceR. Seta=z—y,b=0,andc=y—2. Thena+c=x—y,a+b=x—y,
and b+ ¢ =y — z. Thus

p(r,2) =z — 2| < |z —y|+ |y — 2| = p(z,y) + p(y, 2).

Example I.4. Let X = R* and define

plx,y) =

where = (x1,...,2%) and y = (y1, ..., k).

Remark. The positivity and symmetry of p are clear, but the proof of the triangle
inequality is involved, and appears in the last section of this chapter, where it is
generalized to the product of a finite number of metric spaces. O

Example I.5. Let R> denote the set of all sequences of real numbers that are
eventually zero, that is, sequences (z,,) such that x,, = 0 for all but finitely many
n. Let X = R* and for z,y € X, define

where © = (z,,) and y = (y,). This make sense, since there are only finitely many
nonzero summands. Then (X, p) is a metric space.

Example 1.6. Let ¢? denote the set of all sequences of real numbers (,,) that
satisfy the converge criterion

(o)

Z z7 < 0.

i=1

Let X = ¢2 and for z,y € X, define

p(r,y) =

where = (x,,) and y = (y,,). That this series converges follows from the inequality
(a+b)? < 2(a® +0?),

which the reader is welcome to verify. Then (X, p) is a metric space.
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Example 1.7. Let X = Q and let p be a positive prime integer. For each =z € Q,
there exists unique m,n,a € Z such that x = p*™, where gcd(m,n) = 1 and p
does not divide m or n. The p-adic norm of z is |z|, = pl—a. Set p(z,y) = |z — ylp.
Then (X, p) is a metric, known as the p-adic metric on Q. Here one can show
that not only does p satisfy the triangle inequality, but also the stronger inequality

|z = ylp < max{|z|p, y[,}

Exercise I.1. Let J,  denote the set of all bounded functions f : [a,b] — R. Let
X = Flqp) and for f,g € X define

p(f,9) = max{|f(z) — g(x)| | = € [a,b]}.
Show that (X, p) is a metric space.

Exercise 1.2. Let Cp, 4 denote the set of all continuous functions f : [a,b] — R.
Let X = C[q) and for f,g € X define

b
o(f,g) = / f — glda.

Show that (X, p) is a metric space.
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2. Metric Subspaces

Definition I.8. Let (X, p) be a metric space and let A C X. > Let pg: AxA — R
be the restriction of p to A x A C X x X. Then py4 is a metric on A, and (A4, pa)
is called a subspace of (X, p).

Example 1.9. Let X = R2, and define
p:RPXR* =R by plp1,p2) = /(21— 22)2 + (11 — 12)?,

where p; = (2;,v;). Then p is the standard metric on R2.
Define

St ={(z,y) eR? | 2? +¢* =1}
We call St the unit circle. It inherits the metric pg: from (R?, p).
Define
D? = {(x,y) € R? | 2? +¢* < 1}.
We call D? the (closed) unit disk, and (D?, pp2) is a metric space.

Example 1.10. Let S! be the unit circle, and let p be as in Example 1.9. We may
define a metric

a:S'xS' =R by alpi,p2) = 2arcsin(p(p1, p2)).

where p1,p2 € St. Then a(p1,p2) is the angle, measured in radians, from p; to the
origin and then to ps; this is the arclength of the shortest path between these two
points.

This produces a different metric on S'. In due course, we will investigate the
relationship between these metrics and related consequences for the structure of
the metric space.

Example I.11. Let X = R3, and define
p:RPxR* =R by p(p1,p2) = V(21— 22)> + (11 — 12)7,

where p; = (24, v:,2;). Then p is the standard metric on R3.
Define

S? = {(x,y,2) € R?* | 2% + 9> + 22 = 1}.
We call S? the unit sphere, and (S?, ps2) is a metric space.
Define
D? = {(x,y,2) € R? | 2% +y? + 2% < 1}.
We call D? the (closed) unit ball, and (D3, pps) is a metric space.
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3. Product Metric Spaces

The definition of distance in R has been computed using k — 1 applications
of the Pythagorean Theorem; it is clearly the definition that we want. However, in
order to apply results to R¥ that we have proven from the metric axioms, we need
to first prove that R* is indeed a metric space. This involves a demonstration of
the triangle inequality; that is, given

x=(21,...,2),y = W1, Uk), 2 = (21, .-, 2k),

we need to show that

k k

k
D (wy—2)2 <D =)+ | Dy — 7))

j=1 j=1 j=1
Proving this directly would make use of the triangle inequality
la—c| <]a—bl+|b—C]

in R, and an application of the Cauchy-Schwartz Inequality (below). With approx-
imately the same effort, we can generalize this result to construct the product of a
finite number of arbitrary metric spaces. The definition of distance in the product
space is motivated by our previous use of the Pythagorean Theorem.

Theorem 1.12. Let (X1,p1),...,(Xn,pn) be a finite collection of metric spaces.
Let X = x7_1 Xy, and define p: X x X — R by

n

Zpk(mkvyk)Qv

k=1

plr,y) =

where © = (x1,...,2,) and y = (Y1,..-,Yn), and T, yx € Xg for k = 1,...,n.
Then (X, p) is a metric space.

We call p the product metric on X. The difficulty of the proof of this proposi-
tion lies in the triangle inequality, a computation which we will break into several
intermediate results.

Lemma 1.13. Let ag, by € R fork=1,...,n. Then
Z Z(aib]’ — ajbi)Q = 22(@?()? — aiajbibj).
i i#]
Proof. Note that
(aibj — ajbi)Q = afb? + a?b? — 2aiajbl-bj.

Then
ZZ(aib]‘ - ijbi)z = ZZ(G?()? + a?bf - QGiCL]‘bibj)
g

g
=2 Z(a?b? — aiajbibj).
i#]
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Lemma 1.14. Let ag, by € R fork=1,...,n. Then

n

(kz:akbk>2 :ZakZbi—;z::zn:(ab

k=1 = 1j=1

Proof. Compute that

ZakZbk —Zakbi—I—QZaQbQ

i#j
(Zakbi—kQZalajbb) 23 wsashiby +23 12
i#] i#] i#]
= (Zakbk> +2<Za2b2 Zaiajbibj).
k 1#] i#]
Subtracting the equation of Lemma I.13 to both sides implies the result. O

Lemma I.15 (Cauchy-Schwartz Inequality). Let ap, by € R fork =1,...,n. Then
n 2 n n
(Tan) <>a> i
k=1 k=1 k=1
Proof. This follows from Lemma 1.14 by noting that Y°" | Y%, (a;ib; — a;b;)? is
always nonnegative. O

Lemma 1.16. Let ay, by, c, € R be positive for k=1,...,n. Then

ai < ib%—&- ici
k=1 k=1

NE

k=1
Proof. For k=1,...,n, we have ay < by + ¢, so aﬁ < bi + ci + 2bgci.. Thus
e St <3+ 3 d 23 e
k=1 k=1 k=1 k=1

Now by Lemma I1.15, we have

k=1 k=1

Taking the square root of both sides produces the result. (I



3. PRODUCT METRIC SPACES 7

Proof of Theorem 1.12. The positivity of p is clear from the use of positive square
root in the definition, and the symmetry is given by the symmetry of the metric
on the constituent spaces. Thus is suffices to demonstrate the triangle inequality.
Let ax = p(ag, 2k), bk = p(xk, yr), and cx = p(yk, 2zx). By the triangle inequality in
the constituent spaces, we have ay < by + ¢ for i = 1,...,n. Apply Lemma 1.16
to obtain the result. O

Example I1.17. Let (X,p) be a metric space, and let X* denote the cartesian
product of &k copies of X, endowed with the product metric.

Example I.18. Let R* denote the cartesian product of k copies of the real line.
The product metric on R as defined in Example 1.4 is the same as that defined in
Theorem 1.12.

Example I.19. Let S' = {(z,y) € R? | 22 4+ y?} be the unit circle, considered as
a metric subspace of R2. Let T = S' x S!, endowed with the product metric. Then
T is a torus.






CHAPTER II

Metric Topology

ABSTRACT. The chapter discusses bounded sets, open sets, closed sets, and
neighborhoods in a metric space.

1. Bounded Sets

Definition I1.1. Let (X, p) be a metric space, and let A C X. Define the diameter
of A with respect to p to be

diam(A) = sup{p(a,b) | a,b € A};

by convention, the diameter of an empty set is zero. Note that diam(A) is an
extended real number which can be oo.
We say that A is bounded if diam(A) < oco.

Proposition I1.2. Let (X, p) be a metric space, and let A;B C X. Then
(a) diam(A4) =0« 4] < 1;
(b) AC B = diam(A) < diam(B);
(¢) AnB # @ = diam(A U B) < diam(A) + diam(B).

Proof. Recall that |A| is the cardinality of A, and is defined to be the number of
elements in A. If A contains at least two distinct elements, the distance between
them is positive, so the diameter of A is greater than 0. On the other hand, if A
contains exactly one element, say A = {a}, then {p(a,b) | a,b € A} = {p(a,a)} =
{0}, and the supremum of this set is zero.

Suppose A C B C X. Set S4 = {p(a1,a2) | a1,a2 € A}, and Sp = {p(b1,b2) |
by,b2 € B}. Clearly S4 C Sg, so diam(A) = sup(Sa) < sup(Sg) = diam(B).

