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1 Topological Spaces

1.1 The Concept of Continuity

The concept of continuity plays an important role in mathematics. There is
a precise definition of continuity for functions of a real variable. A function
f:D — R, defined on a subset D of the real line R, is said to be continuous
at a point p of D if, given any real number ¢ satisfying € > 0, there exists a
real number 0 satisfying 0 > 0 such that |f(z) — f(p)| < ¢ for all points x of
D satistying |z — p| < . This definition of continuity can easily be adapted
so as to apply to functions of a complex variable. It can also be generalized
to as to apply to functions of several real or complex variables. We thus
obtain a definition of continuity for functions between subsets of Euclidean
spaces.

This definition of continuity generalizes directly to functions between met-
ric spaces. A metric space is a set provided with a distance function, mea-
suring the distance between any two points of the set. This distance function
is required to satisfy certain axioms: the distance between any two points of
a metric space is always non-negative, and is zero if and only if those points
coincide; the distance from a point x to a point y is the same as the distance
from y to x; given any three points x, y and z of a metric space, the distance
from x to z is required to be less than or equal to the sum of the distance
from x to y and the distance from y to z. A function from a metric space X
to a metric space Y is continuous at a point p of X if and only if, given any
real number ¢ satisfying € > 0, there exists a real number ¢ satisfying § > 0
such that the distance from f(z) to f(p) is less than ¢ for all points z of X
whose distance from p is less than §.

We shall introduce the concept of a topological space, and give a definition
of continuity for functions from one topological space to another which gen-
eralizes the definitions of continuity discussed above for functions of a real
variable, for functions of a complex variable, for functions between subsets
of Euclidean spaces, and for functions from one metric space to another.

The theory of topological spaces has proved itself to be very useful in
many areas of mathematics.

1.2 Topological Spaces

Definition A topological space X consists of a set X together with a collec-
tion of subsets, referred to as open sets, such that the following conditions
are satisfied:—

(i) the empty set () and the whole set X are open sets,
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(ii) the union of any collection of open sets is itself an open set,
(iii) the intersection of any finite collection of open sets is itself an open set.

The collection consisting of all the open sets in a topological space X is
referred to as a topology on the set X.

Remark If it is necessary to specify explicitly the topology on a topological
space then one denotes by (X, 7) the topological space whose underlying set
is X and whose topology is 7. However if no confusion will arise then it is
customary to denote this topological space simply by X.

1.3 Subsets of Euclidean Space

Let X be a subset of n-dimensional Euclidean space R™. The Fuclidean
distance |x — y| between two points x and y of X is defined as follows:

x—y|=

where x = (21,22, ...,2,) and y = (y1,92,- .., Yn). The Euclidean distances
between any three points x, y and z of X satisty the Triangle Inequality:

x—z|<|[x—y|[+ |y —z|

A subset V of X is said to be open in X if, given any point v of V', there
exists some & > 0 such that

{xeX: |x—v|[<d}CV.

The empty set is also considered to be open in X.

Both () and X are open sets in X. Also it is not difficult to show that
any union of open sets in X is open in X, and that any finite intersection
of open sets in X is open in X. (This will be proved in more generality for
open sets in metric spaces.) Thus the collection of open sets in a subset X
of a Euclidean space R" satisfies the topological space axioms. Thus every
subset X of R" is a topological space with these open sets. This topology on
a subset X of R" is referred to as the usual topology on X, generated by the
Euclidean distance function.

In particular R” is itself a topological space.



1.4 Open Sets in Metric Spaces

Definition A metric space (X, d) consists of a set X together with a distance
function d: X x X — [0, +00) on X satisfying the following axioms:

for all x,y € X,

) d(z,y) >0

(ii) d(z,y) = d(y, ) for all z,y € X,
) d(z,z) < d(z,y) +d(y, 2) for all z,y, 2z € X,
) d(z,y)

The quantity d(z,y) should be thought of as measuring the distance be-
tween the points x and y. The inequality d(z, z) < d(z,y)+d(y, 2) is referred
to as the Triangle Inequality. The elements of a metric space are usually re-
ferred to as points of that metric space.

An n-dimensional Euclidean space R™ is a metric space with with respect
to the Fuclidean distance function d, defined by

for all x,y € R”. Any subset X of R"™ may be regarded as a metric space
whose distance function is the restriction to X of the Euclidean distance
function on R" defined above.

Definition Let (X, d) be a metric space. Given a point « of X and r > 0,
the open ball Bx(x,r) of radius r about x in X is defined by

Bx(z,r)={2' € X : d(z',z) <r}.

Definition Let (X, d) be a metric space. A subset V' of X is said to be an
open set if and only if the following condition is satisfied:

e given any point v of V' there exists some § > 0 such that Bx(v,0) C V.

By convention, we regard the empty set () as being an open subset of X.
(The criterion given above is satisfied vacuously in this case.)

Lemma 1.1 Let X be a metric space with distance function d, and let xy be
a point of X. Then, for any r > 0, the open ball Bx(xq,r) of radius r about
o 1S an open set in X.



Proof Let © € Bx(xg,r). We must show that there exists some 6 > 0
such that Bx(z,d) C Bx(x,r). Now d(z,z¢) < r, and hence 6 > 0, where
d =r —d(z,xy). Moreover if 2’ € Bx(x,d) then

d(x',xo) < d(2',x) + d(z,20) < d+d(z,20) =17,

by the Triangle Inequality, hence 2’ € Bx(xo, ). Thus Bx(z,0) C Bx(xo,r),
showing that By (xg,r) is an open set, as required. |

Proposition 1.2 Let X be a metric space. The collection of open sets in X
has the following properties:—

(i) the empty set O and the whole set X are both open sets;
(ii) the union of any collection of open sets is itself an open set;

(iii) the intersection of any finite collection of open sets is itself an open set.

Proof The empty set () is an open set by convention. Moreover the definition
of an open set is satisfied trivially by the whole set X. Thus (i) is satisfied.

Let A be any collection of open sets in X, and let U denote the union of
all the open sets belonging to A. We must show that U is itself an open set.
Let x € U. Then z € V for some open set V belonging to the collection A.
Therefore there exists some ¢ > 0 such that Bx(z,0) C V. But V C U, and
thus By (x,0) C U. This shows that U is open. Thus (ii) is satisfied.

Finally let Vi, V5, V3, ..., Vi be a finite collection of open sets in X, and let
V=VinVan---NV;. Let x € V. Now x € Vj for all j, and therefore there
exist strictly positive real numbers d;,0s,...,d; such that Bx(z,d;) C V;
for j = 1,2,...,k. Let 0 be the minimum of 6y,05,...,0;,. Then § > 0.
(This is where we need the fact that we are dealing with a finite collection
of open sets.) Moreover Bx(z,0) C Bx(x,0;) C V; for j = 1,2,... k, and
thus Bx(z,0) C V. This shows that the intersection V' of the open sets
Vi, Va, ...,V is itself open. Thus (iii) is satisfied. |

Any metric space may be regarded as a topological space. Indeed let X
be a metric space with distance function d. We recall that a subset V' of
X is an open set if and only if, given any point v of V', there exists some
d > 0 such that {x € X : d(z,v) < 6} C V. Proposition 1.2 shows that
the topological space axioms are satisfied by the collection of open sets in
any metric space. We refer to this collection of open sets as the topology
generated by the distance function d on X.



1.5 Further Examples of Topological Spaces

Example Given any set X, one can define a topology on X where every
subset of X is an open set. This topology is referred to as the discrete
topology on X.

Example Given any set X, one can define a topology on X in which the
only open sets are the empty set () and the whole set X.

1.6 Closed Sets

Definition Let X be a topological space. A subset F' of X is said to be a
closed set if and only if its complement X \ F' is an open set.

We recall that the complement of the union of some collection of subsets
of some set X is the intersection of the complements of those sets, and the
complement of the intersection of some collection of subsets of X is the
union of the complements of those sets. The following result therefore follows
directly from the definition of a topological space.

Proposition 1.3 Let X be a topological space. Then the collection of closed
sets of X has the following properties:—

(i) the empty set ) and the whole set X are closed sets,
(i) the intersection of any collection of closed sets is itself a closed set,

(iii) the union of any finite collection of closed sets is itself a closed set.

1.7 Hausdorff Spaces

Definition A topological space X is said to be a Hausdorff space if and only
if it satisfies the following Hausdorff Aziom:

e if x and y are distinct points of X then there exist open sets U and V'
such that z € U, y € V. and UNV = {).

Lemma 1.4 All metric spaces are Hausdorff spaces.

Proof Let X be a metric space with distance function d, and let x and y be
points of X, where x # y. Let ¢ = %d(:c,y). Then the open balls Bx(z,¢)
and Bx(y,¢) of radius ¢ centred on the points  and y are open sets (see
Lemma 1.1). If Bx(z,¢) N Bx(y,e) were non-empty then there would exist
z € X satisfying d(z, z) < € and d(z,y) < €. But this is impossible, since it
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would then follow from the Triangle Inequality that d(z,y) < 2e, contrary to
the choice of . Thus € Bx(w,¢), y € Bx(y,¢), Bx(x,e) N Bx(y,¢) = 0.
This shows that the metric space X is a Hausdorff space. |}

We now give an example of a topological space which is not a Hausdorff
space.

Example The Zariski topology on the set R of real numbers is defined as
follows: a subset U of R is open (with respect to the Zariski topology) if and
only if either U = ) or else R\ U is finite. It is a straightforward exercise to
verify that the topological space axioms are satisfied, so that the set R of real
numbers is a topological space with respect to this Zariski topology. Now
the intersection of any two non-empty open sets in this topology is always
non-empty. (Indeed if U and V are non-empty open sets then U = R\ F}
and V = R\ Fy, where F} and F5 are finite sets of real numbers. But then
UNV =R\ (F, UF,), which is non-empty, since F; U F5 is finite and R is
infinite.) It follows immediately from this that R, with the Zariski topology,
is not a Hausdorff space.

