IMSC2058 ANALYSIS I (2025-26, 1% TERM)

CHI-WAI LEUNG

1. METRIC SPACES

Throughout the note, we use the following notation:
(i) R = the set of all real numbers.

(ii) C = the set of all complex numbers.

(iii) Q = the set of all rational numbers.

(iv) N = the set of all natural numbers.
(v) Z = the set of all integers.

Definition 1.1. Let X be a non-empty set. A function d: X x X — R is said to be a metric on X if
it satisfies the following conditions.
(i) d(xz,y) >0 for all x,y € X.
(ii) d(xz,y) =0 if and only if x = y.
(i1i) (Symmetric property) d(z,y) = d(y,z) for all z,y € X.
(iv) (Triangle inequality) d(z,y) < d(z,z) + d(z,y) for all x,y,z € X.
In this case, the pair (X, d) is called a metric space.

Example 1.2. :
(i) For x,y € R, put d(z,y) = |v —y|. Then d is a metric on R and d is called the usual metric

on R.

(ii) For x = (z1,72),y = (y1,y2) € R?, define:
doo(@,y) = max(|z1 — @2, [y1 — y2|);
di(z,y) = |z1 — 22| + |y1 — yof;
da(z,y) = \/|z1 — 222 + [y1 — y2|2. Then all are metrics on R2.

(iii) Let X be any non-empty set. For x,y € X, let d(z,y) = 0 if © = y; otherwise, d(z,y) = 1.
Then d is a metric on X . In this case, d is called the discrete metric on X and (X, d) is called
a discrete metric space.

(iv) Fizr a prime number p. For § € Q, define [$|, =p~" if § = p”‘g—/l where v € Z and p t a'b'. If
we put dy(x,y) = |x —ylp for x,y € Q, then dy, is a metric on Q. Furthermore, d, satisfies the
strong triangle inequality, i.e.,

dp(xa y) < maX(dp(wv Z), dp(z7 y))

for all x,y,z € Q.
Definition 1.3. Let V' be a vector space over a field K, where K =R or C. A function ||| : V — R
is called a norm on 'V if it satisfies the following conditions.

(i) ||z|| > 0 for allz € V.
(ii) ||z|| =0 if and only if x = 0.
(iii) (Triangle inequality) ||x — y|| < ||l — z|| + ||z — yl| for all z,y,z € V.
In this case, the pair (V)| -||) is called a normed space.
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Proposition 1.4. Let (V,||-||) be a normed space. If we put d(x,y) = ||x —y|| for z,y € V, then d is
a metric on V. Consequently, every normed space is a metric space.

Remark 1.5. Let V be a vector space. Notice that the discrete metric d on V must not be induced by
a norm, i.e., we cannot find a norm || - || on V such that d(x,y) = ||x — y|| for z,y € V.

Example 1.6. The following are important examples of normed spaces.
(i) Let £° ={(zy) : zp, € C, n=1,2...; sup|z,| < oo} and co = {(z,,) € £ : lim|x,| = 0}. Put
[(@n)lloo = sup |z|.
(ii) Let 0* = {(zp) : 2 € C, n=1,2...; 3°° | |zn| < 00}, Put |[(zn)]1 = D02 |2nl-
(i4i) Let 02 = {(zn) : 2n € C, n=1,2...; 30 |zn|? < o0} Put ||(zn)ll2 = /Dooey |2 %
(iv) Let Cla,b] :={f : [a,b] = R : f is continuous}. For each f € Cla,b|, put
[flloo sup [f ()]
z€la,b]
Then (Cla,b], || - ||) is a normed space.

(v) Let Rla,b] == {f : [a,b] — R : f is Riemann integrable}. Notice that Cla,b] C Rla,b]. For
each f € Rla,b], put

b
1l = / f(alde.

Then || - |1 is NOT a norm function on R[a,b]. However, it is a norm function on Cla,b].
Exercise 1.7. :
(1) Let (X,d) be a metric space. Define

__d(z,y)
for x,y € X. Show that p is also a metric on X.
(2) Let (X,dx) and (Y,dy) be the metric spaces. Define

p((z,y), («',y") = dx(z,2") + dy (y,9)

for z, 2’ € X and y,y' in' Y. Show that p is a metric on the product space X xY = {(x,y) :
reX;yeYhl.

(3) Let (X,d) be a metric space and let A be a subset of X. We say that A is bounded if there is
M > 0 such that d(a,a’) < M for all a,a’ in A.