Finally, suppose that A, B C X and that AN B # @&. Suppose that diam(A U
B) > diam(A) + diam(B), and let € = 3(diam(A U B) — (diam(A) + diam(B))).
Then, from the definition of diameter, there exist points c¢1,co € A U B such that
diam(A U B) — p(e1,¢2) > e. O

Exercise II.1. Let (X, p) be a metric space, and let G = diam(A) with respect to
p. Define a function

~ ~ z,y
p: X xX—>R by p(x,y)li(p@)y).

(a) Show that p is a metric on X.
Let H = diam(X) with respect to p.

(b) Show that H < 1.

(¢) Show that if G = oo, then H = 1.

s _ G
(d) Show that if X is finite, then H = {75.



10 II. METRIC TOPOLOGY

2. Open Sets
Definition I1.3. Let (X, p) be a metric space. Let zy € X and let § > 0. Set
B(x0,0) ={z € X | p(z,2z0) < d};

this is known as an open ball about xy of radius 6.
Let U C X. We say that U is open if

Yu € U6 > 0| B(zg,0) C U.

Proposition II.4. Let (X, p) be a metric space, and let A C X. Then A is open
if and only if A can be expressed as a union of open balls.

Proof. Suppose that A is open; then for every a € A there exists §, > 0 such that
B(a,é,) C A. Then
A= UaGAB(a’v 5(1)7

so A is a union of open balls.

On the other hand, suppose that A is the union of open balls. Let a € A. Then
a € B(z,9) for some x € X and § > 0, where B(z,d) C A. Then B(a,d—p(x,a)) C
B(x,0). To see this, let b € B(a,d — p(x,a)). Then the triangle inequality implies
that

p(2,6) < pl,a) + pla,b) < ple,a) + (5 — p(w,a)) = 6

Thus B(a,d) C B(z,0) C A, and A satisfies the definition of an open set. O

Proposition I1.5. Let (X, p) be a metric space. Then

(a) The sets @ and X are open.
(b) The union of any collection of open subsets of X is open.
(c) The intersection of any finite collection of open subsets of X is open.

Proof. The empty set vacuously satisfies the condition for openness; every © € @
has an open ball contained in &, because there is no x € @. If x € X, then
B(z,1) C X by definition of B(z,1).

Suppose that {U, | « € I'} is a collection of open subsets of X indexed by the
indexing set I. Let U = UaerU,. Let £ € U. Then x € U, for some o € I. Since
U, is open, B(z,d) C U, for some § > 0. Then B(x,d) C U, since U, C U. Thus
U is open.

Suppose that {Uy,...,U,} is a finite collection of open subsets of X. Let U =
N?_,U;, and let £ € U. Then x € U; for © = 1,...,n. Since each of these is open,

there exist positive real number 41, ..., 4, such that z € B(x,d;) for i =1,...,n.
Set § = min{d1,...,d,}. Then B(z,§) C U; for i = 1,...,n. Thus B(z,9) C
N?_,U; = U. In this way, we see that U is open. (Il

Definition II.6. Let X be a set. A topology on X is a collection of subsets
T C P(X) satisfying

(T1) o €T and X € T;

(T2) if U C T, then UU € T;

(T3) if U € T and U is finite, then NU € T.

The elements of T are called open sets. The pair (X, T) is called a topological space.

Observation IL.1. If (X, p) is a metric space, then the collection of open subsets of
X is a topology on X.
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3. Closed Sets

Definition IL.7. Let (X, p) be a metric space. Let FF C X. We say that F is
closed if X ~ F is open.

Warning 11.1. Just because a set is not open does not mean that it is closed. For
example, [1,2) C R is neither.

Proposition I1.8. Let (X, p) be a metric space. Then
(a) The sets @ and X are closed.
(b) The intersection of any collection of closed subsets of X is closed.
(c) The union of any collection of closed subsets of X is closed.

Proof. Recall DeMorgan’s Laws, which state that the union of complements is the
complement of the intersection, and the intersection of complements is the com-
plement of the union. Then Proposition II1.8 follows from Proposition II.5 and
DeMorgan’s Laws. O

4. Interior, Closure, and Boundary

Definition IL.9. Let (X, p) be a metric space, and let A C X. The interior of A
is the union of all open subsets of A:
L= (N U

UCA
U is open

Since the union of open sets is open, this is clearly the largest open subset of A.

Proposition I1.10. Let (X, p) be a metric space and let A C X. Then A is open
if and only if A= A°.

Definition IT1.11. Let (X, p) be a metric space, and let A C X. The closure of A
is the intersection of all closed subsets of X which contain A:

A= [\ F

ACF
F' is closed

Since the intersection of closed sets is closed, this is clearly the smallest closed
subset of X which contains A.

Proposition I1.12. Let (X, p) be a metric space and let A C X. Then A is closed
if and only if A= A.

Definition I1.13. Let (X, p) be a metric space and let A C X. The boundary of
Ais 0A = A~ A°.



12 II. METRIC TOPOLOGY

5. Neighborhoods

Definition II.14. Let (X, p) be a metric space and let z € X. A basic open
neighborhood of x is an open ball of the form B(z,d) for some § > 0. An open
neighborhood of x is any open subset of X which contains x. A neighborhood of x
is any subset of X which contains an open neighborhood of z.

Exercise I1.2. Let (X, p) be a metric space. Let x € X and let A,B C X be
neighborhoods of x. Show that AN B is a neighborhood of z.

Definition II.15. If A and B are sets, we say that A intersects Bif ANB # @.

Let (X, p) be a metric space. Let A C X and x € X.

We say that = is an interior point of A if there exists a neighborhood of z which
is contained in A.

We say that z is a closure point of A if for every neighborhood of = intersects
A.

We say that x is a boundary point of A if for every neighborhood of x intersects
both A and X \ A.

Proposition I1.16. Let (X, p) be a metric space. Let A C X and x € X. Then
(a) = is an interior point of A if and only if x € A°;
(b) z is a closure point of A if and only if x € A;
(¢) z is a boundary point of A if and only if x € OA.

Definition I1.17. Let (X, p) be a metric space. Let A C X and let z € X.

A deleted neighborhood of x is a subset V' C X such that V = U \ {z} for some
neighborhood U of z.

We say that z is an isolated point of A if every deleted neighborhood of z is
contained in X \ A.

We say that x is an accumulation point of A if every deleted neighborhood of
x intersects A.

Proposition I1.18. Let (X, p) be a metric space. Let A C X. Set
B ={x € X |z is an isolated point of A};

C ={z € X |z is an accumulation point of A}.
Then A= BUC.



CHAPTER III

Completeness

ABSTRACT. This chapter discusses sequences, subsequences, bounded se-
quences, and Cauchy sequences. In the process, the Bolzano-Weierstrass prop-
erty and the completeness property of metric spaces are discussed. We show
that these properties of a metric space carry over to products.

1. Sequences

Definition ITI.1. Let X be a set. A sequence in X is a function a : N — X. We
write a,, instead of a(n), and we write (a,)nen or simply (a,) to denote the entire
sequence.

One can think of a sequence as an ordered tuple with infinity many entries;
hence the notation.

Definition III1.2. Let (X, p) be a metric space and let (a,,) be a sequence in X.
Let p € X. We say that (a,) converges to p, and write lim, o a, = p, if

Ve >03IN eN|n>N= plan,p) <e.
If (a,) converges to p, we call p a limit point of (ay).

Definition III1.3. Let (X, p) be a metric space and let (a,,) be a sequence in X.
Let ¢ € X. We say that (a,) clusters at q if

Ve >0VN e N3In > N | pla,,q) < e
If (a,) clusters at g, we call q a cluster point of (ay,).

Example II1.4. Let X = R and p(x,y) = |z — y|. Then our new definitions
for convergence and clustering become identical to our previous definitions for this
particular case.

Exercise ITI.1. Let S' be the unit circle together with the subspace metric inher-
ited from R?. Let (a,) be the sequence in S' defined by

o 2t . 2mn
an = | cos —,sin — ).
6 6

Find the cluster points of (ay).

13
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Exercise ITI.2. Let X be a set and define a metric p on X by

(2,y) = 0 ifex=uy;
P Y] = 1 otherwise .

Let (ay,) be a sequence in X.
(a) Show that p € X is a limit point of (a,) if and only if
dNeN|n>N = a, =p.
(b) Show that ¢ € X is a cluster point of (a,) if and only if
VN eN3n> N |a, =q.

Definition III.5. Let (X, p) be a metric space and let (a,,) be a sequence from X.
For each N € N, the N*® tail of (a,) is defined to be the set

{an|n>N}={x € X |z =a, for some n> N}.

Proposition II1.6. Let (X,p) be a metric space, (a,) a sequence from X, and
p € X. Then the following conditions are equivalent:

(L1) For every € > 0 there exists N € N such that n > N = p(an,p) < €.

(L2) For every neighborhood U of p there exists N € N such thatn > N = a, € U.
(L3) Ewvery neighborhood of p contains a tail of (ay,).

(L4) Every neighborhood of p contains a, for all but finitely many n € N.

Proof.

(L1 = L2) Suppose that for every € > 0 there exists N € N such that n >
N = p(an,p) < e. Let U be a neighborhood of p. Then there exists ¢ > 0 such
that B(p,e) C U. Let N be so large that p(an,p) < € whenever n > N. Then for
n > N, we have a,, € B(p,e) C U.