1.8 Subspace Topologies

Let X be a topological space with topology 7, and let A be a subset of X.
Let 74 be the collection of all subsets of A that are of the form V N A for
V € 7. Then 74 is a topology on the set A. (It is a straightforward exercise
to verify that the topological space axioms are satisfied.) The topology T4
on A is referred to as the subspace topology on A.

Any subset of a Hausdorff space is itself a Hausdorff space (with respect
to the subspace topology).

Lemma 1.5 Let X be a metric space with distance function d, and let A be
a subset of X. A subset W of A is open with respect to the subspace topology
on A if and only if, given any point w of W, there exists some 6 > 0 such
that

{a € A:d(a,w) <d} CW.

Thus the subspace topology on A coincides with the topology on A obtained
on regarding A as a metric space (with respect to the distance function d).

Proof Suppose that W is open with respect to the subspace topology on A.
Then there exists some open set U in X such that W =U N A. Let w be a
point of W. Then there exists some § > 0 such that

{r e X dz,w) <d} CU.
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But then
{a€e A:d(a,w) <o} CUNA=W.

Conversely, suppose that W is a subset of A with the property that, for
any w € W, there exists some 9,, > 0 such that

{a € A:d(a,w) < d,} CW.

Define U to be the union of the open balls Bx(w,d,) as w ranges over all
points of W, where

Bx(w,6,) ={zr € X : d(z,w) < §,}.

The set U is an open set in X, since each open ball Bx(w, d,,) is an open set
in X (Lemma 1.1), and any union of open sets is itself an open set. Moreover

Bx(w,0,) NA={a€ A:d(a,w) < d,} CW

for any w € W. Therefore UN A C W. However W C U N A, since, W C A
and {w} C Bx(w,d,) C U for any w € W. Thus W = U N A, where U is
an open set in X. We deduce that W is open with respect to the subspace
topology on A. |}

Example Let X be any subset of n-dimensional Euclidean space R". Then
the subspace topology on X coincides with the topology on X generated by
the Euclidean distance function on X. We refer to this topology as the usual
topology on X.

Let X be a topological space, and let A be a subset of X. One can readily
verify the following:—

e asubset B of A is closed in A (relative to the subspace topology on A)
if and only if B = AN F for some closed subset F of X;

e if A is itself open in X then a subset B of A is open in A if and only
if it is open in X

o if A is itself closed in X then a subset B of A is closed in A if and only
if it is closed in X.



1.9 Continuous Functions between Topological Spaces

Definition A function f: X — Y from a topological space X to a topological
space Y is said to be continuous if f~1(V') is an open set in X for every open
set V in Y, where

WV ={zeX: fx) eV}

A continuous function from X to Y is often referred to as a map from X
to Y.

Lemma 1.6 Let X, Y and Z be topological spaces, and let f: X — Y and
g:Y — Z be continuous functions. Then the composition go f: X — Z of
the functions f and g is continuous.

Proof Let V be an open set in Z. Then ¢g~!(V) is open in Y (since g is
continuous), and hence f~'(g7'(V)) is open in X (since f is continuous).
But f~'(g (V) = (g o f)"'(V). Thus the composition function g o f is
continuous. ||

Lemma 1.7 Let X and Y be topological spaces, and let X — Y be a
function from X toY. The function f is continuous if and only if f~*(G)
is closed in X for every closed subset G of Y.

Proof If G is any subset of Y then X \ f~1(G) = f~1Y(Y \ G) (i.e., the
complement of the preimage of G is the preimage of the complement of ).
The result therefore follows immediately from the definitions of continuity
and closed sets. |}

1.10 Continuous Functions between Metric Spaces

The following definition of continuity for functions between metric spaces
generalizes that for functions of a real or complex variable.

Definition Let X and Y be metric spaces with distance functions dx and
dy respectively. A function f: X — Y from X to Y is said to be continuous
at a point z of X if and only if the following criterion is satisfied:—

e given any real number ¢ satisfying ¢ > 0 there exists some § > 0 such
that dy (f(z), f(z')) < e for all points 2’ of X satisfying dx(x,2’) <.

The function f: X — Y is said to be continuous on X if and only if it is
continuous at = for every point x of X.



This definition can be rephrased in terms of open balls: a function f: X —
Y from a metric space X to a metric space Y is continuous at a point x of
X if and only if, given any € > 0, there exists some 6 > 0 such that f maps
Bx(z,0) into By (f(x),e) (where Bx(x,d) and By (f(z),e) denote the open
balls of radius ¢ and ¢ about x and f(z) respectively).

Let f: X — Y be a function from a set X to a set Y. Given any subset V'
of Y, we denote by f~1(V) the preimage of V under the map f, defined by

ffV)y={r e X: f(x) eV}

The following result shows that the definition of continuity given above for
functions between metric spaces is consistent with the more general definition
of continuity for functions between topological spaces.

Proposition 1.8 Let X and Y be metric spaces, and let f: X — Y be a
function from X to Y. The function f is continuous if and only if f~1(V)
is an open set in X for every open set V of Y.

Proof Suppose that f: X — Y is continuous. Let V' be an open set in Y.
We must show that f~1(V) is open in X. Let z be a point belonging
to f~1(V). We must show that there exists some § > 0 with the prop-
erty that Bx(z,d) C f~}(V). Now f(x) belongs to V. But V is open, hence
there exists some ¢ > 0 with the property that By (f(z),e) C V. But f is
continuous at x. Therefore there exists some § > 0 such that f maps the
open ball Bx(z,¢) into By (f(z),¢) (see the remarks above). Thus f(2') € V
for all 2’ € Bx(x,d), showing that Bx(x,d) C f~!(V). We have thus shown
that if f: X — Y is continuous then f~!(V) is open in X for every open
set Vin Y.

Conversely suppose that f: X — Y has the property that f~'(V) is open
in X for every open set V in Y. Let x be any point of X. We must show
that f is continuous at z. Let € > 0 be given. The open ball By (f(z),¢)
is an open set in Y, by Lemma 1.1, hence f~! (By(f(z),€)) is an open set
in X which contains z. It follows that there exists some 6 > 0 such that
Bx(z,0) C f~'(By(f(z),e)). We have thus shown that, given any ¢ >
0, there exists some ¢ > 0 such that f maps the open ball Bx(x,d) into
By (f(x),e). We conclude that f is continuous at x, as required. [

1.11 A Criterion for Continuity

We now show that, if a topological space X is the union of a finite collection of
closed sets, and if a function from X to some topological space is continuous
on each of these closed sets, then that function is continuous on X.
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Lemma 1.9 Let X and Y be topological spaces, let f: X — Y be a function
from X toY, and let X = A{UAU---UAyg, where Ay, As, ..., Ay are closed
sets in X . Suppose that the restriction of f to the closed set A; is continuous
fori=1,2,... k. Then f: X —Y is continuous.

Proof Let V be an open set in Y. We must show that f~'(V) is open in
X. Now the preimage of the open set V under the restriction f|A; of f to
A;is f7HY(V)N A;. Tt follows from the continuity of f|A; that f~1 (V)N A, is
relatively open in A; for each i, and hence there exist open sets Uy, Us, . .., Uy
in X such that f~1(V)NA; = U;NA; fori =1,2,..., k. Let W; = U;U(X\ A4;)
for i = 1,2,..., k. Then W; is an open set in X (as it is the union of the
open sets U; and X \ 4;), and W; N A; = U; N A; = f~1(V) N A; for each 1.
We claim that f~1(V) =W, NnWyN--- N W,.

Let W =W, NWyN---NW. Then f~1(V) C W, since f~1(V) C W for
each 7. Also

k k

k
w=Jwna)clJwina) = v)na) c ),
i=1 i=1 i=1
since X = AyUAyU---UAg and W;NA; = f~1(V)N A, for each i. Therefore
7Y V) = W. But W is open in X, since it is the intersection of a finite
collection of open sets. We have thus shown that f~'(V) is open in X for
any open set V in Y. Thus f: X — Y is continuous, as required. [

Alternative Proof A function f: X — Y is continuous if and only if f~1(G)
is closed in X for every closed set G in Y (Lemma 1.7). Let G be an closed
set in Y. Then f~1(G) N A; is relatively closed in A; for i = 1,2,..., k, since
the restriction of f to A; is continuous for each 7. But A; is closed in X, and
therefore a subset of A; is relatively closed in A; if and only if it is closed in
X. Therefore f~1(G) N A; is closed in X for i =1,2,..., k. Now f~1(G) is
the union of the sets f~}(G) N A; for i =1,2,... k. It follows that f~}(G),
being a finite union of closed sets, is itself closed in X. It now follows from
Lemma 1.7 that f: X — Y is continuous. |

Example Let Y be a topological space, and let a:[0,1] — Y and (3: [0, 1] —
Y be continuous functions defined on the interval [0, 1], where a(1) = 5(0).
Let 7:]0,1] — Y be defined by
a(2t) ifo<t<i
(t) = { <<
B2t—1) ifi<t<1.

Now 7|(0, 3] = a0 p where p: [0, 3] — [0, 1] is the continuous function defined
by p(t) = 2t for all ¢ € [0, 1]. Thus ~|[0, 3] is continuous, being a composition
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of two continuous functions. Similarly fy\[%, 1] is continuous. The subinter-
vals [0, 3] and [3,1] are closed in [0, 1], and [0, 1] is the union of these two
subintervals. It follows from Lemma 1.9 that ~: [0, 1] — Y is continuous.

1.12 Homeomorphisms

Definition Let X and Y be topological spaces. A function h: X — Y is said
to be a homeomorphism if and only if the following conditions are satisfied:

e the function h: X — Y is both injective and surjective (so that the
function h: X — Y has a well-defined inverse h™ 1Y — X),

e the function h: X — Y and its inverse h~1: Y — X are both continuous.