Show that if Ay, ..., AN(N < o0) all are bounded subsets of X, show that Ay U------ UAp is
also a bounded subset of X.



2. CONVERGENT SEQUENCES

Throughout this section, (X, d) will denote a metric space.
For a € X and r > 0, put
B(a,r) ={x € X : d(a,z) < r}, called the open ball with center a of radius 7;

B(a,r) ={x € X : d(a,z) <r}, called the closed ball with center a of radius r.

Recall that a sequence on X is a function f : {1,2,..} — X. Write f(n) = z, € X. Also, if (ng)
is a sequence of positive integers with n; < ng <ng < ------ , then we call (z,, ) a subsequence of (z,).

Definition 2.1. A sequence (zy,) is said to be convergent in X if there is an element a € X such that
d(a,z,) — 0 as n — oo, i.e., it satisfies the following condition.

For any € > 0, there is a positive integer N such that x,, € B(a,¢) for all n > N.

In this case, a is called a limit of the sequence (xy). Also (xy,) is said to be divergent if it is not
convergent

Proposition 2.2. If (x,) is a convergent sequence in X, then its limit is unique. Now we can write
lim z,, for the limit of (xy,).

Proof. Suppose that a and b both are the limits of (z,,) with a # b in X. Then d(a,b) > 0. Choose
0 < 2e < d(a,b). By the definition of limit, we can find the integers N1 and Na such that d(a, z,) < e
for all n > Ny and d(b, z,,) < € for all n > N,. Now if we take N > max(Ny, N2), then we have
d(a,zy) < e; and d(b,zy) < €.
Hence we have
d(a,b) < d(a,zn) + d(zn,b) < 2e < d(a,b).
It leads to a contradiction. 0

Example 2.3. :
(i) If we let (R,d) be the usual metric space and let x, = 1/n, then (z,) is a convergent sequence
i R.
(i) If we let X = (0,1] and d is the metric induced by the usual metric on R, then the sequence
(1/n) is divergent in (0, 1]. In fact, if (1/n) converges to an element a € (0,1], thenlim1/n = a
in R. Then by the uniqueness of limit (see Proposition 2.2), we have a = 0. It leads to a
contradiction.

Definition 2.4. Let A be a subset of X. A point a € X is said to be a limit point of A if for any

r >0, we have
(Bla,r)\{a}) N A#D
i.e., for any r > 0, there is an element z € A such that 0 < d(a,z) < r (note: z # a because
d(a,z) >0).
Put D(A) the set of all limit points of A and A = AU D(A). Also the set A is called the closure of A.

Proposition 2.5. Using the notation above, let z € X. Then the following are equivalent.
(i) z € A.
(i) B(z,r)NA#D for all v > 0.
(ii1) There is a sequence (x,) € A such that limx,, = z.
Moreover, if A and B are any subsets of X, then we have

(a) D=0.
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(b) A=A4.
(¢) AUB=AUB.

Remark 2.6. (i) In general, AN B # AN B.
For example, if we consider X = R and A = (0,1); B = (1,2), then ANB = () and A =

[0,1], B =[1,2]. So, we have ) = ANB C AN B = {1}.
(ii) Let Ay, Aa, .... be an infinite sequence of subsets of X. In general, | Jo° | Ay # |02, An.

For ezample, let X =R and A, = [0,1—2). Then |J22; A, = [0,1] but | J22; 4, = [0,1).

Example 2.7. (i) Let X =R and A=7Z. Then D(Z) =0 and A =17 .
(ii) Let X =R and A = (0,1]. Then D(A) = [0,1] and A = [0, 1].
(iii) Let X = (0,00) and A = (0,1]. Then D(A) = (0,1] and A = (0,1].
(iv) Let X =R and A = Q. Then D(A) =R and Q =R (A is said to be dense in X if A= X).
(v) Using the notation as in Example 1.6, we let
coo = {(zn) € £ : there are only finitely many x,, 's # 0}.

Also cqp is endowed with the || - ||co-

Then the set coy is dense in co. In fact, if v = (vy,) € co, then for any € > 0, there is N € N
such that |vy,| < € for alln > N. Now we define & = (&) by & = vy, when 1 <n < N —1 and
& =0 whenn > N. Then £ € cop and ||v — &||oc = sup,>n |vn| < e. So v € ¢gp.

Definition 2.8. A subset A of X is said to be closed in X if A= A(& D(A) C A).