(L2 = L3) Suppose that for every neighborhood U of p there exists N € N
such that n > N = a, € U. Let U be a neighborhood of p and let N be so large
that n > N = a,, € U. Then {a, | n > N} C U, so U contains the N*® tail of
(an).

(L3 = L4) Suppose that every neighborhood U of p contains a tail of (a,,).
Let U be a neighborhood of p and let N € N such that {a, | n > N} C U. If
an, ¢ U for some n € N, then a,, ¢ {a, | n > N}, son < N. There are only finitely
many such n.

(L4 = L1) Suppose that every neighborhood of p contains a,, for all but finitely
many n. Let € > 0. Then B(p,¢€) is a neighborhood of p, so a,, € B(p,¢) for all but
finitely many n € N. Let N =1+ max{n € N|a, ¢ B(p,¢)}. Then for n > N, we
have p(an,p) < e. O
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Proposition IIL.7. Let (X, p) be a metric space, (a,) a sequence from X, and
q € X. Then the following conditions are equivalent:

(C1) For every € > 0 and every N € N there exists n > N such that p(an, q) < €.
(C2) For every neighborhood U of q and every N € N there exists n > N such that
a, € U.

(C3) FEvery neighborhood of q intersects every tail of (ay).

(C4) Every neighborhood of q contains a,, for infinitely many n € N.

Proof.

(C1 = C2) Suppose that for every € > 0 and every N € N there exists n > N
such that p(an,q) < e. Let U be a neighborhood of ¢ and let N € N. Then there
exists € > 0 such that B(p,e) C U; thus there exists n > N such that p(a,,q) < e.
But this says that a,, € B(g,¢), so a,, € U.

(C2 = C3) Suppose that for every neighborhood U of ¢ and every N € N
there exists n > N such that a, € U. Let U be a neighborhood of ¢ and let
{an | n > N} be an arbitrary tail of (a,,). Then for some n > N, we have a,, € U.
But a, € {a, |n> N}, s0a, € {a, |n>N}NU, and {a, | n > N} intersects U.

(C3 = C4) Suppose that every neighborhood of ¢ intersects every tail of (a,,).
Let U be a neighborhood of g. Suppose bwoc that U contains a,, for only finitely
many n € N. Let m be the largest natural number such that a,, € U. Then
[an : m + 1] is a tail of (a,) which does not intersect U; this is a contradiction.

(C4 = C1) Suppose that every neighborhood of ¢ contains a,, for infinitely
many n € N. Let ¢ > 0 and N € N. Then U = B(qg, ¢) is a neighborhood of ¢, and
U contains a,, for infinitely many n € N. One such n must be larger than N; if
n € N such that a, € U, then p(an,q) < e. O

Proposition II1.8. Let (X,p) be a metric space, (a,) a sequence from X, and
p € X. If (a,) converges to p, then (ay,) clusters at p, and p is the only cluster
point.

Proof. Suppose that (a,) converges to p. Then every neighborhood of p contains
an, for all but finitely many n. Thus there are infinitely many n such that a,, is in
the neighborhood. By Proposition II1.7 (d), (a,) clusters at p.

To see that p is the only cluster point, let ¢ € X, g # p; we show that (a,)
does not cluster at ¢g. Let € = @ and let U = B(p,€) and V = B(q,¢€). Then U
and V are disjoint neighborhoods of p and ¢ respectively.

Let A be a tail of (a,) such that A C U. Since UNV = &, we have ANV = &,
so V is a neighborhood of ¢ which does not intersect A. Thus (a,) does not cluster
at ¢, by II1.7 (c). O

Exercise II1.3. Find an example of a sequence (a,) of real numbers and a real
number ¢ € R such that (a,) clusters at ¢ but does not converge to g.

2. Subsequences

Definition III1.9. Let (X, p) be a metric space and let (a,,) be a sequence in X,
where a : N — X is the function defining (a,). A subsequence of (a,) is the
composition a o n of a with a strictly increasing sequence n : N — N of positive
integers. Let ny = n(k), and denote the subsequence by (ay, ).
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Proposition IT1.10. Let (X, p) be a metric space and let (a,) be a sequence in X,
Then q € X is a cluster point of (ay) if and only if (a,) has a subsequence which
converges to q.

3. Bounded Sequences

Definition III.11. Let (X, p) be a metric space and let (a,) be a sequence in X.
We say that (a,) is bounded if the set {a, | n € N} is a bounded set.

Exercise II1.4. Let (X, p) be a metric space and let (a,) be a sequence in X.
Then (a,,) is bounded if and only if there exists a point ¢ € X and a positive real
number R > 0 such that p(a,,c) < R for all n € N.

Definition ITI.12. Let (X, p) be a metric space. We say that X has the Bolzano-
Weierstrass property if every bounded sequence in X has a convergent subsequence.

Example II1.13. We have already shown that R has the Bolzano-Weierstrass
property.

Proposition II1.14. Let (X,p) be a metric space. Then X has the Bolzano-
Weierstrass property if and only if every sequence has a cluster point.

Proof. This follows immediately from Proposition I11.10. (]

Proposition II1.15. Let (X,p) be a metric space. Then X has the Bolzano-
Weierstrass property if and only if every bounded infinite subset of X has an accu-
mulation point.

Proof. Suppose that X has the Bolzano-Weierstrass property. Then every bounded
sequence in X has a cluster point. Let A C X be a bounded infinite set. Since A
is infinite, there exists an injective function a : N — A. This produces a sequence
(an). This sequence is bounded, so it has a cluster point, say ¢ € X.

We claim that ¢ is an accumulation point of A. To see this, let U be a neigh-
borhood of g. Since ¢ is a cluster point, U contains a,, for infinitely many n. Since
a is injective, at a, = ¢ for at most one n. Thus U \ {¢} contains a,, for some n,
and a,, € A. Thus U intersects A, and ¢ is a cluster point.

Suppose that every bounded infinite subset of X has an accumulation point.
Let (an) be a sequence in A. Let B = {a,, | n € N}. If B is finite, then there exists
b € B such that b = a,, for infinitely many n. In this case, b is a cluster point
of A. On the other hand, if B is infinite, it has an accumulation point, and this
accumulation point will be a cluster point of (ay,). (Il
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4. Cauchy Sequences

Definition ITI.16. Let (X, p) be a metric space and let (a,) be a sequence in X.
We say that (a,) is a Cauchy sequence if

Ve > 03IN € N|m,n > N = p(am,an) < €.

Definition II1.17. Let (X, p) be a metric space. We say that X is complete if
every Cauchy sequence in X converges.

This definition of completeness appears different than the completeness axiom
which we use to obtain the reals from the rationals. We now relabel that definition.

Definition III.18. Let S be an ordered set. We say that S has the supremum
property if every subset of S which is bounded above has a least upper bound. We
say that S has the infimum property if every subset of S which is bounded below
has a greatest lower bound.

We have already shown that a sequence in R converges if and only if it is a
Cauchy sequence. We now show that for subsets of R, the supremum and infimum
properties are equivalent to the new completeness property; in this way, the new
definition is a generalization of the old one.

Proposition I11.19. Let A C R. Then A is a complete metric subspace of R if
and only if A has the supremum and infimum properties.

Proof. Suppose that A is a complete metric subspace of R. Then every Cauchy
sequence in A converges to a point in A. Let B C A be bounded above; Then B
has a supremum in the reals, say z = sup B. Then for each n € N, there exists
b, € B such that z — b, < 2% Then for m < n, we have |b, — bm|2in. Therefore
(b,) is a Cauchy sequence, which converges to a point in A. But clearly limb,, = a,
so sup B =z € A. Similarly, B has the infimum property.

On the other hand, suppose that A has the supremum and infimum properties,
and let (a,) be a Cauchy sequence in A. Then (a,,) converges in R, say to z € R. Let
Up = inf{a,, | m > n}. Since A has the infimum property, u,, € A for every n € N.
Also, (uy,) is an increasing sequence which converges to x, so = sup{u, | n € N}.
Since A has the supremum property, this is also in A. Thus every Cauchy sequence
in A converges to a point in A. O

Proposition II1.20. Let (X, p) be a metric space and let (a,,) be a Cauchy sequence
in X. Then (a,) is bounded.

Proof. Since (a,) is a Cauchy sequence, there exists N € N such that m,n > N
implies p(am,a,) < 1. Let M = max{p(a;,an) | i < N} U{1}. Then p(a,,an) <
M for every n € N. ([
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Proposition II1.21. Let (X, p) be a metric space and let (ay,) be a Cauchy sequence
in X. If (an,) has a subsequence converging to p € X, then (a,) converges to p.

Proof. Suppose that (a,, ) is a subsequence of (a,) which converges to p € X. Let
€ > 0, and let K be so large that k¥ > K implies that p(a,,,p) < 5. Let M be
so large that m,n > M implies p(am,an) < 5. Let N = max{K,M}. Then for

n > N, we have
€ €
plan,p) < plan,an) +plan,p) < 5+ 5 =¢
Therefore (a,) converges to p. O

Proposition II1.22. Let (X,p) be a metric space. If X has the Bolzano-
Weierstrass property, then X is complete.