Two topological spaces X and Y are said to be homeomorphic if there exists
a homeomorphism h: X — Y from X to Y.

If h: X — Y is a homeomorphism between topological spaces X and Y
then h induces a one-to-one correspondence between the open sets of X and
the open sets of Y. Thus the topological spaces X and Y can be regarded
as being identical as topological spaces.

1.13 Sequences and Convergence

Definition Let X be a topological space. A sequence x1, T2, 3, ... of points
in a topological space X is said to converge to a point p of X if, given any
open set U containing the point p, there exists some natural number N such
that x; € U for all j > N. If the sequence (z;) converges to p then we refer
to p as a limit of the sequence.

We now show that this definition of convergence for a sequence of points in
a topological space is consistent with the standard definition of convergence
for a sequence of points in a metric space.

Lemma 1.10 Let X be a metric space with distance function d. A sequence
X1, To, X3, ... of points in a metric space X converges to a point p of X if and
only if, given any real number € satisfying € > 0, there exists some natural
number N such that d(z,,p) < € whenever n > N.

Proof Let x1, 29, x3,... be a sequence of points in X that converges to the

point p of X. Let ¢ > 0 be given. The open ball Bx(p,e) of radius e
about p is an open set (see Lemma 1.1). Therefore there exists some natural
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number N such that, if j > N, then z; € Bx(p,¢), and thus d(z;,p) < e.
Hence the sequence (z;) converges to p.

Conversely, suppose that the sequence (z;) has the property that, given
any real number ¢ satisfying € > 0, there exists some natural number N
such that d(x,,p) < € whenever n > N. Let U be an open set which
contains p. Then there exists some ¢ > 0 such that Bx(p,e) C U. But
xj — p as J — +oo, and therefore there exists some natural number N such
that d(z;,p) <eforallj > N. If j > N then xz; € Bx(p, ) and thus z; € U.
Thus the sequence (x;) converges to p, as required. |}

A sequence of points in a metric space can converge to at most one point
of that space. (This is an immediate consequence of Lemma 1.11 below.)
However this result does not apply to topological spaces in general: it can
happen that a sequence of points in a topological space may convergence to
more than one limit. For example, consider the set R of real numbers with the
Zariski topology. (The open sets of R in the Zariski topology are the empty
set and those subsets of R whose complements are finite.) Let x1,xo, 3, ...
be the sequence in R defined by x; = j for all natural numbers j. One
can readily check that this sequence converges to every real number p with
respect to the Zariski topology on R.

The set of real numbers with the Zariski topology is an example of a
topological space which is not Hausdorff. We now show that sequences in a
Hausdorff space converge to at most one limit.

Lemma 1.11 A sequence x1,x3,%3,... of points in a Hausdorff space X
converges to at most one limat.

Proof Suppose that p and g were limits of the sequence (z;), where p # g.
Then there would exist open sets U and V such that p € U, ¢ € V and
UNV =0, since X is a Hausdorff space. But then there would exist natural
numbers Ny and N, such that x; € U for all j satisfying j > N; and z; € V
for all j satisfying 7 > N,. But then x; € U NV for all j satisfying 7 > NV}
and j > N,, which is impossible, since U NV = (). This contradiction shows
that the sequence (x;) has at most one limit. |

Lemma 1.12 Let X be a topological space, and let F' be a closed set in X.
Let (x; : j € N) be a sequence of points in F'. Suppose that the sequence (z;)
converges to some point p of X. Then p € F.

Proof Suppose that p were a point belonging to the complement X \ F' of F'.
Now X \ F' is open (since F' is closed). Therefore there would exist some
natural number N such that z; € X \ F for all values of j satisfying j > N,
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contradicting the fact that x; € F' for all j. This contradiction shows that p
must belong to F', as required. |}

Lemma 1.13 Let f: X — Y be a continuous function between topological
spaces X and Y, and let xq,x9,23,... be a sequence of points in X which
converges to some point p of X. Then the sequence f(x1), f(x2), f(x3),...
converges to f(p).

Proof Let V' be an open set in Y which contains the point f(p). Then
f7YV) is an open set in X which contains the point p. It follows that
there exists some natural number N such that z; € f~'(V) whenever j >
N. But then f(z;) € V whenever j > N. We deduce that the sequence

f(z1), f(xs), f(x3),... converges to f(p), as required. |

1.14 Neighbourhoods, Closures and Interiors

Definition Let X be a topological space, and let x be a point of X. Let
N be a subset of X which contains the point x. Then N is said to be a
netghbourhood of the point z if and only if there exists an open set U for
which x € U and U C N.

One can readily verify that this definition of neighbourhoods in topolog-
ical spaces is consistent with that for neighbourhoods in metric spaces.

Lemma 1.14 Let X be a topological space. A subset V of X is open in X
if and only if V' is a neighbourhood of each point belonging to V.

Proof It follows directly from the definition of neighbourhoods that an open
set V is a neighbourhood of any point belonging to V. Conversely, suppose
that V is a subset of X which is a neighbourhood of each v € V. Then, given
any point v of V', there exists an open set U, such that v € U, and U, C V.
Thus V is an open set, since it is the union of the open sets U, as v ranges
over all points of V. |}

Definition Let X be a topological space and let A be a subset of X. The
closure A of A in X is defined to be the intersection of all of the closed
subsets of X that contain A. The interior A° of A in X is defined to be the
union of all of the open subsets of X that are contained in A.

Let X be a topological space and let A be a subset of X. It follows directly
from the definition of A that the closure A of A is uniquely characterized by
the following two properties:

14



(i) the closure A of A is a closed set containing A,
(ii) if F is any closed set containing A then F contains A.

Similarly the interior A° of A is uniquely characterized by the following two
properties:

(i) the interior A% of A is an open set contained in A,
(i) if U is any open set contained in A then U is contained in A°.

Moreover a point z of A belongs to the interior A° of A if and only if A is a
neighbourhood of x.

Lemma 1.15 Let X be a topological space, and let A be a subset of X.
Suppose that a sequence x1, s, x3, ... of points of A converges to some point p

of X. Then p belongs to the closure A of A.

Proof If F'is any closed set containing A then x; € F' for all j, and therefore
p € F, by Lemma 1.12. Therefore p € A by definition of A. |}

15



2 Product Topologies

2.1 The Cartesian Product of Subsets of Euclidean
Space
Let X and Y be subsets of R™ and R™ respectively. We can regard the

Cartesian product X x Y of X and Y as a subset of R™"", If x and y are
points of X and Y respectively, with

X=(21,%2,...,%m), ¥=W1,Y2,--:Yn),

then (x,y) is that point of R™*" with Cartesian coordinates given by

(X7Y) = (xlax% s Ty Y1, Y2, - - 7yn)

It follows immediately from the definition of the Kuclidean distance function

that
’(va) - (V,W) ?= ’X - V‘2 + |y - W‘2'

for all points x and v of X and points y and w of Y.

Lemma 2.1 Let X and Y be subsets of R™ and R™ respectively. A subset
U of X XY is open in X XY if and only if, given any point (v,w) of U,
there exist positive real numbers 61 > 0 and 6o > 0 such that

{(x,y) e X XY :|x—=v|<d and |y — w| < dy} C U.

Proof We recall that a subset U of X x Y is open in X x Y if and only if,
given any point (v, w) of U, there exists a positive real number ¢ > 0 such
that

{(x,y) e X xY :|(x,y) — (v,w)| <} CU.

Let (v,w) be a point of U. Suppose that there exists a positive real
number o > 0 such that
{(5y) € X x Y i |(x,y) — (v, w)| < 0} C U.

Let 6, = 65 = 6/+/2. Then 62 +03 = 6%. Thus if |[x—v| < §; and [y —w| < Jy,
then |(x,y) — (v,w)| < 0, and hence (x,y) € U.

Conversely suppose that there exist positive real numbers §; > 0 and
0 > 0 such that

{(x,y) e X xY :|x—v| < and |[y —w| < b} CU.

Let 6 be the minimum of ¢; and dy. If |(x,y) — (v, w)| < d then |x —v| < &;

and |y — w| < d9, and hence (x,y) € U.
The result follows. |}
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Lemma 2.2 Let X, Y and Z be subsets of R™, R and R* respectively. A
function f: X XY — Z is continuous if and only if, given any point (v, w)
of X XY, and given any positive real number € > 0, there exist positive real
numbers 61 > 0 and 63 > 0 such that |f(x,y) — f(v,w)| < e for allx € X
andy €Y satisfying |x —v| < 61 and |y — w| < ds.

Proof Let f: X XY — Z be a function satisfying the above criterion. We
must show that this function is continuous. Let U be an open set in Z. We
show that f~!(U) is open in X x Y.

Let (v, w) be a point of f~}(U). Then f(v,w) is a point of U. But U is
open in Z, and therefore there exists a positive real number € > 0 such that

{zeZ:|z— f(v,w)| <e} CU.

But then there exist real numbers real numbers §; > 0 and d, > 0 such that
|f(x,y) — f(v,w)| < g, and hence f(x,y) € U, forallx € X andy € Y
satisfying |x — v| < d; and |y — w| < d2. Thus

{(x,y) €EX xY :|x—v|<§ and [y —w| < &} C fH(U).

We conclude that f~(U) is open in X x Y for each open set U in Z. Thus
the function f: X x Y — Z is continuous.