Proposition 2.9. A subset A of X is closed if and only if for an element a € X having a sequence
(zp,) in A with limx,, = a, implies a € A.

Example 2.10. (i) Let X =R. ThenZ is a closed subset on R and (0,1] is "Not” a closed subset
of R. However, if X = (0,00), then (0,1] is a closed subset of (0, 00).

So, the notion of ”Closeness” depends on the choice of X.

(i) Using the notation as in Examples 1.2 and 2.3, ¢y is a closed subspace of £°° and cop is not a

closed subspace of £°°.
Claim : ¢g is closed in £°°.
By Proposition 2.9, we need to show that if v € (°° with a sequence (&,) in co such that
lim, ||£n — v||eo = 0, then v € cp.
Now put v = (vj)72; and & = (§n,j)52,- Let € > 0. Since limy, [|{, — v]ls = 0, there is a
positive integer N such that ||v—En||eo < €. This implies that |v; —&n ;| < e for all j € N. On
the other hand, there is a positive integer J such that |{n ;| < e for all j > J because {n € co.
So, we have

|vj] < |€nsl+e <2

for all 5 > J. Therefore, v € cg. The proof is finished.

Proposition 2.11. Using the notation as before, we have the following assertions.

(i) The whole set X and the empty set () both are closed subsets of X.
(ii) If A and B are the closed subsets of X, then so is AU B.
(iii) If (A;)ier is gfamz’ly of closed subsets of X, then so is the mtersectiolﬂiel A;.
(iv) The closure A of A is the smallest closed set containing A, that is, A is closed and if F is
another closed set with A C F, then A C F.

Remark 2.12. The assumption of the finite union of closed sets in Proposition 2.11 (ii) is essential.
For example, consider X =R and |J,;25[1/n,1] = (0,1].
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Exercise 2.13. Let A be a non-empty subset of X. A point a € X is called a boundary point of A if
B(a,r)NA#0 and B(a,r) N A # 0 for all r > 0, where A® denotes the complement of A in X. The
set of all boundary points, write 0A, of A is called the boundary of A.

(i) Find the boundaries of Z and Q in R.

(ii) Let X = (0,1) U (2,3). Find the boundary of the set (0,1) in X.
(iii) Show that the boundary 0A is a closed subset of X .
(iv) Show that A= AUOJA.

Definition 2.14. A subset V of X is said to be open in X if for each z € V', there is r > 0 such that
B(z,r) C V.

Remark 2.15. (i) The notion of open sets depends on the choice of X in which the sets are
sitting. For example (0, 1] is not open in R but it is open in the set (0,1] U [2,3].
(ii) A subsetV of X can be an open and closed subset of X. For example, (0,1] is open and closed
subset of (0,1] U [2, 3].
(iii) A subset V' can be neither closed nor open in X. For example, (0, 1] is neither closed nor open
n R.

Proposition 2.16. We have the following assertions.
(i) A subset V is open in X if and only if X \'V is closed in X.
(ii) The empty set O and the whole set X both are open.
(iii) If {Vi}ier is a family of open subsets of X, then the union | J;c; V; is open in X.
(iv) For any finitely many Vi, ..., VN open subsets of X, we have Vi N---NVx is open in X. For
example, (0,1] is neither closed nor open in R.

Exercise 2.17. (i) Let V be a subset of X. A point z € V is said to be an interior point of V' if
there is v > 0 such that B(z,r) C V. If we put int(V') the set of all interior points of V', show
that int(V') is an open subset of X.

(ii) A metric d on X is said to be non-archimedean if it satisfies the strong triangle inequality,
that is, d(x,y) < max(d(z, z),d(z,y)) for all x,y and z € X (see also Example 1.2 (iv)). Show
that if d is a mon-archimedean metric on X, then for every closed ball B(a,r) := {x € X :
d(a,z) <} is an open set in X.

Definition 2.18. Let f : X — Y be a function from X into Y. We say that f is continuous at a point
c € X if for any € > 0, there is § > 0 such that p(f(x), f(c)) < € whenever x € X with d(z,y) <.
Furthermore, [ is said to be continuous on A if f is continuous at every point in X.

Definition 2.19. A bijection f : X — Y is said to be a homeomorphism if f and its inverse f~1 both
are continuous. In this case, X s said to be homeomorphic to Y .

Remark 2.20. It is clear that f is continuous at ¢ € X if and only if for any € > 0, there is 6 > 0
such that B(c,8) C f~1(B(f(c),e)).