Proof. Suppose that X has the Bolzano-Weierstrass property, and let (a,) be a
Cauchy sequence. By Proposition I11.20, (a,) is bounded, and so has a convergent
subsequence. By Proposition II1.21, (a,) converges. Thus X is complete. O

We have seen that if a metric space has the Bolzano-Weierstrass property,
then it is complete. One may conjecture that these properties are equivalent. The
following counterexample shows this is not the case.

Example ITI1.23. Let X be any set any consider the discrete metric on X such
that the distance between distinct points equals 1. In this space, Cauchy sequences
are eventually constant, and so they converge. Thus X is complete. However, every
sequence in X is bounded, so X has the Bolzano-Weierstrass property if and only
if X is finite.

Next we would like to show the following propositions.

Proposition II1.24. A sequence converges in R¥ if and only if each of the coor-
dinate sequences converges. A sequence is Cauchy in R* if and only if each of the
coordinate sequences is Cauchy. The metric space RF is complete.

Proposition III1.25. Bolzano-Weierstrass Theorem
Every bounded sequence in R¥ has a convergent subsequence.

Discussion. Proposition I11.24 is a lemma for Proposition I11.25, which is a gener-
alization of the Bolzano-Weierstruass Theorem which we have already shown for R
(the case k = 1). However, these propositions can be generalized even further, and
we postpone the proofs for this more general context, which we take up next. [

5. Product Space Sequences

Proposition II1.26. Let (X1,p1),-..,(Xk,px) be a finite collection of metric
spaces. Let X = xF_ X, and let p: X x X — R be the product metric on X.
Then

(a) A sequence is bounded in X if and only if each of the coordinate sequences
s bounded.

(b) A sequence converges in X if and only if each of the coordinate sequences
converges.

(c) A sequence is Cauchy in X if and only if each of the coordinate sequences
is Cauchy.
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(d) The metric space X is complete if and only if each of the spaces X; is
complete.

(e€) The metric space X has the Bolzano-Weierstrass property if and only if
each of the spaces X; has the Bolzano- Weierstrass property.

Preliminary Observation. Now suppose that x = (x1,...,2%) and y = (y1,...,Yk)
are points in X, where z;,y; € X;. Observe that, since all metrics are positive, we
have

k
Zp(a:i,yi) = p(z,y) < \/Emax{p(xi,yi) li=1,...,k}.

=1

O

Notation. A point in X is an k-tuple with entries for X; through Xj. If we denote
these entries with subscripts, we must find another place to indicate the position
of such an k-tuple in a sequence. Thus let (33(")) denote a sequence in X, where

2™ = @, e,
where 335“) € X;. O
Proof of (a). This follows from the observation. O
Proof of (b). Suppose that (azgn)) converges for i = 1,...,k, say to L; € X;. Let

L=(Ly,...,Ly). Let ¢ > 0. Let N be so large that p;(z{", L") < ze2forn > N.
Then for n > N we have

k k
n 1 1
plon L) = \| D pla” L) < | D0 e =\ [k(ze) =<
i=1 =1

Therefore lim z(™) = L, and in particular, (z(™) converges.
Suppose that (z(™)) converges, say to L = (L1, ..., Ly). Let € > 0 and let n be
so large that p(x(™, L) < € for n > N. Then for i between 1 and k we have

pilt™, L) < p(a™, L) <e.
(n)

. n
Thus lim,,—, z;

= L;, and in particular, the sequence (a:f")) converges. O

Proof of (c). Suppose that (mgn)) is a Cauchy sequence for i = 1,...,k. Let ¢ >0
and let N be so large that m,n > N implies

Vk

foralli=1,...,k. Then by the observation, we have

p(x(m),x(n)) <e.

2™

pi(z;

Suppose that (z(™) is a Cauchy sequence. Let ¢ > 0. Let N be so large that
m,n > N implies p(sc(m),x(”)) < €. Then for m,n > N, we have

pi(al™ 2™y < p(a™, M) < e,
(n)

we says that the coordinate sequence (z; ) is a Cauchy sequence. ]
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Proof of (d). We know that a metric space is complete if and only if each of its
Cauchy sequences converges.

Suppose each space (X;, p;) is complete, and consider a Cauchy sequence in
X. Each of the coordinate sequences are Cauchy by part (b), so each converges
since X; is complete. Then the original sequence converges by part (a), so X is
complete.

On the other hand, suppose that (X, p) is complete, and let i € {1,... k}.
Consider a Cauchy sequence in X;. Construct a sequence in X by selecting a
constant a; € X; in every coordinate other than the i*". These are all Cauchy
sequences in the coordinate spaces, so the construct sequence in X converges. Thus
the original sequence in X; converges, and X; is complete. O

Proof of (e). Suppose that X; has the Bolzano-Weierstrass property for ¢ =
1,...,k. Then each bounded sequence in X; has a convergent subsequence. Given
a bounded sequence in X, each of the coordinate sequences is bounded, and has
a convergent subsequence. Select a convergent subsequence X; for the first coor-
dinate subsequence, and take the corresponding subsequence in X. Now select a
convergent subsequence in X5 for the second coordinate subsequence of the new
sequence in X, and again take the corresponding subsequence in X. Continue
this process k times, and arrive at a sequence in X such that every subsequence
converges. This sequence is a subsequence of the original sequence in X, and it
converges. Thus X has the Bolzano-Weierstrass property.

Suppose that X has the Bolzano-Weierstrass property. Let i € {1,...,k} and
let consider a bounded sequence in X;. Construct a sequence in X by selecting a
constant a; € X; in every coordinate other than the i, This is bounded in X, and
so has a convergent subsequence. The i*" coordinate sequence of this subsequence
converges in X;, and is a subsequence of the original sequence in X;. Thus X; has
the Bolzano-Weierstrass property. O

Corollary IIL.27. The space RF is complete and has the Bolzano-Weierstrass
property.
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Example IT1.28. Consider R*, whose points are all infinite tuples of real numbers
with all but finitely many entries equal to zero. Construct a sequence (x(”)) in R
by setting

" x<">_{1 if i =n;

0 otherwise.

Then (2(™) is bounded (it is completely contained inside the closed unit ball), yet
has no convergent subsequence. Thus R* does not have the Bolzano-Weierstrass
property. Note that the sequence above is not a Cauchy sequence.

However, consider this example. Construct a sequence (y(")) in R* by setting

(n) _ % if 1 < n;
vi = 0 otherwise.

This is a Cauchy sequence in R* which does not converge in R°°. So this space is
not complete.

Example IT1.29. Let /2 be the space of sequences (z,) in R with the convergence
criterion ) .0, #7 < 0. Then R* is a subspace of ¢2, and the sequence () from
Example II1.28 does not have a convergent subsequence in £2.

However, ¢? is complete. To show this, proceed as follows. Consider a Cauchy
(n)
x€T:

;) in ¢2. Show that the coordinate sequences are Cauchy, and so the

sequence (
converge in R; say that (IE")) converges to x; for each i. Next see that the sequence
(x;) is in £2.

Clearly there is some relationship between the Bolzano-Weierstrass property
and completeness. We need the concept of compactness to illuminate this further.






CHAPTER IV

Continuity

1. Continuous Functions
1.1. Continuity at a Point.
Definition IV.1. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y and let
a € X. We say that f is continuous at a if
Ye>036>0]| p(x,a) <= 7(f(x), f(a)) < e

Example IV.2. Let f : R — R be given by f(x) = 3z — 7 and let a € R. Show
that f is continuous at a.

Solution. Let € > 0 and let § = 5. Then
lz—a| < § = |z—a| < % = [3z—3a| < € = |32—-T—(3a=T)| < ¢ = | f(z)—f(a)| < e.
([l

1.2. Sequential Continuity at a Point.

Definition IV.3. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y and let
a € X. We say that f is sequentially continuous at a if for every sequence (z,) in
X converging to a, the sequence (f(x,)) in Y converges to f(a).

Proposition IV.4. Let (X, p) and (Y,7) be metric spaces. Let f: X —Y and let
a € X. Then f is continuous at a if and only if f is sequentially continuous at a.

Proof. We prove both directions of this implication.

(=) Suppose that f is continuous at a. Let (x,) be a sequence in X which
converges to a; we wish to show that (x,) converges to f(a). Let € > 0. Since f is
continuous at a, there exists 6 > 0 such that p(x,a) < ¢ implies 7(f(z), f(a)) < e.
Let N be so large that n > N implies p(z,a) < 6. Then, for n > N, we have
7(f(2), f(a)) <e.

(<) Suppose that f is not continuous at a. Then
de>0|Vo>03z e X, p(x,a) <d|7(f(x), f(a)) >e.

Let € satisfy the above condition, and for n € N, let z,, € X be such that p(z,a) < %,
but 7(f(zn), f(a)) > €. Then (x,) converges to a, but f(x,) does not converge to
f(a). Therefore, f is not sequentially continuous at a. O

23
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1.3. Topological Continuity at a Point.

Definition IV.5. Let (X, p) and (Y, 7) be metric spaces. Let f : X — Y and let
a € X. We say that f is topologically continuous at a if for every open neighborhood
V of f(a) there exists an open neighborhood U of a such that f(U) C V.

Observation TV.1. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y and let
a € X. The following conditions are equivalent:

(a) plx,a) <6 = 7(f(x), f(a)) <&
(b) = € B(a,d) = f(z) € B(f(a),¢);
(¢) f(B(a,8)) € B(f(a),e).