Conversely suppose that f: X x Y — Z is a continuous function. Let
(v,w) be a point of X x Y and let ¢ > 0 be given. Then

{zeZ:|z— f(v,w)| <e}

is an open set in Z, and hence its preimage is an open set in X x Y. It
follows from Lemma 2.1 that there exist positive real numbers §; > 0 and
09 > 0 such that

{(x,y) e X XY :|x—v|] < and |y — w| < d2}

is contained in the preimage of {z € Z : |z — f(v,w)| < £}. But this means
that |f(x,y) — f(v,w)| < e for all x € X and y € Y satisfying |x — v| <
and |y — w| < dq, as required. |

The next result shows how one can describe the collection of open sets of
X xY in terms of the collections of open sets in X and in Y, without explicit
reference to norms or distance functions. This motivates the definition of the
product topology on the Cartesian product of two topological spaces.
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Proposition 2.3 Let X and Y be subsets of R™ and R™ respectively. A
subset U of X xY is open in X XY if and only if, given any point (v,w) of

U, there exist an open set V in X and an open set W in'Y such thatv € V,
weWandV xW CU.

Proof Let U be open in X x Y. It follows from Lemma 2.1 that there exist
positive real numbers d; > 0 and d5 > 0 such that

{(x,y) e X xY :|x—v| < and |[y —w| < b} C U.
Let
V={xeX:|x—v|[<d} and W={yeY:|y—w|<d}.

Then Visopenin X, WisopeninY, veV, weWand V xW CU.

Conversely suppose that U is a subset of X x Y and that, given any point
(v,w) of U, there exist an open set V' in X and an open set W in Y such
that ve V, w e W and V x W C U. Then, given any point (v,w) of U,
there exist positive real numbers §; > 0 and d5 > 0 such that

{xeX: |x—v|<an}cCV

and
{yeY :|ly—w|<dh}CW

But then
{(x,y) e X xY:|x—v|<dand |y —w|<dh}CVxWCcCU.

It follows from Lemma 2.1 that U is open in X x Y, as required. |}

2.2 Product Topologies
The Cartesian product X; x Xy x -+ x X, of sets X1, Xs,..., X, is defined

to be the set of all ordered n-tuples (xy,zs,...,x,), where z; € X; for i =
1,2,...,n.

The sets R? and R3 are the Cartesian products R x R and R x R x R
respectively.

Cartesian products of sets are employed as the domains of functions of
several variables. For example, if X, Y and Z are sets, and if an element
f(z,y) of Z is determined for each choice of an element x of X and an
element y of Y, then we have a function f: X XY — Z whose domain is the
Cartesian product X x Y of X and Y: this function sends the ordered pair
(z,y) to f(x,y) forall z € X and y € Y.
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Now suppose that X, Y and Z are topological spaces. We wish to define
a notion of continuity for functions f: X XY — Z from X xY to Z. In
order to do this, we show that the topologies of X and Y together induce
in a natural way a topology on X x Y; this topology is referred to as the
product topology on X X Y.

First we observe that if V' is a subset of X and if W is a subset of Y then
V x W is a subset of X x Y: an element of V' x W is an ordered pair (v, w)
with v € V and w € W, and such an ordered pair belongs to X x Y.

Definition Let X and Y be topological spaces. A subset U of X x Y is said
to be open in X x Y (with respect to the product topology) if, given any
point (z,y) of U, there exist an open set V' in X and an open set W in Y
such that x € V, y € W and V. x W C U. The empty set is regarded as an
open set in X x Y.

Lemma 2.4 Let X and Y be topological spaces. Then the collection of open
sets in X XY is a topology on X x Y.

Proof The definition of open sets ensures that the empty set and the whole
set X x Y are open in X x Y. We must prove that any union or finite
intersection of open sets in X X Y is an open set.

Let E be the union of a collection of open sets in X x Y, and let (z,y)
be a point of E. Then (x,y) € D for some open set D in the collection. It
follows from this that there exists an open set V' in X and an open set W
inY suchthat r € V,ye Wand V xW C D. But then V xW C E. It
follows that F is open in X x Y.

Let U =UyNU;N---NU,,, where Uy, Us, ..., U, are open sets in X x Y,
and let (z,y) be a point of U. Then there exist open sets Vj in X and open
sets Wy inY for k =1,2,... ,msuch that x € V},, y € W, and V), x W, C Uy,
for k=1,2,...,m. Let

V=vinan.--NV,, W=WiNnWyn---NW,,.

Then zx € Vandy e W. AlsoV xW C Vp, x W, C U, for k =1,2,...,m,
hence V- x W C U. It follows that U is open in X x Y, as required. |}

Let X and Y be topological spaces. The collection of open sets in X x Y
defined as described above is referred to as the product topology on X x Y.
The definition of the product topology can easily be generalized to Cartesian
products of any finite number of topological spaces.
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Definition Let X, X5,..., X,, be topological spaces. A subset U of the
Cartesian product X; x X5 X - -+ x X, is said to be open (with respect to the
product topology) if, given any point p of U, there exist open sets V; in X;
fori =1,2,...,nsuch that {p} C Vi x Vo x---xV, CU.

Lemma 2.5 Let Xy, Xs,..., X, be topological spaces. Then the collection of
open sets in X1 X Xg X -+ X X, 15 a topology on X1 X Xo X --- X X,,.

Proof Let X = X; x X5 x---x X,,. The definition of open sets ensures that
the empty set and the whole set X are open in X. We must prove that any
union or finite intersection of open sets in X is an open set.

Let E be a union of a collection of open sets in X and let p be a point of
E. Then p € D for some open set D in the collection. It follows from this
that there exist open sets V; in X; for ¢ = 1,2,...,n such that

{plCcVixVox---xV,CDCE.

Thus F is open in X.

Let U = U;NU,N- - -NU,,, where Uy, Us, . .., U, are open sets in X, and let
p be a point of U. Then there exist open sets V; in X; for k =1,2,...,m and
i=1,2,...,nsuch that {p} C Viy X Vg X+ XV, CU for k=1,2,... m.
LetVZ:Vhﬂngﬂﬂsz fori:1,2,...,n. Then

{p} CVixVox - xV, CVig X Viag X+ X Vi, CUy

for k =1,2,...,m, and hence {p} C V; x Vo x --- x V,, C U. It follows that
U is open in X, as required. |}

Lemma 2.6 Let X1, Xs,..., X, and Z be topological spaces. Then a func-
tion f: X1 X Xo x -+ x X,, = Z is continuous if and only if, given any point
p of X1 X Xy X -+ X X,,, and given any open set U in Z containing f(p),
there exist open sets V; in X; forv=1,2,...,n such thatp € Vi x Vo --- XV,
and f(Vi x Vo x -+ x V) CU.

Proof Let V; be an open set in X; fori =1,2,...,n, and let U be an open set
in Z. Then Vi xVax---xV, C f~HU) if and only if f(VixVax---xV,) C U,
It follows that f~!(U) is open in the product topology on X; x X5 x - -+ x X, if
and only if, given any point p of X; x X5 x - - - x X, satisfying f(p) € U, there
exist open sets V; in X; fori =1,2,... nsuch that f(Vi xVox---xV,) CU.
The required result now follows from the definition of continuity. [}

Let X1, Xs,..., X, be topological spaces, and let V; be an open set in
X; forv=1,2,...,n. It follows directly from the definition of the product
topology that V) x V5 x --- x V,, is open in X; X X5 X --- x X,,.
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Theorem 2.7 Let X = X; X Xo X --- X X,,, where X1, Xs,...,X, are
topological spaces and X 1is given the product topology, and for each 1, let
pi: X — X, denote the projection function which sends (x1,za,...,T,) € X

to x;. Then the functions pi,pa,...,pn are continuous. Moreover a function
f:Z — X mapping a topological space Z into X is continuous if and only if
pio f: Z — X; is continuous fori=1,2,...,n.

Proof Let V be an open set in X;. Then
pzil(v>:X1 Xowes XXi—l XVXX7;+1 X "'XXT“

and therefore p; ' (V) is open in X. Thus p;: X — X; is continuous for all i.

Let f:Z — X be continuous. Then, for each i, p; o f:Z — X, is a
composition of continuous functions, and is thus itself continuous.

Conversely suppose that f: Z — X is a function with the property that
p; o f is continuous for all . Let U be an open set in X. We must show that
f~YU) is open in Z.

Let z be a point of f~1(U), and let f(2) = (u1, ua,. .., u,). Now U is open
in X, and therefore there exist open sets Vi, Vs, ..., V, in Xq, X5,..., X,
respectively such that u; € V; for all i and V; x Vo x -+ x V,, C U. Let

N, = fit(V)n fa (Vo) -0 £ N (V)

where f; =p;o f fori=1,2,...,n. Now fi_l(Vi) is an open subset of Z for
1=1,2,...,n, since V; is open in X; and f;: 7 — X, is continuous. Thus V.,
being a finite intersection of open sets, is itself open in Z. Moreover

fIN,)CcVixVox .- xV,CU,

so that N, C f~'(U). Tt follows that f~*(U) is the union of the open sets N,
as z ranges over all points of f~*(U). Therefore f~'(U) is open in Z. This
shows that f: Z — X is continuous, as required. |}

Proposition 2.8 The usual topology on R™ coincides with the product topol-
ogy on R™ obtained on regarding R™ as the Cartesian product R xR x --- xR
of n copies of the real line R.

Proof We must show that a subset U of R" is open with respect to the usual
topology if and only if it is open with respect to the product topology.

Let U be a subset of R that is open with respect to the usual topology,
and let u € U. Then there exists some § > 0 such that B(u,d) C U, where

B(u,d) ={x e R": |x —u| < d}.
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Let Iy, I5, ..., I, be the open intervals in R defined by

5 5
L={teR:iuy——F=<t<u+—} (i=12,...,n),
n

Vi Vi

Then Iy, I, ..., I, are open sets in R. Moreover
{fufc i xIyx---x1I,C B(u,d) CU,

since . 52

x—ul?= xi—ui2<n<—) = 42

| | ;( ) NG
for all x € I1 x I3 x --- x I,. This shows that any subset U of R" that is
open with respect to the usual topology on R" is also open with respect to
the product topology on R™.