Proposition 2.21. With the notation as above, we have

(i) f is continuous at some ¢ € X if and only if for any sequence (x,) € X with lim x,, = ¢ implies
lim f(zn) = f(c).
(ii) The following statements are equivalent.
(ii.a) f is continuous on X.
(i5.b) f~Y(W) :={x € X : f(x) € W} is open in X for any open subset W of Y.
(ii.c) f~H(F):={x € X : f(x) € F} is closed in X for any closed subset F of Y.

Proof. Part (i):
Suppose that f is continuous at c¢. Let (z,) be a sequence in X with limz, = ¢. We claim that
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lim f(zy,) = f(c). In fact, let € > 0, then there is § > 0 such that p(f(x), f(¢)) < € whenever z € X
with d(z,c) < §. Since limx,, = ¢, there is a positive integer N such that d(z,,c) < é for n > N and
hence p(f(xy), f(c)) < e for all n > N. Thus lim f(z,) = f(c¢).

For the converse, suppose that f is not continuous at ¢. Then we can find € > 0 such that for any n,
there is z, € X with d(zy,c) < 1/n but p(f(xy), f(c)) > €. So, if f is not continuous at ¢, then there
is a sequence (x,) in X with limz, = ¢ but (f(x,)) does not converge to f(c). Part (ita) < (iib):
Suppose that f is continuous on X. Let W be an open subset of Y and ¢ € f~1(W). Since W is open
in Y and f(c) € W, there is € > 0 such that B(f(c),e) C W. Since f is continuous at ¢, there is 6 > 0
such that B(e,d) C f~Y(B(f(c),e)) C f~H(W). So f~1(W) is open in X.

It remains to show that the converse of Part (i7). Let ¢ € X. Let € > 0. Put W := B(f(c),e). Then
W is an open subset of Y and thus ¢ € f~1(W) and f~1(W) is open in X. Therefore, there is § > 0
such that B(e,d) C f~Y(W). So, f is continuous at c.

Finally, the last equivalent assertion (ii.b) < (ii.c) is clearly from the fact that a subset of a metric
space is closed if and only if its complement is open in the given metric space (see Proposition 2.16
(i)

The proof is complete. ]

Corollary 2.22. Let f: X =Y and g: Y — Z be continuous maps between metric spaces. Then the
composition go f : X — Z is also continuous on X.

Proof. 1t is clear from Proposition 2.21 at once. O

Definition 2.23. We say that two metrics di and do on a set X are equivalent if there are positive
constants ¢, such that d'di(x,y) < do(x,y) < cdy(z,y) for all x,y € X.

Example 2.24. Let X = (0,1) and d be the usual metric on X, that is d(z,y) := |x — y|. Define a
1f|;g|y| for x,y € (0,1). Then the metrics d and p are equivalent on (0,1).

In fact, one can directly check that we have p(z,y) < d(z,y) < 2p(z,y) for all x,y € (0,1).

metric on X by p(x,y) :=

Proposition 2.25. Let di and do be the metrics on X. If di and do are equivalent, then the identity
map I : (X,d1) — (X,dz) is a homeomorphism.

Proof. 1t clearly follows from Proposition 2.21. O



3. COMPLETE METRIC SPACES

Let (X, d) be a metric space as before.

Definition 3.1. A sequence (xy) in X is called a Cauchy sequence if for any e > 0, there is a positive
integer N such that d(z,, ) < € for all m,n > N.

Proposition 3.2. Fvery convergent sequence is a Cauchy sequence.

Proof. Let (z,) be a convergent sequence in X. Suppose that lim,z, = v € X. Then for any
e > 0, there is N € N such that d(v,z,) < ¢ for all n > N. Thus for any m,n > N, we see that
d(Xm, ) < d(Tm,v) + d(v,z5) < 2e. Thus (z,) is a Cauchy sequence. O

Remark 3.3. The converse of Proposition 3.2 does not hold in general. For example, if we consider
X =(0,1] and x,, = 1/n, then (xy,) is a Cauchy sequence but it is not convergent in (0, 1].

The following definition is one of important concepts in mathematics world.
Definition 3.4. X is said to be complete if every Cauchy sequence in X is convergent.

Remark 3.5. The completeness of metric spaces are not preserved under homeomorphisms.