Proposition IV.6. Let (X, p) and (Y, 7) be metric spaces. Let f : X — Y and let
a € X. Then f is continuous at a if and only if f is topologically continuous at a.

Proof. We prove both directions.

(=) Suppose that f is continuous at a, and let V' be an open neighborhood of
f(a). Then there exists € > 0 such that B(f(a),e) C V. Since f is continuous, there
exists d > 0 such that f(B(a,d) C B(f(a),€). Let U = B(a,d); then f(U) C V.

(<) Suppose that f is topologically continuous at a. Let € > 0 and let V' =
B(f(a),€). Then V is an open neighborhood of f(a) in Y, so there exists an open
neighborhood U of a in X such that f(U) C V. Since U is open and a € U, there
exists § > 0 such that B(a,d) C U. Then f(B(a,0)) C B(f(a),e¢). O

1.4. Continuity on a Space.

Definition IV.7. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y and let
A € X. We say that f is continuous on A if f is continuous at a for every a € A.
If f is continuous on X, we say simply that f is continuous.

Example IV.8. Let f(z) = #;—2&-10' The natural real domain of this function is
X =R~ {2,5}. Thus f: X — R, and f is continuous. In fact, rational functions

are always continuous on their domains.

Definition IV.9. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y. We say
that f is topologically continuous if for every open set V in Y, f~1(V) is open in
X.

Proposition IV.10. Let (X, p) and (Y, 7) be metric spaces. Let f : X — Y. Then
f s continuous if and only if f is topologically continuous.

Proof. We prove both directions.

(=) Suppose that f is continuous, and let V C Y be open. Let U = f~1(V),
and let v € U. We wish to show that their is an open neighborhood of u contained
in U. Since V is open, there exists € > 0 such that B(f(u),e) C V. Since f is
continuous, there exists § > 0 such that p(z,u) < ¢ implies 7(f(x), f(u)) < ¢, that
is, x € B(u,d) implies that f(z) € B(f(u),e) C V, so that f(B(u,d)) C V. Thus
B(u,6) C U, so U is open. Therefore f is topologically continuous.

(<) Suppose that f is topologically continuous. Let a € X and let € > 0. Let
V = B(f(a),e¢); then VisopeninY,so UY = f~1(V)is open in X. Clearly a € U;
thus there exists 6 > 0 such that B(a,0) C U, and f(B(a,d)) C B(f(a),e). This
says that p(z,a) < ¢ implies 7(f(z), f(a)) < e. O
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1.5. Composition of Continuous Functions.

Proposition IV.11. Let (X, p), (Y,7), and (Z, x) be metric spaces. Let f : X —Y
be continuous at a € X and let g : Y — Z be continuous at f(a) €Y. Then go f
18 continuous at a.

Proof. Let W be an open neighborhood of g(f(a)). Since g is continuous, there
exists an open neighborhood V of f(a) such that g(V) ¢ W. Also, since f is
continuous, there exists an open neighborhood U of a such that f(U) C V. Then
g(f(U)) cg(V)cW. 0

1.6. Real-Valued Functions.

Proposition IV.12. Let (X, p) be a metric space, and let f : X — R be a real-
valued function defined on X. LetY = {x € X | g(z) # 0} and let k € R. Define
new functions as follows:

o |f]: X — R is defined by |f|(x) = |f(z)].

o kf: X — R is defined by (kf)(x) =kf(x);

. % 1Y — R is defined by (%)(m) = ﬁ,

If f is continuous at a, then kf and moduf are continuous at a. If a €Y, then %
18 continuous at a.

Proof. We show, for example, that kf is continuous at a € X. Let (z,) be a
sequence in X that converges to a. Then limkf(z,) = klim f(x,) = kf(a). This
shows that kf is continuous at a. O

Proposition IV.13. Let (X, p) be a metric space, and let f : X - R andg: X —
R be real-valued functions defined on X. Define new functions as follows:

e f+9:X —Ris defined by (f + g)(z) = f(z) + g(z);

e fg:X — Ris defined by (fg)(z) = f(z) - g(z);

e max(f,g) : X — R is defined by max(f,g)(x) = max{f(x),g(x)};

e min(f,g) : X — R is defined by min(f, g)(x) = min{f(x),g(x)};
If f and g are continuous at a, then the above functions are continuous at a (except
when dividing by zero).
Proof. We show, for example, that f + g is continuous at @ € X. Let (x,) be a
sequence in X that converges to a. Then lim(f + g)(x,) = lim(f(x,) + g(z,)) =
lim f(z,)+limg(x,) = f(a)+g(a) = (f+9g)(a). This shows that f+g is continuous
at a. (]

2. Continuity Examples for f: R — R

Example IV.14. Let f: R — R be given by f(z) = 2. Let 1o = 2. Show that f
is continuous at xg.

Proof. Let € > 0; we may assume that € < 4. Let § = \/22 + € — 9 = V4 +¢€— 2.
Thus (6 +2)2 =4 +¢, 50 € = 0% +44.
Suppose that © € (2 —6,246). Then x +2 < 6 4+ 4, and

f(z) = f(zo)l = |2* =4 = [ = 2[(z +2) < 5(4+4) =«
([
Example IV.15. Let f : R — R be given by f(x) = 23. Show that f is continuous.



26 IV. CONTINUITY

Proof. Let 2o € R and let € > 0. We wish to find 6 > 0 such that if |x — z¢| < 9,

then | f(z) — f(zo)| < e.
For simplicity, assume that o > 0. Let 6 = {/z3 + € — 2. Solving for € yields

€= (z0+0)3 —z3.
Let € (zg — 6,20 + 0). Then z > 0, and
|f (@) = f(ao)| = |2 — )|
= |z — 20|(2® 4+ 20z + 22)
< 6((wo + 8)% + zo(wo + ) + 23)
= (28 + 2200 + 0% + 22 + 200 + 27)
= 0(3x2 + 3200 + 6?)
=e.
O

Example IV.16. Let f : [0,00) — R be given by f(z) = /z. Show that f is
continuous.

Motivation. Graph the curve f(x) = \/z. Select arbitrary xg € dom(f). Project
up and to the right to find the point \/z¢ on the y-axis. Draw an e-band around
this point. Project the intersection of this band with the graph of f onto the z-axis.
Notice that the point on the left of this projection is closer to xy than is the point
on the right. Let § be one half of the distance between zy and the left endpoint of
the inverse image of [f(zg) — €, f(zo) + €]. O

Proof. Let xg € [0,00) and let € > 0; wlog assume that €2 < xq. If 2o = 0, let
§ = €2; clearly this will work. Otherwise set

5= w0 — (Vi — )

this is positive. Note that for x € R, |z — zo| = |v/z — /Zo|(v/Z + /ZTo). Then if
|z — z0| < 0, we have

NN i

VitV

20— (20 — 24/Toe + €2)
- 2(Vr + o)
€(2y/Zo —€)

2(v/z + /7o)
< 67(2\/% —¢)
2@

- (-z)

< €.

A\
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Example IV.17. Show that every polynomial function is continuous.

Proof. This is tedious but obviously important. We build it gradually.

Claim 1: The constant function f(x) = C, where C' € R, is continuous.
Let 2o € R and let € > 0. Set § = 1. Then if |z — 29| < §, we have |f(z) — f(xo)| =
0 < €. Thus f is continuous in this case.

Claim 2: The identity function f(z) = z is continuous.
Let zp € R and let € > 0. Set 6 = €. Then if |z — z¢| < 0, we have |f(z) — f(xo)| =
|z — xo| < 0 =€, so f is continuous in this case.

Claim 3: The function f(x) = z™ is continuous.
By induction on n. For n = 1, the function g(x) = « is the identity function, and so
it is continuous. By induction, h(z) = 2"~ ! is continuous. Then by the Continuous
Arithmetic Proposition, f = gh is continuous in this case.

Claim 4: The monomial function f(z) = a,z™ is continuous, where a,, € R is
constant.
By Claim 1, g(z) = a, is continuous, and by Claim 3, h(xz) = 2™ is continuous, so
there product f = gh is continuous.

Claim 5: The polynomial function f(z) = ag+aix+-- -+ a,a™ is continuous.
By induction on n, the degree of the polynomial.

For n =0, f(x) is constant and therefore continuous.

Assume that g(z) = ag + -+ + a,_12" ! is continuous. By Claim 4, h(z) =
anx™ is continuous. Then f = g + h is continuous by the Continuous Arithmetic
Proposition. ([l

Example I'V.18. Show that every rational function is continuous.

Proof. Let f be a rational function. Then f(z) = p(x)/q(x), where p and ¢ are
polynomial functions. Since p and ¢ are continuous, then f is continuous on its
domain by a Proposition from the arithmetic of continuous functions. O

Example IV.19. Let f: R — R be given by

1 if z is rational
-

0 if « is irrational
Show that f is discontinuous at every real number.

Proof. Let zo € R. To show that f is discontinuous at xg, it suffices to find € > 0
such that for every d > 0, there exists « € (zg — J, 20 + 0) with |f(z) — f(zo)| > €.