Conversely suppose that U is a subset of R™ that is open with respect
to the product topology on R", and let u € U. Then there exist open
sets V1, V5, ..., V, in R containing wuy, us, ..., u, respectively such that V; x
Vo x---xV, Cc U Now we can find d1,0s,...,0, such that §; > 0 and
(u; —6;,u; +9;) C 'V for all i. Let 6 > 0 be the minimum of 1,92, ...,..., 0.
Then

B(u,0) cVix Vo x---V,, CU,

for if x € B(u,¢) then |z; — w;| < §; for i = 1,2,...,n. This shows that any
subset U of R" that is open with respect to the product topology on R™ is
also open with respect to the usual topology on R™. |}

The following result is now an immediate corollary of Proposition 2.8 and
Theorem 2.7.

Corollary 2.9 Let X be a topological space and let f: X — R™ be a function
from X to R™. Let us write

f(@) = (f(@), fo(2), .., ful2))

for all x € X, where the components f1, fa, ..., fn of f are functions from X
toR. The function f is continuous if and only if its components f1, fa, ..., fn
are all continuous.

Let f: X — R and g: X — R be continuous real-valued functions on some
topological space X. We claim that f+g, f —g and f.g are continuous. Now
it is a straightforward exercise to verify that the sum and product functions
s:R? — R and p:R? — R defined by s(x,y) = z +y and p(z,y) = 2y
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are continuous, and f + ¢ = soh and f.g = po h, where h: X — R? is
defined by h(x) = (f(z), g(z)). Moreover it follows from Corollary 2.9 that
the function h is continuous, and compositions of continuous functions are
continuous. Therefore f + ¢ and f.g are continuous, as claimed. Also —g¢g
is continuous, and f — g = f + (—g), and therefore f — g is continuous. If
in addition the continuous function g is non-zero everywhere on X then 1/g
is continuous (since 1/g is the composition of g with the reciprocal function
t — 1/t), and therefore f/g is continuous.

Lemma 2.10 The Cartesian product X1 x Xo X ... X,, of Hausdorff spaces
X1, Xo, ..., X, is Hausdorff.

Proof Let X = X; x X3 x ..., X, and let u and v be distinct points of X,
where v = (x1,29,...,2,) and v = (Y1,¥2,...,Yn). Then z; # y; for some
integer ¢ between 1 and n. But then there exist open sets U and V in X;
such that x; € U, y; € V and UNV = ) (since X; is a Hausdorff space).
Let p;: X — X; denote the projection function. Then p;*(U) and p; *(V) are
open sets in X, since p; is continuous. Moreover u € p; *(U), v € p; *(V),
and p; '(U) Np; (V) = 0. Thus X is Hausdorff, as required. |

23



3 Identification Maps and Quotient Topolo-
gies
3.1 Cut and Paste Constructions

Suppose we start out with a square of paper. If we join together two opposite
edges of this square we obtain a cylinder. The boundary of the cylinder
consists of two circles. If we join together the two boundary circles we obtain
a torus (which corresponds to the surface of a doughnut).

Let the square be represented by the set [0,1] x [0, 1] consisting of all
ordered pairs (s,t) where s and ¢ are real numbers between 0 and 1. There
is an equivalence relation on the square [0, 1] x [0, 1], where points (s, ) and
(u,v) of the square are related if and only if at least one of the following
conditions is satisfied:

e s=uandt=uv;

e s=0,u=1andt=v;

e s=1,u=0andt=uv;

e t=0,v=1and s =u;

e t=1 v=0and s = u;

e (s,t) and (u,v) both belong to {(0,0), (0,1), (1,0), (1,1)}.

Note that if 0 < s < 1 and 0 < t < 1 then the equivalence class of the
point (s,t) is the set {(s,¢)} consisting of that point. If s = 0 or 1 and
if 0 < ¢t < 1 then the equivalence class of (s,t) is the set {(0,1), (1,%)}.
Similarly if ¢ = 0 or 1 and if 0 < s < 1 then the equivalence class of (s, 1)
is the set {(s,0), (s,1)}. The equivalence class of each corner of the square
is the set (0,0), (1,0), (0,1), (1,1) consisting of all four corners. Thus each
equivalence class contains either one point in the interior of the square, or
two points on opposite edges of the square, or four points at the four corners
of the square. Let T? denote the set of these equivalence classes. We have
a map ¢:[0,1] x [0,1] — T2 which sends each point (s,t) of the square to
its equivalence class. Each element of the set 72 is the image of one, two
or four points of the square. The elements of T? represent points on the
torus obtained from the square by first joining together two opposite sides of
the square to form a cylinder and then joining together the boundary circles
of this cylinder as described above. We say that the torus 72 is obtained
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from the square [0, 1] x [0, 1] by identifying the points (0,¢) and (1,¢) for all
t € 10, 1] and identifying the points (s,0) and (s, 1) for all s € [0, 1].

The topology on the square [0, 1] x [0, 1] induces a corresponding topology
on the set T2, where a subset U of T? is open in T? if and only if ¢~1(U)
is open in the square [0,1] x [0,1]. (The fact that these open sets in T2
constitute a topology on the set T? is a consequence of Lemma 3.1.) The
function ¢:[0,1] x [0,1] — T2 is then a continuous surjection. We say that
the topological space T? is the identification space obtained from the square
[0,1] x [0,1] by identifying points on the sides to the square as described
above. The continuous map ¢ from the square to the torus is an example of
an identification map, and the topology on the torus 72 is referred to as the
quotient topology on T? induced by the identification map ¢: [0, 1] x [0,1] —
T2,

Another well-known identification space obtained from the square is the
Klein bottle (Kleinsche Flasche). The Klein bottle K2 is obtained from the
square [0, 1] x [0, 1] by identifying (0,¢) with (1,1 —¢) for all £ € [0,1] and
identifying (s,0) with (s, 1) for all s € [0, 1]. These identifications correspond
to an equivalence relation on the square, where points (s,¢) and (u, v) of the
square are equivalent if and only if one of the following conditions is satisfied:

e s=wuandt=uv;

e s=0,u=1landt=1-—v;

e s=1lLu=0andt=1—uv;

e t=0,v=1and s = u;

et=1v=0ands=u;

e (s,t) and (u,v) both belong to {(0,0), (0,1), (1,0), (1,1)}.

The corresponding set of equivalence classes is the Klein bottle K2. Thus
each point of the Klein bottle K2 represents an equivalence class consisting
of either one point in the interior of the square, or two points (0,¢) and
(1,1 —1t) with 0 < ¢ < 1 on opposite edges of the square, or two points (s, 0)
and (s,1) with 0 < s < 1 on opposite edges of the square, or the four corners
of the square. There is a surjection r:[0,1] x [0,1] — K? from the square
to the Klein bottle that sends each point of the square to its equivalence
class. The identifications used to construct the Klein bottle ensure that
r(0,t) =r(1,1—t) for all £ € [0,1] and r(s,0) = r(s,1) for all s € [0,1]. One
can construct a quotient topology on the Klein bottle K2, where a subset U
of K% is open in K? if and only if its preimage »~*(U) is open in the square
[0,1] x [0, 1].
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3.2 Identification Maps and Quotient Topologies

Definition Let X and Y be topological spaces and let ¢: X — Y be a
function from X to Y. The function ¢ is said to be an identification map if
and only if the following conditions are satisfied:

e the function ¢: X — Y is surjective,

e asubset U of Y is open in Y if and only if ¢~1(U) is open in X.

It follows directly from the definition that any identification map is con-
tinuous. Moreover, in order to show that a continuous surjection ¢: X — Y
is an identification map, it suffices to prove that if V' is a subset of Y with
the property that ¢=' (V) is open in X then V is open in Y.

Example Let S! denote the unit circle {(x,y) € R? : 22 +y* = 1} in R?, and
let q:[0,1] — S! be the continuous map defined by ¢(t) = (cos 2nt, sin 27t)
for all ¢ € [0,1]. We show that ¢:[0,1] — S! is an identification map. This
map is continuous and surjective. It remains to show that if V' is a subset of
St with the property that ¢~'(V) is open in [0, 1] then V is open in S*.

Note that |q(s) — q(t)] = 2|sinn(s — t)| for all s, € [0,1] satisfying
|s —t| < 1. Let V be a subset of S* with the property that ¢~*(V) is open
in [0,1], and let v be an element of V. We show that there exists ¢ > 0
such that all points u of S satisfying [u — v| < € belong to V. We consider
separately the cases when v = (1,0) and when v # (1,0).

Suppose that v = (1,0). Then (1,0) € V, and hence 0 € ¢~*(V) and
1€ q (V). But ¢*(V) is open in [0,1]. Tt follows that there exists a real
number ¢ satisfying 0 < 6 < % such that [0,0) C ¢ *(V) and (1 —4,1] €
q (V). Let e = 2sinmd. Now if —7 < 6 < 7 then the Euclidean distance
between the points (1,0) and (cos 6, sin §) is 2sin £|6|. Moreover, this distance
increases monotonically as |f| increases from 0 to 7. Thus any point on the
unit circle S' whose distance from (1,0) is less than € must be of the form
(cosf,sinf), where |0] < 2md. Thus if u € S! satisfies [u — v| < & then
u = ¢(s) for some s € [0, 1] satisfying either 0 < s <Jor1—60 < s < 1. But
then s € ¢7*(V), and hence u € V.

Next suppose that v # (1,0). Then v = ¢(t) for some real number ¢
satisfying 0 < ¢ < 1. But ¢~ *(V) is open in [0,1], and t € ¢ (V). Tt
follows that (¢t — §,t + &) C ¢ (V) for some real number ¢ satisfying 6 > 0.
Let ¢ = 2sinmd. If u € S! satisfies [u — v| < € then u = ¢(s) for some
s € (t—04,t+ ). But then s € ¢7*(V), and hence u € V.