For example, consider X = R. Let dy(z,y) := | — y| and da(z,y) :=|e”* — e Y| for z,y in R. Then
the identity map I : (X, d1) — (X, d2) is a homeomorphism (check)! and (X, di) is complete.
However, (X, dg) is not complete. In fact, if we let x,, = n for n = 1,2..., then (x,) is Cauchy but
not convergent in R with respect to the metric ds.

The following result is a very important motivation of the definition of completeness.

Theorem 3.6. R is complete.

Proof. Let (x,) be a Cauchy sequence in R. We first claim that (z,) must be bounded. Indeed, by
the definition of a Cauchy sequence, if we consider € = 1, then there is a positive integer N such
that |z, —zn| < 1 for all m > N and thus we have |z,,| < 1+ |zy| for all m > N. So, if we let
M = max(|z1], ..., |zn—1|, |xn]| + 1), then we have |z,| < M for all n. Hence (x,,) is bounded.

So, we can now apply the Bolzano-Weierstrass Theorem, (z,) has a convergent subsequence (zy, ).
Let L := limy x,,,. We are going to show that L = lim,, z,,.

Let £ > 0. Since (x,,) is Cauchy, there is N € N such that |z, —z,| < € for all m,n > N. On the other
hand, since limy z,,, = L, we can find a positive integer K so that |L —z,, | < ¢ for all £ > K. Now if
we choose r > K such that n, > N, then for any n > N, we have |z, — L| < |z, —zp, |+ |zn, — L] < 2e.
Thus (x,) is convergent with lim,, x,, = L.

The proof is finished. O

Example 3.7. (1) £°(N) := {(24)$2, : sup; |zi| < oo} is complete under the sup norm || - ||co-
In fact, notice that if (xn) is Cauchy sequence in £ and if we let xn = (Tn,)i2,, then for
each i = 1,2..., (xn;)02 is a Cauchy sequence in R. Thus lim, x,; ezists in R for each
i. Write & = lim,z,; € R and & := (§). We are now going to show that £ € (> and
lim, ||§ — Zn|lee = 0.
Notice that since (x,,) is a Cauchy sequence in £, so, for each ¢ > 0, there is N € N such
that ||xy — Tmlleo < € for allm,n > N and hence we have

|33n,i - -'Em,i| < Sl]ip |xn,k - xm,k| = ||Xn - Xm”oo <e€
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for all m;n > N and for all © = 1,2.... So if we fir i and m > N and taking n — o0,
then we have & — x| < € and hence || — Xm|loo < € for m > N. From this we see that
limy, [[§ — Xm||oc = 0 and thus § € £°° because £*° is a vector space.

(ii) co(N) is complete under the sup-norm. In fact every closed subset of a compete metric space
must be complete (why?). Since ¢y is closed in (>°, co is complete.

(ii) ¢P(N) for 1 < p < oo all are complete metric spaces under the {P-norm.

(iv) Cla,b] :=={f : [a,b] = R : fis continuous} is complete under the sup-norm.

Proposition 3.8. Let (F,,) be a sequence of closed and bounded non-empty subsets of a complete
metric space X. For each n, put diam(F,) := sup{d(z,y) : z,y € F,} (the diameter of F,,). Suppose
that it satisfies the following conditions.

(a) Fi D Fy D Fyeenn-- )

(b) lim,, diam(F,) = 0.
If X is complete, then there is a unique element § € X such that (), F,, = {£}.

Proof. For each F,,, we take an element z,, in F,. Then by the condition of (a) and (b) above, (z,,)
forms a Cauchy sequence in X. Since X is complete, £ := lim z,, exists in X. Note that £ € F}, for all
n because each F), is closed and F, D Fy,q 2 - -+ for all m. So, £ € N, Fn.

On the other hand, the condition (b) implies that the intersection (), F, contains at most one element.
The proof is finished. O]

Remark 3.9. The assumption of completeness ofX in Proposition 3.8 is essential. For example, if
we consider X = (0,1] and F,, = (0 form =1,2..., then F,’s satisfies the conditions (a) and (b)
above but (), Fr, = 0.

’n+1]

Definition 3.10. A subset A of X is said to be nowhere dense (or rare) if the closure A has no
interior points.

Example 3.11. Let X = R? and A = {(z,y) : v +y = 1}. Then A is a nowhere dense subset of R2.

Exercise 3.12. Suppose that R™ is endowed with the usual metric, that is, for x = (x1,...,Tpn),y =
(Y1, .., yn) € R, \/Zk (e — yk)?. Show that if Y is a proper vector subspace of R™, that
is Y C R”, then Y 18 nowhere dense.