Let € = % and let 6 > 0. Then there exists both a rational and an irrational
in (xg — J,zo + d). If o is rational, let 1 be an irrational in this interval, and we
have | f(z1) — f(zo)| = 1 > €; if x¢ is irrational, let 25 be a rational in this interval,

and we still have |f(z2) — f(z0)] =1 > €. Thus f is not continuous at xg. O
Example IV.20. Let f: R — R be given by

CR il
Show that f is continuous at x = 0 and discontinuous at all nonzero real numbers.
Proof. Let xg € R\ {0}; we show that f is discontinuous at xg. Let € = lr—;‘ and

let & > 0. Then there exists both a rational and an irrational in (zg — d,z9 +0). If
xo is rational, let 1 be an irrational in this interval, and we have |f(z1) — f(zo)| =
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|xg| > €. If &g is irrational, let xo be a rational in this interval such that |za| > |zo|
and we still have |f(x2) — f(xo)| = |x2| > |xo| > €. Thus f is not continuous at zo.

Now we consider the behavior of f at zero. Let ¢ > 0 and let § = €. Then if
|z — 0] < §, we have |f(x) — f(0)] = 0 if = is irrational and | f(z) — f(0)| = |z| if = is
rational; in either case, |f(z) — f(0)] < |z| < d =€, so f is continuous at zero. [

Example IV.21. If r € Q, there exists p € Z and ¢ € N such that r = IE)' Define
q:Q— R by
q(r) =min{g e N|r = P for some pEZL}.
q

Define f : R — R by

ﬁ if x is rational

Show that f is discontinuous at every rational and continuous at every irrational.

0 if z is irrational
0|

Proof. Suppose that xg is rational. We wish to show that f is not continuous at z.
It suffices to find € > 0 such that for every § > 0 there exists 1 € (g — §, 29 + 0)
with |zg — z1] > €.

Since xg is rational, we have zg = ﬁ for some p € Z. Let € = m and let
0 > 0. Then (z¢—J,20+0) contains an irrational number, say x1; then |z¢o—x1| < &
but |f(zo) — f(x1)| = ﬁ > e. Thus f cannot be continuous at zg.

Suppose that xg is irrational. Let ¢ > 0. It suffices to find § > 0 such that
[ — 30| < 6 = | f(2) — flzo)| < e

Let N € N be so large that % < €. Let a be the greatest integer which is less
than xy and b be the least integer which is greater than xg; then b = a + 1 and
xTo € [a7 b]

For ¢ € Q, there exist only finitely many points in the set [a,b] N {% | k € Z}
(in fact, this set contains no more than ¢ points). Thus the set

k
Dz[a,b]ﬂ{;“céZ,qﬁN}

is finite (there are no more than w

d =min{|zg —d| | d € D};

since this set is a finite set of positive real numbers, the minimum exists as a
positive real number. Then (zg — 6,20 + 0) C [a,b]. Let x € (xzg — J, 29 + 9).

If x is irrational, we have |f(z) — f(zo)] = 0 < ¢, and if x is rational, we have

|f(z) — f(xo)| = ﬁ < + <. Thus f is continuous at z. O

points in this set). Let
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3. Isometries,Contractions, and Homeomorphisms

3.1. Isometries.

Definition IV.22. Let (X, p) and (Y, 7) be metric spaces. Let f : X — Y. We
say that f preserves distance if

7(f(a), f(b)) = p(a,b).

A bijective function which preserves distance is called an isometry.
An injective function which preserves distance is called an isometric embedding.

Proposition IV.23. Let (X, p) and (Y, 7) be metric spaces. Let f : X — Y which
preserves distance. Then f is an isometric embedding.

Proof. We only have to show that f is injective. Let a,b € X such that f(a) = f(b).
Then p(a,b) = 7(f(a), f(b)) =0, so by property (M1) of a metric, a = b. Thus f
is injective. O

Example IV.24. Let f : R — R be an isometry. Then f(z) = ux + b for some
b € R, where u = +1.

Proof. Let b = f(0). Now let z € R and let y = f(z). Now z = |z — 0| =
|f(z)— f(0)] = |y —b|, so z = £(y — b); thus y = uz + b, where u = +1. It remains
to show that w is independent of x.

Thus assume that f(z1) = 1 + b and f(z2) = —x2 + b; it suffices to show that
21 =0o0r a2 =0. Now |21 — 2| = |f(21) — f(22)| = |x1+b— (=22 +b)| = |21 + 22
Squaring both sides and cancelling yields —ziz2 = x1x3, so either 1 = 0 or
To = 0. [l

Example IV.25. Let f : R2 — R? be an isometry. Then exactly one of these
conditions hold:

(1) there exists a line y = max + b such that f is reflection across this line;
(2) there exists a point (zg,yo) and an angle o such that f is rotation by «
around (zo, yo)-

Exercise IV.1. Describe the isometries of R3.

Exercise IV.2. Let X = {(cosa,sina) € R? | o = 2% for some n € Z}. Describe
the isometries of X.

3.2. Contractions.

Definition IV.26. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y. We
say that f is a contraction if there exists M > 0 such that

7(f(a), f(b)) < Mp(a,b)
for all a,b € X.
Example IV.27. An isometric embedding is a contraction.

Proposition IV.28. Let (X, p) and (Y,7) be metric spaces. Let f : X —Y be a
contraction. Then f is continuous.
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Proof. Since f is a contraction, there exists M > 0 such that 7(f(a), f(b)) <
Mp(a,b) for every a,b € X.
Let a € X and let € > 0. Let § = §7. Then

pla,b) <0 = p(a,b) < ﬁ = Mp(a,b) <e=7(f(a), f(D)) <e.

3.3. Homeomorphisms.

Definition IV.29. Let (X, p) and (Y, 7) be metric spaces. Let f: X — Y. We
say that f is a homeomorphism if f is a continous bijective function whose inverse
is also bijective.

It is natural to suppose that a continuous bijective function always has a con-
tinuous inverse. This is not the case.

Example IV.30. Let X = (0,1) U [2,3) and let Y = (0,2). Define f : X — Y by

K if x € (0,1);
fl) = {J;—l if x € [2,3).

This function is clearly bijective and continuous at every point in X; however, its
inverse is discontinuous.

Example IV.31. Let X = R. Let p be the standard metric on X and let 7 be
the discrete metric. Then id : (X,7) — (X, p) is bijective and continuous, but the
inverse is not continuous.

Example IV.32. Let X = (=7, 5) and Y = R, endowed with the usual metric.
Let f: X — Y be given by f(z) = tanz. Then f is bijective and continuous, and
its inverse is f~!(z) = arctan x. Thus a homeomorphism can map a bounded space
onto an unbounded space.

Example IV.33. Let (X, p) be a metric space, and define

p(z,y)
L+ p(z,y)
We have seen that (X, p) is a metric space. View the identity map idx : X — X
as a function from (X, p) to (X,p). Then idx is a bijective contraction, and its

inverse is also continuous. Thus idx is a homeomorphism.

Definition IV.34. Let X be a set and let p and 7 be metrics on X. We say that
p and 7 are equivalent if they produce the same open sets.

p: X xX—=R by plzy=

Definition IV.35. Let (X, p) be a metric space. The topology induced by p on X
is
Tix,p) ={U C X | U is open in X}.

Proposition IV.36. Let X be a set and let p and T be metrics on X. The following
conditions are equivalent:

(a) id: (X, p) — (X, 7) is a homeomorphism;

(b) Tix.p) = Tixn)

(c) every open ball with respect to one metric contains an open ball with respect

to the other metric.

If any of these conditions hold, we say that the metrics p and T are equivalent.
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4. Projections and Injections
4.1. Open Maps.

Definition IV.37. Let (X, p) and (Y, 7) be metric spaces, and let f : X — Y be
a function.
We say that f is an open map if for every open set U in X, f(U) is open in Y.

Example IV.38. Let (X, p) be any metric space, and let (Y, 7) be a discrete metric
space. Then every function f : (X, p) — (Y, 7) is an open map.

Example IV.39. The function sin : R — R is a continuous function which sends
the open set (0, 47) to the closed interval [0, 1]. Thus sin is not an open map.

Example IV.40. Let S' denote the unit circle in the Euclidean plane, endowed
with the subspace metric. The function f : R — S! given by f(#) = (cos 6, sin ) is
an open continuous map which is not a homeomorphism.

4.2. Projection.

Definition IV.41. Let (X1,p1),..., (X, pr) be metric spaces. Let X = x¥_ X;,
endowed with the product metric. Let j € {1,...,k}.
The " projection map is the function

pj: X — X; given by pj(x1,...,%-1,%5,Tjt1,...,2k) = 5.

Proposition IV.42. Let (X1,p1),...,(Xk,px) be metric spaces. Let X
xleXi, endowed with the product metric p. Let j € {1,...,k}. Let a
(@1,...,a4,...,a5) € X. Then p;(B(a,0)) = Bl(a;,?).

Proof. We show containment in both directions.
(C)Let z; € pj(B(a,9)); then z; = p;(x) for some z = (x1,...,Ti—1,Zj, Tit1,.-.,Tk)
with « € B(a, d); that is, p(z,a) < . Now

k
pilaj,x5) < | D pilws ai)? = pla,x) < 6.
i=1
So z; € B(aj,0).
(D) Let z; € B(aj,0), and set z = (a1,...,ai—1,Tj, Git+1,- - -, ak). One sees that

pla,x) = \/pj(a;,x;)* = pj(aj,x;) <0.
Thus € B(a,d), so z; = p;(x) € p;j(B(a,d)). O

Proposition IV.43. Let (X1,p1),...,(Xk, pr) be metric spaces. Let X = x¥_ X,
endowed with the product metric p. Let j € {1,...,k}. Thenp; : X — X; is a
continuous open map.