We have thus shown that if V' is a subset of S! with the property that
¢ (V) is open in [0,1] then there exists € > 0 such that u € V for all
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elements u of S! satisfying [u — v| < e. Tt follows from this that V is open
in S'. Thus the continuous surjection ¢: [0,1] — S! is an identification map.

Lemma 3.1 Let X be a topological space, let'Y be a set, and let ¢: X — Y
be a surjection. Then there is a unique topology on'Y for which the function
q: X — Y s an identification map.

Proof Let 7 be the collection consisting of all subsets U of Y for which
¢ '(U) is open in X. Now ¢ (@) = 0, and ¢~ '(Y) = X, so that () € 7 and
Y er. If {V,:ae€ A} is any collection of subsets of Y indexed by a set A,
then it is a straightforward exercise to verify that

UaeA ¢ '(Va)=q" (UaeA Va) ’ naeA (Vo) =qa" (ﬂaeA Va)

(i.e., given any collection of subsets of Y, the union of the preimages of the
sets is the preimage of the union of those sets, and the intersection of the
preimages of the sets is the preimage of the intersection of those sets). It
follows easily from this that unions and finite intersections of sets belonging
to 7 must themselves belong to 7. Thus 7 is a topology on Y, and the
function ¢: X — Y is an identification map with respect to the topology 7.
Clearly 7 is the unique topology on Y for which the function ¢: X — Y is an
identification map. |}

Let X be a topological space, let Y be a set, and let ¢: X — Y be a
surjection. The unique topology on Y for which the function ¢ is an identifi-
cation map is referred to as the quotient topology (or identification topology)
onY.

Let ~ be an equivalence relation on a topological space X. If Y is the
corresponding set of equivalence classes of elements of X then there is a
surjection ¢: X — Y that sends each element of X to its equivalence class.
Lemma 3.1 ensures that there is a well-defined quotient topology on Y, where
a subset U of Y is open in Y if and only if ¢7*(U) is open in X. (Appropriate
equivalence relations on the square yield the torus and the Klein bottle, as
discussed above.)

Lemma 3.2 Let X and Y be topological spaces and let ¢: X — Y be an
identification map. Let Z be a topological space, and let f:Y — Z be a
function from'Y to Z. Then the function f is continuous if and only if the
composition function foq: X — Z is continuous.

Proof Suppose that f is continuous. Then the composition function fogq is
a composition of continuous functions and hence is itself continuous.
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Conversely suppose that f o q is continuous. Let U be an open set in Z.
Then ¢~ 1(f~1(U)) is open in X (since foq is continuous), and hence f~1(U)
is open in Y (since the function ¢ is an identification map). Therefore the
function f is continuous, as required. |

Example Let S' be the unit circle in R?, and let ¢:[0,1] — S! be the
map that sends ¢ € [0,1] to (cos2nt,sin2xt). Then ¢:[0,1] — S! is an
identification map, and therefore a function f:S' — Z from S! to some
topological space Z is continuous if and only if fogq: [0, 1] — Z is continuous.

Example The Klein bottle K? is the identification space obtained from the
square [0, 1] x [0, 1] by identifying (0,¢) with (1,1 —¢) for all £ € [0,1] and
identifying (s,0) with (s,1) for all s € [0,1]. Let ¢:[0,1] x [0,1] — K?
be the identification map determined by these identifications. Let Z be a
topological space. A function g: [0, 1] x [0, 1] — Z mapping the square into Z
which satisfies ¢(0,t) = g(1,1—1t) for all ¢ € [0, 1] and g(s,0) = g(s,1) for all
s € [0, 1], determines a corresponding function f: K* — Z, where g = f o q.
It follows from Lemma 3.2 that the function f: K2 — Z is continuous if and
only if ¢:[0,1] x [0,1] — Z is continuous.

Example Let S™ be the n-sphere, consisting of all points x in R"*! satisfying
x| = 1. Let RP" be the set of all lines in R"*! passing through the origin (i.e.,
RP™ is the set of all one-dimensional vector subspaces of R"*1). Let ¢: S™ —
RP"™ denote the function which sends a point x of S™ to the element of RP"
represented by the line in R"*! that passes through both x and the origin.
Note that each element of RP™ is the image (under ¢) of exactly two antipodal
points x and —x of S™. The function ¢ induces a corresponding quotient
topology on RP" such that ¢: S™ — RP" is an identification map. The set
RP", with this topology, is referred to as real projective n-space. In particular
RP? is referred to as the real projective plane. It follows from Lemma 3.2 that
a function f:RP" — Z from RP" to any topological space Z is continuous
if and only if the composition function f o q:S™ — Z is continuous.
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4 Compactness

4.1 Compact Topological Spaces

Let X be a topological space, and let A be a subset of X. A collection of
subsets of X in X is said to cover A if and only if every point of A belongs to
at least one of these subsets. In particular, an open cover of X is collection
of open sets in X that covers X.

If 4 and V are open covers of some topological space X then V is said to
be a subcover of U if and only if every open set belonging to V also belongs

toU.

Definition A topological space X is said to be compact if and only if every
open cover of X possesses a finite subcover.

Lemma 4.1 Let X be a topological space. A subset A of X is compact (with
respect to the subspace topology on A) if and only if, given any collection U
of open sets in X covering A, there exists a finite collection Vi, Va, ..., V. of
open sets belonging to U such that A C ViU Vo U---UV,.

Proof A subset B of A is open in A (with respect to the subspace topology
on A) if and only if B = ANV for some open set V in X. The desired result
therefore follows directly from the definition of compactness. |}

We now show that any closed bounded interval in the real line is compact.
This result is known as the Heine-Borel Theorem. The proof of this theorem
uses the least upper bound principle which states that, given any non-empty
set S of real numbers which is bounded above, there exists a least upper
bound (or supremum) sup S for the set S.

Theorem 4.2 (Heine-Borel) Let a and b be real numbers satisfying a < b.
Then the closed bounded interval [a,b] is a compact subset of R.

Proof Let U be a collection of open sets in R with the property that each
point of the interval [a, b] belongs to at least one of these open sets. We must
show that [a, ] is covered by finitely many of these open sets.

Let S be the set of all 7 € [a,b] with the property that [a, 7] is covered
by some finite collection of open sets belonging to U/, and let s = sup S. Now
s € W for some open set W belonging to U. Moreover W is open in R, and
therefore there exists some § > 0 such that (s — d,s + ) C W. Moreover
s — ¢ is not an upper bound for the set S, hence there exists some 7 € §
satisfying 7 > s — 0. It follows from the definition of S that [a, 7] is covered
by some finite collection Vi, V5, ... V. of open sets belonging to U.
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Let t € [a,b] satisfy 7 <t < s+ 4. Then
la,t] C [a,7]U(s —0,s+d) CViUVLU---UV,UW,

and thus t € S. In particular s € S, and moreover s = b, since otherwise s
would not be an upper bound of the set S. Thus b € S, and therefore |a, b|
is covered by a finite collection of open sets belonging to U, as required. |}

Lemma 4.3 Let A be a closed subset of some compact topological space X .
Then A is compact.

Proof Let U be any collection of open sets in X covering A. On adjoining
the open set X \ A to U, we obtain an open cover of X. This open cover
of X possesses a finite subcover, since X is compact. Moreover A is covered
by the open sets in the collection U that belong to this finite subcover. It
follows from Lemma 4.1 that A is compact, as required. |}

Lemma 4.4 Let f: X — Y be a continuous function between topological
spaces X and Y, and let A be a compact subset of X. Then f(A) is a
compact subset of Y.

Proof Let V be a collection of open sets in Y which covers f(A). Then A is
covered by the collection of all open sets of the form f~1(V) for some V € V.
It follows from the compactness of A that there exists a finite collection
Vi, Va, ..., Vi of open sets belonging to V such that

AcC [ MU (Va)Uu---U fH (V).
But then f(A) C ViUV, U---UVj. This shows that f(A) is compact. |}

Lemma 4.5 Let f: X — R be a continuous real-valued function on a com-
pact topological space X. Then f is bounded above and below on X.

Proof The range f(X) of the function f is covered by some finite collection
I, I, ..., I} of open intervals of the form (—m,m), where m € N, since f(X)
is compact (Lemma 4.4) and R is covered by the collection of all intervals of
this form. It follows that f(X) C (=M, M), where (—M, M) is the largest of
the intervals I, Is, ..., I;. Thus the function f is bounded above and below
on X, as required. |}

Proposition 4.6 Let f: X — R be a continuous real-valued function on a
compact topological space X. Then there exist points u and v of X such that
flu) < f(x) < f(v) forallz € X.
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Proof Let m = inf{f(z) : x € X} and M = sup{f(z) : € X}. There
must exist v € X satisfying f(v) = M, for if f(x) < M for all x € X then
the function x +— 1/(M — f(z)) would be a continuous real-valued function
on X that was not bounded above, contradicting Lemma 4.5. Similarly
there must exist u € X satisfying f(u) = m, since otherwise the function
x +— 1/(f(x)—m) would be a continuous function on X that was not bounded
above, again contradicting Lemma 4.5. But then f(u) < f(z) < f(v) for all
x € X, as required. |}

Proposition 4.7 Let A be a compact subset of a metric space X. Then A
15 closed i X.

Proof Let p be a point of X that does not belong to A, and let f(z) =
d(x,p), where d is the distance function on X. It follows from Proposition 4.6
that there is a point ¢ of A such that f(a) > f(q) for all a € A, since A is
compact. Now f(q) > 0, since ¢ # p. Let § satisfy 0 < § < f(¢). Then the
open ball of radius § about the point p is contained in the complement of
A, since f(x) < f(q) for all points x of this open ball. It follows that the
complement of A is an open set in X, and thus A itself is closed in X. |}

Proposition 4.8 Let X be a Hausdorff topological space, and let K be a
compact subset of X. Let x be a point of X \ K. Then there exist open sets
V oand W in X such thatz € V, K CW and VNW = (.