Exercise 3.13. Let A be a subset of X.

(i) Show that if X is complete, then A is complete if and only if A is closed in X.
(i) Show that if A is complete, then A is closed in X.

Theorem 3.14. (Baire Category Theorem) If X is complete and (Ay,) is a sequence of subsets of
X with X = J A,, then there exists A,, which is not nowhere dense, that is int(Ay,) # 0.

Proof. We are going to prove by contradiction. Suppose that all A,’s are nowhere dense sets, that is
int(A,) =0 for all n = 1,2..

Fix any point 29 € X and rg > 0. Since intm = (), we have B(xg,70) € Aj. Thus, there is a point
x1 € B(z0,70) \ A1 and 0 < 11 < r0/2 such that B(x1,71) N Ay = 0. Similarly, since B(z1,r1) € A,
there is 9 € B(x1,71) and 0 < ry < rl such that B(xs,7m9) C B(x1,71) and B(wz2,72) N A2 = 0. To
repeat the same step, we have a sequence (z,) in X and a sequence of positive numbers (r,) such that

(i) B(zo,7m0) 2 B(w1,71) 2+ 2 B(Tn,7n) 2 B(Tng1,Tne1) 2 -




(ii) Tn > %TnJrl;

(iit) B(zn, ) N Ay =0,
for all n = 1,2.... Then Proposition 3.8 tells us that (2, B(z,,m,) = {£} for some point £ € X.
Now since X = (JA,, we have £ € A,, for some m. However, we have £ € B(zy,,r,) because
¢ ey B(zy, ) and so, & € B(xy,, ) N Ay, which contradicts to the condition (éii) above. The
proof is finished. ]

In fact, if we modify the proof above, we get the following forms of Baire Category Theorem.

Theorem 3.15. Baire Category Theorem: Let X be a complete metric space. Then we have the
following assertions.

(i) If (V) is a sequence of open dense subsets of X , then (\V,, is dense in X.
(11) If (Fy,) is a sequence of nowhere dense closed subsets of X, then |J,, Fy, has no interior points.

Proof. We first note that F is a dense subset of X if and only if X \ E has no interior points.

For showing the part (i), we need to show that for any ¢ € X and ro > 0, we have B(zg,70)N() V, # 0.
To see this, put A, := X \ V;,. Then (A,) is a sequence of nowhere dense subsets of X. We keep the
notation as in the proof of Theorem 3.14 above. Then we have & € B(zo,71) and £ ¢ A, for all n.
This implies that § € B(xg,70) N[\ Vs and hence B(xg,79) N[V, # 0 as desired.

For the part (i7), let V,, := X \ F;,. Then (V,,) be a sequence of open dense subsets of X. Part (i) implies
that (| V}, is dense in X and so |J F,, = ([ V»)¢ has no interior points. The proof is complete. O

Definition 3.16. A subset of a metric space X is called a Gg-set if it is a countable union of open
subsets of X.

Proposition 3.17. If f : X — R is a bounded function defined on a metric space, then the set C' of
all continuous points of f, that is C :=={x € X : f is continuous at x }, is a Gy set.

Proof. We first recall some usual notation. For each ¢ € X, put

fc) :=limg.f(z) ;== inf sup f(zr) and f(c):=lim, ,.f(z):=sup inf f(x).
r>0 IGB(C,T) - r>0 mGB(C,T‘)

Then f(c) < f(c) for all c € X and f is continuous at ¢ if and only if f(¢) = f(c). Thus, we have
— 1
C=(ceX:flc)-flo)< ~}

Let G, :={c € X : f(c) — f(c) < 2}. We are going to show that each G,, is an open subset of X for
all n = 1,2.... For convenience, let B(c,7) : supycp(cr) f(y) and a(c,r) = infyep) f(y) for r >0
and ¢ € X. Then we have a(c,r) < f(c) < f(c) < B(c,r) and a(c,7) T f(c) and B(c,7) | f(c) as
r — 04. Thus, we have

0 < B(e,r) —ale,r) < fc) — f(c) for all r > 0
and B

B(c,r) —ale,r) = f(c) = f(c) asr— 0+ .
Thus, if we fix n and ¢ € G, then there is 7o > 0 such that 3(c,7) — a(c,r) < 2 whenever 0 < r < rq.
Notice that if z; € B(c¢,r/2), then B(z1,7/2) C B(c,r). This gives

ale,r) < oz, r/2) < f(z1) < f(z1) < B(w1,7/2) < Ble,r)  forallr > 0.