Proof. Let a = (a1,...,aj,...,a;) € X, so that p;j(a) = a;. Let € > 0, and let
d = e. Then p;(B(a,0)) C B(a;,e) = B(p;(a),e). Thus p; is continuous at a.

Now suppose that U is open in X, and let a; € p;(U). Then a; = p;(a) for
some a = (ai,...,a;,...,a5) € U. Since U is open, there exists § > 0 such that
B(a,0) C U. By the previous proposition, B(a;,d) = p;(B(a,d)) C p;(U). Thus
p;(U) is open. O
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4.3. Injection.

Definition IV.44. Let (X1,p1),...,(Xk, pr) be metric spaces. Let X = x¥_ | X;,
endowed with the product metric. Let j € {1,...,k}, and select a point a =
(a1,...,ax) € X.

The ;" injection map with respect to a is the function

¢; : X; — X given by ¢;(z;) = (a1,...,0;-1,%j,a;41,...,0%).

Proposition IV.45. Let (X1,p1),. .., (Xg, pr) be metric spaces. Let X = x¥_ X;,
endowed with the product metric. Let j € {1,...,k}, and select a point a =

(a1,...,ar) € X. Let p; be projection and q; be injection with respect to a. Then
pjoq; =idx;.

Proof. This is clear. ([
Proposition IV.46. Let (X1,p1),. .., (Xg, pr) be metric spaces. Let X = x¥_ X;,
endowed with the product metric. Let i € {1,...,k}, and select a point a =
(a1,...,ax) € X. Then q; : X; — X is a continuous function.

Proof. Let a = (a1,...,ar) € X; then ¢;(a;) = a. , and p(z,a) = p;j(z;,a;). Let
e > 0, and set 6 = e. Let z; € B(a;,6), and let © = p;(z;). Then p(z,a) =
pj(2j,a;), so

p(z,a) = pj(zj,a;) < I =¢,
which shows that ¢; is continuous at a. O
Exercise IV.3. Show that projection is a contraction.
Exercise IV.4. Show that injection is an isometric embedding.

Definition IV.47. Closed map.

Exercise IV.5. Show that injection is a closed map.



CHAPTER V

Compactness

ABSTRACT. This chapter discusses the concept of compactness. We prove
the Heine-Borel Theorem for R, and show that the Heine-Borel property is
inherited for finite products of metric spaces.

1. Compactness

Definition V.1. Let (X, p) be a metric space and let A C X.

A cover of A is a collection of subsets € C P(X) such that A C UC.

Let € be a cover of A. We say that C is a finite cover if A is a finite set. We
say that C is an open cover if the elements of € are open sets. A subcover of C is a
subset D C € such that D is itself a cover of A.

We say that A is compact if every open cover of A has a finite subcover.

Remark V.1. Notice that in the phrase “finite open cover”, the word “finite” applies
to the cover itself, whereas the word “open” applies to the subsets of X in the cover.

Example V.2. Let X =Rand A=Z. Let I, = (n—4,n+3). Let €={I, | n €
Z}. Then C is an open cover of Z with no finite subcover. Thus Z is not compact.

Example V.3. Let X =R and A = (0,1). Let I, = (0,1 - 1). Let C={I, |n €

N}. Then C is an open cover of (0,1) with no finite subcover. Thus (0,1) is not
compact.

Proposition V.4. Let (X, p) be a metric space and let A = {a1,...,a,} C X be
a finite subset. Then A is compact.

Proof. Let € be an open cover of A. Then for each a; € A, there exists and open set
U; € € such that a; € U;. Then A C U, U;, and {Uq,...,U,} is a finite subcover
of €. Thus A is compact. O

33
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Proposition V.5. Let a,b € R with a < b. Then the closed interval [a,b] C R is
compact.

Proof. Let € be an open cover of [a, b].
Let x € [a,b] and let U, € € be an open set which contains z. Then there exists
€z > 0 such that (x — €z, + €;) C Uy,. Let

B = {z € [a,b] | [a,z] can be covered by a finite subcover of C}.

Note that B is nonempty, since the closed interval [a,a + %] C U,, and {U,} is a
finite subcover of C, so for example a + % € B.

Let z = sup B; clearly a + % < 2 < b. We claim that z € B, and that z = b.
To see this, let € = min{e.,z —a}. Then z — § € B. Let D be a finite subcover of
€ which covers [a,z — 5], and let € = DU{U.}. Then € is finite and covers [a, 2],
so z € B.

Now suppose that z < b, and set § = min{e,z — b}. Then z < z + % < b, and
€ covers [a,z + §]; since z + § € [a, ], this contradicts the definition of z. Thus
z = b. This completes the proof. [
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2. Properties of Compactness

The first proposition says that all compact subsets of a metric space are closed
and bounded.

Proposition V.6. Let (X, p) be a metric space, and let K C X be a compact set.
Then K is closed and bounded.

Proof. Suppose that K is not bounded, and let a € K. Let
C={B(a,n) | n € N}.

This is a cover of K by open sets (it actually covers all of X). However, since K
is unbounded, K is not contained in B(a,n) for any n € N. Thus € has no finite
subcover, and K is not compact.

Let 6 > 0 and let b € X. Let D(b,d) = {z € X | p(z,b) < é}. We claim that
this set is closed; to see this, note that if a € X ~\ D(b,6), then B(a, p(a,b) =) C
X~ D(b,9).

Suppose that K is compact; we wish to show that K is closed. Thus we show
that the complement of K is open. Let b € X \ K, and set

G:{X\D(b,%ﬂneN}.

Then € is an open cover of K (in fact, it covers X ~ {b}). Thus it has a finite
subcover D. Let n be the largest number such that X ~ D(b,1) is in D. Then

clearly K C X ~ D(b,%), SO B(b,%) C X N K. Thus X \ K is open, so K is
closed. ([l

The next proposition says the a closed subset of a compact set is compact.

Proposition V.7. Let (X, p) be a metric space, and let K C X be a compact set.
Let F C K. If F s closed, then F is compact.

Proof. Suppose F' is closed. Then U = X ~\ F is open. Let € be an open cover of
F. Then CU{U} is an open cover of K, and so it has a finite subcover, say D. Let
&€ =D~ {U}. Now €& is a finite subcover of C. O

The next proposition says that the continuous image of a compact set is com-
pact.

Proposition V.8. Let (X, p) and (Y, 7) be metric spaces, and let f : X — Y be a
continuous function. If K C X is compact, then f(K) is compact.

Proof. Let V be an open cover of f(K), and set
U={UcCX|U=f V) for some V € V}.

Since f is continuous, U is a collection of open sets which covers K. Thus U has a
finite subcover, say {Ui,...,U,}. Now for ¢ = 1,...,n, we have U; € U, so U; is
the preimage of some set V; € V, so that V; = f(U;). Then

K cULUi = f(K)C f(UL V) = UL f(U:) = Ui Vi
Thus {Vi,...,V,} is a finite subcover of V, and f(K) is compact. O
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3. Heine-Borel Theorem

Theorem V.9 (Heine-Borel Theorem for R). Let A C R. Then A is compact if
and only if A is closed and bounded.

Proof. The forward direction is true in any metric space, as has been stated as
Proposition V.6. Thus we prove that in R, closed and bounded sets are compact.
Suppose that A is closed and bounded; we wish to show that A is compact.
Since A is bounded, there exists M > 0 such that A C [-M, M]. The set [—M, M]
is a closed interval, and so it is compact by Proposition V.5. Thus A is a closed
subset of a compact set, and therefore is compact by Proposition V.7. [l

Proposition V.10. Let K C R be a compact. Then inf K € K and sup K € K.

Proof. Since K is bounded, then sup K exists as a real number, say b = sup K.
Suppose b ¢ K; then {(—oo,b — 1) | n € N} is an open cover of K with no finite
subcover, contradicting that K is compact. Thus b € K. Similarly, inf K € K. 0O

Definition V.11. Let (X, p) be a metric space. We say that X has the Heine-Borel
property if every closed and bounded subset of X is compact.

Recall these facts:

(a) Projection is continuous;

(b) Projection is an open map;

(c) Projection is a contraction;

(d) Injection is continuous;

(e) Injection is a closed map;

(f) Injection is an isometric embedding,.

Proposition V.12. The finite product of compact sets is compact.

Proposition V.13. Let (Xi1,p1),...,(Xg,pr) be a finite collection of metric
spaces. Let X = xi?:lXZ—, and let p : X x X — R be the product metric on X.
Then X has the Heine-Borel property if and only if if and only if each of the spaces
X, has the Heine-Borel property.

Proof. Suppose that X has the Heine-Borel property, and let K; C X; be closed and
bounded. Then ¢;(K;) is closed and bounded, and so ¢;(K;) is compact. Therefore
m;(1;(K;)) = K is compact, so X; has the Heine-Borel property.

Suppose that X; has the Heine-Borel property for i = 1,...,k, and let K C X
which is closed and bounded.