Proof For each point y € K there exist open sets V,,, and W, , such that
r € Vyy,y€ W,y and V,, N W,, =0 (since X is a Hausdorff space). But
then there exists a finite set {y1,ys,...,y,} of points of K such that K is
contained in Wy, UW,,, U---UW,,  since K is compact. Define

V=Ve NVoy, NN Vo, W =Wgy UWopy, U UW, .
Then V and W are open sets, z € V, K C W and VNW = (), as required. |
Corollary 4.9 A compact subset of a Hausdorff topological space is closed.

Proof Let K be a compact subset of a Hausdorftf topological space X. It
follows immediately from Proposition 4.8 that, for each € X \ K, there
exists an open set V,, such that x € V, and V, N K = (). But then X \ K is
equal to the union of the open sets V. as x ranges over all points of X \ K,

and any set that is a union of open sets is itself an open set. We conclude
that X \ K is open, and thus K is closed. |}
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Proposition 4.10 Let X be a Hausdorff topological space, and let K; and
K, be compact subsets of X, where Ky N Ky = (). Then there exist open sets
Ui and Uy such that K; C Uy, Ky C Uy and Uy N Uy = 0.

Proof It follows from Proposition 4.8 that, for each point x of K, there
exist open sets V,, and W, such that z € V,,, K, C W, and V, NW, = (). But
then there exists a finite set {1, xs,...,2,} of points of K; such that

KiycV,, uV,u.---uV,,
since K7 is compact. Define
U=V, UV, U---uV,, U =W, NW,,N---NW,,.

Then U; and U, are open sets, Ky C Uy, Ky C Uy and Uy NU, = 0, as
required. [

Lemma 4.11 Let f: X — Y be a continuous function from a compact topo-
logical space X to a Hausdorff space Y. Then f(K) is closed in'Y for every
closed set K in X.

Proof If K is a closed set in X, then K is compact (Lemma 4.3), and there-
fore f(K) is compact (Lemma 4.4). But any compact subset of a Hausdorff
space is closed (Corollary 4.9). Thus f(K) is closed in Y, as required. ||

Remark If the Hausdorff space Y in Lemma 4.11 is a metric space, then
Proposition 4.7 may be used in place of Corollary 4.9 in the proof of the
lemma.

Theorem 4.12 A continuous bijection f: X — Y from a compact topological
space X to a Hausdorff space Y is a homeomorphism.

Proof Let ¢:Y — X be the inverse of the bijection f: X — Y. If U is
open in X then X \ U is closed in X, and hence f(X \ U) is closed in Y,
by Lemma 4.11. But f(X \U) =g (X \U) =Y \ g ' (U). It follows that
g 1 (U) is open in Y for every open set U in X. Therefore g:Y — X is
continuous, and thus f: X — Y is a homeomorphism. [

We recall that a function f: X — Y from a topological space X to a
topological space Y is said to be an identification map if it is surjective and
satisfies the following condition: a subset U of Y is open in Y if and only if
f~YU) is open in X.
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Proposition 4.13 A continuous surjection f: X — 'Y from a compact topo-
logical space X to a Hausdorff space Y is an identification map.

Proof Let U be a subset of Y. We claim that Y\ U = f(K), where K =
X\ f74U). Clearly f(K) C Y\ U. Also, given any y € Y \ U, there exists
x € X satisfying y = f(z), since f: X — Y is surjective. Moreover z € K,
since f(z) € U. Thus Y \ U C f(K), and hence Y \ U = f(K), as claimed.
We must show that the set U is open in Y if and only if f~*(U) is open
in X. First suppose that f~'(U) is open in X. Then K is closed in X, and
hence f(K) is closed in Y, by Lemma 4.11. It follows that U is open in Y.
Conversely if U is open in Y then f~!(Y) is open in X, since f: X — Y is
continuous. Thus the surjection f: X — Y is an identification map. |}

Example Let S! be the unit circle in R?, defined by S = {(z,y) € R? :
2 +y* = 1}, and let ¢:[0,1] — S' be defined by q(t) = (cos 2nt, sin 27t)
for all t € [0, 1]. Tt has been shown that the map ¢ is an identification map.
This also follows directly from the fact that ¢:[0,1] — S’ is a continuous
surjection from the compact space [0,1] to the Hausdorff space S*.

We shall show that a finite Cartesian product of compact spaces is com-
pact. To prove this, we apply the following result, known as the Tube Lemma.

Lemma 4.14 Let X and Y be topological spaces, let K be a compact subset
of Y, and U be an open set in X x Y. Let V ={x € X : {z} x K C U}.
Then V' is an open set in X.

Proof Let x € V. For each y € K there exist open subsets D, and E,
of X and Y respectively such that (z,y) € D, x E, and D, x E, C U.
Now there exists a finite set {y1,vs, ...,y } of points of K such that K C
E,UE,U---UE,, since K is compact. Set N, = D, N Dy, N---ND,,.
Then N, is an open set in X. Moreover

k k
N, x K c | J(N. x E,) c | J(Dy, x E,) C U,

=1 =1

so that N, C V. It follows that V' is the union of the open sets N, for all
x € V. Thus V is itself an open set in X, as required. [

Theorem 4.15 A Cartesian product of a finite number of compact spaces is
itself compact.
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Proof It suffices to prove that the product of two compact topological spaces
X and Y is compact, since the general result then follows easily by induction
on the number of compact spaces in the product.

Let U be an open cover of X x Y. We must show that this open cover
possesses a finite subcover.

Let « be a point of X. The set {x} XY is a compact subset of X x Y, since
it is the image of the compact space Y under the continuous map from Y to
X x Y which sends y € Y to (z,y), and the image of any compact set under
a continuous map is itself compact (Lemma 4.4). Therefore there exists a
finite collection Uy, Us,...,U, of open sets belonging to the open cover U
such that {x} x Y is contained in Uy UUs U ---UU,. Let V, denote the set of
all points 2’ of X for which {2’} x Y is contained in Uy UUy U+ - -UU,. Then
x € V., and Lemma 4.14 ensures That V, is an open set in X. Note that
V., x Y is covered by finitely many of the open sets belonging to the open
cover U.

Now {V, : © € X} is an open cover of the space X. It follows from the

compactness of X that there exists a finite set {x1, z, ...,z } of points of X
such that X =V, UV, U---UV, . Now X x Y is the union of the sets
Ve, x Y for 5 =1,2,...,r, and each of these sets can be covered by a finite

collection of open sets belonging to the open cover &. On combining these
finite collections, we obtain a finite collection of open sets belonging to U
which covers X x Y. This shows that X x Y is compact. |}

Theorem 4.16 Let K be a subset of R™. Then K is compact if and only if
K is both closed and bounded.

Proof Suppose that K is compact. Then K is closed, since R" is Hausdorff,
and a compact subset of a Hausdorff space is closed (by Corollary 4.9). For
each natural number m, let B,,, be the open ball of radius m about the origin,
given by B, = {x € R" : |x| < m}. Then {B,, : m € N} is an open cover of
R™. It follows from the compactness of K that there exist natural numbers
my, My, ..., my such that K C B,,, UB,,, U---U B, . But then K C By,
where M is the maximum of mq, mo, ..., ms, and thus K is bounded.
Conversely suppose that K is both closed and bounded. Then there exists
some real number L such that K is contained within the closed cube C' given
by
C={(zx1,29,...,0,) ER": =L <z; < Lforj=1,2,...,n}

Now the closed interval [—L, L] is compact by the Heine-Borel Theorem
(Theorem 4.2), and C' is the Cartesian product of n copies of the compact
set [—L, L]. Tt follows from Theorem 4.15 that C' is compact. But K is a
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closed subset of C', and a closed subset of a compact topological space is itself
compact, by Lemma 4.3. Thus K is compact, as required. [

4.2 The Lebesgue Lemma and Uniform Continuity

Definition Let X be a metric space with distance function d. A subset A
of X is said to be bounded if there exists a non-negative real number K
such that d(z,y) < K for all z,y € A. The smallest real number K with
this property is referred to as the diameter of A, and is denoted by diam A.
(Note that diam A is the supremum of the values of d(x,y) as x and y range
over all points of A.)

Lemma 4.17 (Lebesgue Lemma) Let (X, d) be a compact metric space. Let
U be an open cover of X. Then there exists a positive real number & such that
every subset of X whose diameter is less than ¢ is contained wholly within
one of the open sets belonging to the open cover U.

Proof Every point of X is contained in at least one of the open sets belonging
to the open cover U. It follows from this that, for each point x of X, there
exists some 0, > 0 such that the open ball B(x,2d,) of radius 24, about
the point x is contained wholly within one of the open sets belonging to the
open cover U. But then the collection consisting of the open balls B(x, d,)
of radius J, about the points x of X forms an open cover of the compact
space X. Therefore there exists a finite set x1, xo, ..., z, of points of X such
that
B(ZE1751) U B(J]2,62> U---u B(mr,(ﬂ) = X,

where ; = d,, for e =1,2,...,r. Let > 0 be given by
0 = minimum(dy, da, . . ., 0,).

Suppose that A is a subset of X whose diameter is less than d. Let u be a
point of A. Then wu belongs to B(xz;,d;) for some integer i between 1 and r.
But then it follows that A C B(x;,26;), since, for each point v of A,

But B(x;,26;) is contained wholly within one of the open sets belonging to
the open cover U. Thus A is contained wholly within one of the open sets
belonging to U, as required. |}

Let U be an open cover of a compact metric space X. A Lebesgue number
for the open cover U is a positive real number ¢ such that every subset of X
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whose diameter is less than ¢ is contained wholly within one of the open sets
belonging to the open cover Y. The Lebesgue Lemma thus states that there
exists a Lebesgue number for every open cover of a compact metric space.
Let X and Y be metric spaces with distance functions dx and dy respec-
tively, and let f: X — Y be a function from X to Y. The function f is said
to be uniformly continuous on X if and only if, given € > 0, there exists some
d > 0 such that dy(f(z), f(z')) < e for all points x and 2’ of X satisfying
dx(z,2") < d. (The value of ¢ should be independent of both x and z’.)