Therefore, if we fix 0 < r < rg, then we have z; € G,, whenever z; € B(c,r/2) and thus, B(c,r/2) C
Gp. The proof is finished. 0
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Example 3.18. The set of all rational numbers Q is "Not” o Gs-set.

Proof. Suppose not. Let (G,,) be a sequence of open subsets of R such that Q = [JG,,. Then each
G, is an open dense subset of R because Q is dense in R. On the other hand, since QQ is a countable
set, we can write Q = {ry, 79, ...} as a sequence set. Now for each n, put V,, := G,, \ {r,}. Then V,, is
still an open dense subset of R. However, (| V,, = 0 because Q = |JG,,. It contradicts to the Baire’s
Theorem 3.15 (i) above. O

Example 3.19. There is f € C[0,1] such that f'(z) does not exist for all x € (0,1).

Proof. Recall that for each f,g € C[0,1], put d(f,g) := sup,coq1) [f(z) — g(z)|. Then (C([0,1],d) is a
complete metric space.
Now for each n = 1,2...., put

A, :={f €C[0,1] : thereis xy € [0,1] such that |f(z) — f(x0)| < n|z — x| for all z € [0,1]}.

The proof is divided by he following claims.

Claim 1: Each A, is a non-empty closed subset of C]0, 1].

Notice that each A,, # ) since A,, contains all constant functions. Now fix n. Let (f;) be a sequence
in A, with f := lim; f; in C[0,1], that is, d(f;, f) — 0. Since f; € A,,, there is z; € [a,b] such that
|fx) — f(xi)] < nlz— ;] for all i = 1,2... Notice that by the Bolzano-Weierstrass Theorem, (z;) has a
convergent subsequence (z;, ). Let ¢ := limy x;, € [0,1]. Now let € > 0. Since d(f;, f) — 0 as i — oo,
we have d(f;,, f) = 0 as k — oo. Thus, there a positive integr K such that |f;, (x) — f(z)| < ¢ for all
k> K and for all z € [0,1]. Then we have

<e+nlx—x;,|+e forall k> K and for all z € [0,1].

Now taking k — oo, then we have
[f(2) = f(e)] < 2+ nlz —

for all e > 0 and for all € [0,1]. Hence we have |f(z) — f(c)| < n|z — ¢| for all z € [0,1] and so
f € A, as desired.

Claim 2: int(A,) =0 for alln =1,2....

Fix a positive integer n. We want to show that for any f € C[0,1] and r > 0, there is g € C|0, 1] with
d(f,g) <rbut g ¢ A,.

To see this, one can choose a piecewise linear function g with d(f, g) < r and such that each segment
of slope greater than n 4+ 1. Then g ¢ A,, as required.

Since C[0, 1] is complete, the Baire Theorem tells us that |J A, € C]0,1]. Therefore, there is h €
C[0,1)\ U A, The proof is finished after the following claim.

Claim 3: 1/(x) does not exist for all z € (0,1).

To see this, suppose that h/(zg) exist for some zg € (a,b). Then by the definition of derivative, there
is r > 0 such that |h(z) — h(xo)|(1 + |h/(z0)])|x — xo| for all z € (g — r,20 + ) C [0,1]. Notice
that since the function |h(z) — h(xo)|/|z — | is continuous on [0,z9 — r] U [zg + 7, 1], the function
|h(z) — h(xo)|/|z — x0| is bounded by some M > 0 on [0, 29 — r] U [zo + ,1]. Now choose N € N such
that N > max(M, |h/(zo)| + 1). Thus, we have |h(z) — h(zg)| < N|z — x| for all z in[0,1] and so
h € An which contradicts to h ¢ A, for all n € N. O

Exercise 3.20. Let X be a complete metric space and let F be a collection of continuous real valued
functions defined on X. Suppose that we have

sup{|f(x)|: f€TF} <oo forallze X.
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Then there is a non-empty open subset U of X such that F is uniformly bounded on U, that is, there
is M >0 such that |f(z)| < M for all x € U and for all f € F.
(Hint: for each n € N, consider the set Ay, :={x € X : |f(z)| <n, forall f e TF}).

Theorem 3.21. Banach fixed point theorem: Let T : X — X be a contraction, that is, there is
0 <r <1 such that d(Tz,Ty) < rd(x,y) for all x,y € X. If X is complete, then there exists a unique
fized point £ € X for T, that is T(§) = €.