Then K; = m;(K) is closed and bounded for each i. Thus K; is compact, so
x¥ | X, is compact by Proposition V.12. Since K is a closed subset of x¥ | X; K
is compact by Proposition V.8. Thus X has the Heine-Borel property. (]



CHAPTER VI

Connectedness

ABSTRACT. This chapter discusses the concept of connectedness and its how
we may use it to prove the Intermediate Value Theorem.

1. Connectedness

Definition VI.1. Let (X, p) be a metric space and let A C X. We say that A
is disconnected if there exist disjoint open sets U; and Us such that ANU; # @,
ANUs; # @, and A C Uy UU,. We say that A is connected if it is not disconnected.

Observation VI.1. Let I C R. Then I is an interval if and only if
e ifxy,x0 € I and 21 < z < T3, then z € I.

Proposition VI.2. Let A C R. Then A is connected if and only if A is an interval.

Proof. We prove the contrapositive of each implication.

(=) Suppose that A is not an interval. Then there exist z1,22 € Aand z ¢ A
such that 21 < z < x9. If Uy = (—00,2) and Uy = (z,00), then x; € Uy, z9 € U,
and A C Uy NUs. Thus A is not connected.

(<) Suppose that A is not connected. Then there exist disjoint open sets
Uy,Us CRsuch that ANUy # @, ANUs 2@, and A C Uy UUs,. Let 1 € ANU;
and x5 € ANUsy. Without loss of generality, assume that z; < xo. Let z = inf{u €
Us | u> x1}; then 1 < 2 < 5.

Suppose z € Up; then a neighborhood of z is contained in U;. But since z is the
infimum of a subset of Us, every neighborhood of z intersects Us. This contradicts
that Uy N Uy = @. Thus 2 ¢ U;. In particular, z; < z.

Suppose that z € Us; then a neighborhood of z is contained in Us, so there
exists y € Uy with z7 < y < z. This contradicts the definition of z. Thus z ¢ Us.
In particular, z < x3, so 1 < z < x3.

Since z ¢ Uy UUy but A C U3 UUs, z ¢ A. Thus A is not an interval. O

Proposition VI.3. Let (X,p) and (Y,7) be metric spaces, and let f : X — 'Y be
a continuous function. If A C X is connected, then f(A) is connected.

Proof. Suppose that f(A) is not connected. Then there exist disjoint open subsets
Vi and V5 of Y such that f(A)NVi # @, f(A)N V2 # @, and f(A) C ViU Vs,

Let Uy = f~1(V1) and Uy = f~1(Va). Then ANU; # 9, ANU, # @, and
A C Uy UUs,. Thus A is disconnected. O
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2. Intermediate Value Theorem

Proposition VI.4. Let (X, p) be a metric space and let K C X be compact and
connected. Let f : X — R be continuous. Then f(K) is a bounded closed interval.

Proof. The image of a compact set is compact, and the compact subsets of R are
closed and bounded.

The image of a connected set is connected, and the connected subsets of R are
intervals.

The result follows. O

Theorem VI.5 (Intermediate Value Theorem). Let f : [a,b] — R be a continuous
function. If f(a)f(b) <0, then there exists ¢ € [a,b] such that f(c) = 0.

Proof. Since f is continuous, the image of [a, b] is a bounded closed interval. Since
f(a)f(b) <0, either f(a) <0< f(b) or f(b) <0 < f(a). In either case, 0 is in the
image. (]



Solutions

Exercise VI.5. Let J,; denote the set of all bounded functions f : [a,b] — R.
Let X = J[q ) and for f,g € X define

p(f,9) = max{|f(z) — g(x)| | = € [a,b]}.
Show that (X, p) is a metric space.

Exercise VI.6. Let C|, 4 denote the set of all continuous functions f : [a,b] — R.
Let X = Clq) and for f,g € X define

Z/ablf—gdw-

Solution. In order to prove this, we will need these properties of integration:

Show that (X, p) is a metric space.

Lemma VI.6. Let f,g: [a,b] — R be integrable, and let ¢ € R. Then

(@) [, f(@) +g(x)dz = [} f(x)dx + [ g(x) da

b b

(b) fa cf(z)dx = cfa f(z)dx
Lemma VI.7. Let f : [a,b] — [,00) be a continuous function. If f: f(z)dz =0,
then f(x) =0 for every x € [a,b].
Lemma VIL.8. Let f,g : [a,b] — [0,00) be continuous functions. If f(z) < g(x)
for every x € [a,b], then fab flx)de < ffg(w) dx

We have p(f, f) = f: |f — fldz = f; 0dx = 0; moreover, Lemma VL7 tells us
that if the integral of a nonnegative continuous function is zero, then that function
is the zero function; thus p(f,g) =0=|f — g| = 0= f = g. Thus (M1) follows.

Since |f — g| = |g — f], clearly p(f,g) = p(g, f). Thus (M2) follows.

Let f,g,h € Ca,b]. Then |f(x)—h(z)| < |f(x) —g(x)|+ |g(x) — h(x)| for every
x € [a,b], by the triangle inequality for R. Then by Lemmas VI.8 and VI.6,

/ (2) = h(z)] de
< / (If(fv) — 9@ + lglz) - h<x>|) s
/ (@) — g(@)| de + / 9(2) — h(z)| d

= p(f,9) + p(g,h).

39



40 SOLUTIONS

Exercise VI.7. Let (X, p) be a metric space, and let G = diam(A) with respect
to p. Define a function

p(z,y)

p: XxX—->R by plxy=—>""—.
() L+ p(z,y)

(a) Show that p is a metric on X.
Let H = diam(X) with respect to p.

(b) Show that H < 1.
(c) Show that if G = oo, then H = 1.

. . . _ G
(d) Show that if X is finite, then H = 175.

Solution. Let x,y,z € X; we wish to show that

Pz, z) < pla,y) + Py, 2).
Let a = p(x,y), b = p(y,2) and ¢ = p(x, z). Then we wish to show that a,b,¢ >0
and ¢ < a+ b imply
c a n b
l+c¢™ 14a 1+40b

Now

c<a+b=c<(a+0b)+ (2ab+abc) since a,b,c >0
= c+ ac+ bc+ abe < (a + b) + (2ab + abc) + (ac + be + abe)
=c(l+a+b+ab) <a(l+b+c+bc)+bl+a+c+ac)
=c(l4+a)1+b) <a(l+b)(1+c)+b(1l+a)(l+c)
L& . o n b '
l+c™1+a 1+
Let z,y € X. Then

. _ plzyy) plx,y)
p@wy71+p®w)<p®w)iL

o~

thus H = sup{(p)(z,) | 2,y € X} < 1.
Suppose that G = oo, and let € > 0. Then there exist z,y € X such that
plz,y) > % — 1. Now

1 1
P($ay)>E*1@1+P($7y)>g

1
&> — < €
L+ p(z,y)
o1 Py
L+ p(x,y)

< 1-pz,y) <e
Since this is true for every epsilon, Thus H = sup{/(\p(x,y) | 2,y € X} > 1.
Combined with part (b), we have H = 1.
Suppose that X is finite. Then the set {p(x,y) | x,y € X} is also finite, and
thus has a maximum, and this maximum is equal to G. Then there exist a,b € X
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such that p(a,b) = G. Since f(z) = {7 is an increasing function, p(a,b) > p(c, d)
implies that p(a,b) > p(c,d). Thus

>

= pla,b) = max{p(z,y) | z,y € X} = H.

1+G

+

d

Exercise VI.8. Let (X, p) be a metric space. Let x € X and let A,B C X be
neighborhoods of x. Show that AN B is a neighborhood of z.

Solution. Since A and B are neighborhoods of x, each contains an open set which
contains x; say ¢ € U C Aand x € V C B with U and V open. Then U NV is
open, contains z, and is a subset of AN B. Thus AN B is a neighborhood. O

Exercise VI.9. Let S! be the unit circle together with the subspace metric inher-
ited from R2. Let (a,) be the sequence in S! defined by

an, = | cos Zmn sin 2mn
" 6 6 )
Find the cluster points of (a,).

Solution. The sequence (a,,) takes exactly the six values

1 V3
{(£1,0), (5,57}

Each of these values occurs infinitely often, so this is the set of cluster points. [

Exercise VI.10. Let X be a set and define a metric p on X by

(2,1) 0 ifx=uy;
x? = .
P&y 1 otherwise .

Let (a,) be a sequence in X.
(a) Show that p € X is a limit point of (a,) if and only if
ANeN|n>N =a, =p.
(b) Show that ¢ € X is a cluster point of (a,) if and only if
VYN eNdn>N |a, =q.

Solution. In a discrete metric space, the singleton set {z} is a neighborhood of z.
Now p is a limit point if and only if 3N € N | n > N implies that a,, is in {p}; this
happens exactly when a,, = p for n > N. Thus (a). Clearly (b) is similar. O

Exercise VI.11. Find an example of a sequence (a,) of real numbers and a real
number ¢ € R such that (a,) clusters at ¢ but does not converge to q.

Solution. Let a, = (—1)™. Then (a,) clusters at 1. to see this, let U be a neigh-
borhood of 1, and note that for all even n, of which there are infinitely many, we
have a,, =1 € U. By C4, (a,) clusters at 1.

However, (a,) does not converge to 1, because for all odd n, of which there
are infinitely many, we have a,, = —1 ¢ U. Since L4 is not satisfied, (a,) does not
converge to 1. O
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