Theorem 4.18 Let X and Y be metric spaces. Suppose that X is compact.
Then every continuous function from X to 'Y is uniformly continuous.

Proof Let dx and dy denote the distance functions for the metric spaces X
and Y respectively. Let f: X — Y be a continuous function from X to Y.
We must show that f is uniformly continuous.

Let € > 0 be given. For each y € Y, define

V, = {r € X dy(f(z).4) < k).

Note that V, = f~! (By(y, 3¢)), where By (y, 3¢) denotes the open ball of
radius ¢ about y in Y. Now the open ball By (y, i¢) is an open set in Y,
and f is continuous. Therefore V}, is open in X for all y € Y. Note that
x € Vi forall x € X.

Now {V, : y € Y} is an open cover of the compact metric space X. It
follows from the Lebesgue Lemma (Lemma 4.17) that there exists some § > 0
such that every subset of X whose diameter is less than ¢ is a subset of some
set V,. Let x and 2’ be points of X satisfying dx(x,2’) < §. The diameter
of the set {z,2'} is dx(z,2’), which is less than 6. Therefore there exists
some y € Y such that « € V, and 2/ € V,,. But then dy(f(z),y) < 3¢ and
dy (f(z'),y) < e, and hence

dy (f(z), f(2)) < dy(f(2),y) +dy(y, f(z')) <e.
This shows that f: X — Y is uniformly continuous, as required. |}

Let K be a closed bounded subset of R". It follows from Theorem 4.16)
and Theorem 4.18 that any continuous function f: K — RF is uniformly
continuous.
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5 Connectedness

5.1 Connected Topological Spaces

Definition A topological space X is said to be connected if the empty set ()
and the whole space X are the only subsets of X that are both open and
closed.

Lemma 5.1 A topological space X is connected if and only if it has the
following property: if U and V are non-empty open sets in X such that
X =UUV, then UNV 1s non-empty.

Proof If U is a subset of X that is both open and closed, and if V.= X \ U,
then U and V are both open, UUV = X and U NV = (). Conversely if U
and V' are open subsets of X satisfying UUV = X and U NV = (), then
U = X\ V, and hence U is both open and closed. Thus a topological space X
is connected if and only if there do not exist non-empty open sets U and V'
such that UUV = X and UNV = (. The result follows. [

Let Z be the set of integers with the usual topology (i.e., the subspace
topology on Z induced by the usual topology on R). Then {n} is open for
all n € Z, since

{n}=Zn{teR:|t—n|<i}.

It follows that every subset of Z is open (since it is a union of sets consisting
of a single element, and any union of open sets is open). It follows that
a function f: X — 7Z on a topological space X is continuous if and only if
f7YV) is open in X for any subset V of Z. We use this fact in the proof of
the next theorem.

Proposition 5.2 A topological space X is connected if and only if every
continuous function f: X — 7Z from X to the set Z of integers is constant.

Proof Suppose that X is connected. Let f: X — Z be a continuous function.
Choose n € f(X), and let

U={zeX: f(x)=n}, V={xeX: f(x)#n}

Then U and V' are the preimages of the open subsets {n} and Z \ {n} of
Z, and therefore both U and V are open in X. Moreover U NV = (), and
X =UUV. It follows that V = X \ U, and thus U is both open and closed.
Moreover U is non-empty, since n € f(X). It follows from the connectedness
of X that U = X, so that f: X — Z is constant, with value n.
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Conversely suppose that every continuous function f: X — 7Z is constant.
Let S be a subset of X which is both open and closed. Let f: X — Z be

defined by
1 ifzes;
f@)_{o ifz¢sS.

Now the preimage of any subset of Z under f is one of the open sets (),
S, X\ S and X. Therefore the function f is continuous. But then the
function f is constant, so that either S = () or S = X. This shows that X is
connected. |}

Lemma 5.3 The closed interval [a,b] is connected, for all real numbers a
and b satisfying a < b.

Proof Let f:[a,b] — Z be a continuous integer-valued function on [a, b]. We
show that f is constant on [a,b]. Indeed suppose that f were not constant.
Then f(7) # f(a) for some 7 € [a,b]. But the Intermediate Value Theorem
would then ensure that, given any real number ¢ between f(a) and f(7), there
would exist some t € [a, 7] for which f(¢) = ¢, and this is clearly impossible,
since f is integer-valued. Thus f must be constant on [a, b]. We now deduce
from Proposition 5.2 that [a, b] is connected. ||

Example Let X = {(z,y) € R* : x # 0}. The topological space X is not
connected. Indeed if f: X — Z is defined by

1 if x >0,
ﬂ%w—{—1ﬁx<a

then f is continuous on X but is not constant.

A concept closely related to that of connectedness is path-connectedness.
Let xg and x; be points in a topological space X. A path in X from x( to x
is defined to be a continuous function v: [0, 1] — X such that v(0) = z, and
(1) = x1. A topological space X is said to be path-connected if and only if,
given any two points xg and x; of X, there exists a path in X from zq to x;.

Proposition 5.4 FEvery path-connected topological space is connected.

Proof Let X be a path-connected topological space, and let f: X — Z be a
continuous integer-valued function on X. If xg and x; are any two points of X
then there exists a path v: [0, 1] — X such that v(0) = z¢ and (1) = z;. But
then f o~:[0,1] — Z is a continuous integer-valued function on [0, 1]. But
[0, 1] is connected (Lemma 5.3), therefore f o~ is constant (Proposition 5.2).
It follows that f(x¢) = f(x1). Thus every continuous integer-valued function
on X is constant. Therefore X is connected, by Proposition 5.2. |}
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The topological spaces R, C and R"™ are all path-connected. Indeed, given
any two points of one of these spaces, the straight line segment joining these
two points is a continuous path from one point to the other. Also the n-sphere
S™ is path-connected for all n > 0. We conclude that these topological spaces
are connected.

Let A be a subset of a topological space X. Using Lemma 5.1 and the
definition of the subspace topology, we see that A is connected if and only if
the following condition is satisfied:

e if U and V are open sets in X such that ANU and ANV are non-empty
and A C UUV then ANU NV is also non-empty.

Lemma 5.5 Let X be a topological space and let A be a connected subset
of X. Then the closure A of A is connected.

Proof It follows from the definition of the closure of A that A C F for any
closed subset F' of X for which A C F. On taking F' to be the complement
of some open set U, we deduce that ANU = ) for any open set U for which
ANU = (. Thus if U is an open set in X and if AN U is non-empty then
ANU must also be non-empty.

Now let U and V be open sets in X such that ANU and ANV are
non-empty and A C UU V. Then ANU and ANV are non-empty, and
A cCcUUYV. But A is connected. Therefore AN U NV is non-empty, and
thus ANU NV is non-empty. This shows that A is connected. |

Lemma 5.6 Let f: X — Y be a continuous function between topological
spaces X and Y, and let A be a connected subset of X. Then f(A) is con-
nected.

Proof Let g: f(A) — Z be any continuous integer-valued function on f(A).
Then go f: A — 7Z is a continuous integer-valued function on A. It follows
from Proposition 5.2 that g o f is constant on A. Therefore ¢ is constant
on f(A). We deduce from Proposition 5.2 that f(A) is connected. ||

Lemma 5.7 The Cartesian product X XY of connected topological spaces
X and Y s itself connected.

Proof Let f: X xY — Z be a continuous integer-valued function from X xY
to Z. Choose zg € X and yo € Y. The function x — f(z,y) is continuous
on X, and is thus constant. Therefore f(z,y0) = f(xo,yo) for all z € X. Now
fix . The function y — f(x,y) is continuous on Y, and is thus constant.
Therefore

f(xay) = f(xvyo) = f(x07y0)
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for all z € X and y € Y. We deduce from Proposition 5.2 that X x Y is
connected. |

We deduce immediately that a finite Cartesian product of connected topo-
logical spaces is connected.

Proposition 5.8 Let X be a topological space. For each x € X, let S, be
the union of all connected subsets of X that contain x. Then

(i) S, is connected,
(ii) S, is closed,
(i) of z,y € X, then either S, = S, or else S, N S, = 0.

Proof Let f:S, — Z be a continuous integer-valued function on S,, for
some x € X. Let y be any point of S,. Then, by definition of .5,, there exists
some connected set A containing both x and y. But then f is constant on A,
and thus f(z) = f(y). This shows that the function f is constant on S,.
We deduce that S, is connected. This proves (i). Moreover the closure S, is
connected, by Lemma 5.5. Therefore S, C S,. This shows that S, is closed,
proving (ii).

Finally, suppose that x and y are points of X for which S, NS, # 0. Let
f:8;US, — Z be any continuous integer-valued function on S, U S,. Then
f is constant on both S, and S,. Moreover the value of f on S, must agree
with that on Sy, since S, NS, is non-empty. We deduce that f is constant
on S, US,. Thus S, US, is a connected set containing both x and y, and
thus S, US, C S, and S, US, C S, by definition of S, and S,. We conclude
that S, = 5,. This proves (iii). [

Given any topological space X, the connected subsets S, of X defined
as in the statement of Proposition 5.8 are referred to as the connected com-
ponents of X. We see from Proposition 5.8, part (iii) that the topological
space X is the disjoint union of its connected components.

Example The connected components of {(z,y) € R? : x # 0} are
{(z,y) € R* : 2 > 0} and {(z,y) € R* : x < 0}.
Example The connected components of
{t e R: [t — n| < i for some integer n}.

are the sets J, for all n € Z, where J,, = (n — £, n+ 3).
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