Proof. Clearly, T is continuous on X.
Existence: Fix any point 1 € X. Put 41 = Tz, for n =1,2,.... Notice that we have

d(Xpt1,2n) = d(Txp, Txp—1) < rd(zy, Tn-1)

foralln=1,2,..... This implies that d(z,11,2,) < 7" td(2n, Tn—1) for n = 2,3, ... This implies that

for n < m, we have
m—

d(zym, xn) § d(zgy1, k) E d(zg,x1).

This implies that (x,) is a Cauchy sequence in X since 0 < r < 1. Hence £ = limx,, exists in X and
so we have £ = T¢ by taking n — oo in the equation z,4+1 = Txy,.

Uniqueness: assume that & and £ are the fixed points for T, that is T¢ = € and T¢' = &'. Then we
have d(&,&") = d(T™E, T™E) < rd(€,¢) for all n = 1,2.... Since 0 < r < 1, we have d(§,&') = 0 and
so £ = & as desired. O

Proposition 3.22. Let (X,d) be a metric space. Then there is a metric space (Xo,dyp), together with
a linear map i : X — Xo, satisfies the following conditions.
(i) Xo is complete.

(i) The map i is an isometry, that is, do(i(x),i(y)) = d(z,y) for all x,y € X.

(iii) the image i(X) is dense in Xo, that is, i(X) = Xp.
Moreover, such pair (Xo,dy) is unique up to isometric isomorphism in the following sense.
If (W,dy) is complete and there is an isometry j : X — W such that j(X) = W, then there is an
isometric tsomorphism ¢ from Xo onto W such that

j=voi: X — Xg— W.

In this case, the pair (Xo,1) is called the completion of X.

Proof. We give the outline proof here. The proof is divided by several steps.
Let € be the collection of all Cauchy sequences in X. We define a relation on € as follows. For (z,)

and (yp,) in C, we say that (z,,) ~ (yn) if imd(zy,,y,) = 0. Clearly, ” ~ 7 is an equivalence relation on
C. For each (z,) € C, put [(z,)] the equivalence class of (z,,). Put X := {[(zy)] : (z,) € C}. Define

4+ (@) [n)]) € X x X o limd(zs,y) € Ry

Claim 1: d is a well defined function on X x X, that is lim,, d(xp, yn) exists and does not depend on
the choice of (x,) and (y,) in [(z,)] and [(y,)] respectively.

Claim 2: ()?,J) is a metric.

Define a mapping Q : X — X by Q(z) := (z,) for € X and where z,, = z for all n = 1,2....

Claim 3: @Q is an isometry.

Claim 4: Q(X) = X.

The result will then follow the final claim.

Claim 5: (X, d) is complete. (Hint: Let (&) be a Cauchy sequence in (X, d). Then by Claim 4, for
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each positive integer i, there is z; € X such that d(Q(z;),&;) < 1/i. One can show that z := (z;) is a

Cauchy in X and d(&;,[z]) — 0 as ¢ — oo and hence (X, d) is complete as desired. O

Example 3.23. Proposition 3.22 cannot give an explicit form of the completion of a given metric
space. The following examples are basically due to the uniqueness of the completion.
(i) The completion of a complete metric space is itself.
(ii) The completion of Q is R.
(ii) The completion of the finite sequence space cgg under the sup-norm is the null sequence space
Co.
(731) The completion of C.(R) is Cp(R).
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4. TOPOLOGICAL SPACES

Definition 4.1. Let X be a set. A collection T of subsets of X is called a topology on X if it satisfies
the following conditions:

(i) the empty set ¢ € T and X € T,
(ii) whenever {U;}icr is a sub-collection of T, implies that the union J;c; U; € 7T,
(i1i) whenever {Uy, ...,Un} is a finite sub-collection of T, implies that the intersection UiN---NUx €
J.

In this case, the pair (X,T) is called a topological space. Also, each element in T is called an open
subset of X.

Example 4.2. Let X be a set. The following collections form the topologies on X.
(i) Let Ty :={0,X}. Clearly, To is a topology and Ty is called the trivial topology on X .

(ii) Let T4 be the collection of all subsets of X, that is the power set of X. In this case, Ty is called
the discrete topology on X.
Notice that T is the discrete topology if and only if every singleton set {z} € T for all z € X.

(iii) Let (X, p) be a metric space. Recall that a subset U is called an open subset of X if for every
xog € U, there is v > 0 such that the open ball B(xg,r) := {z € X : p(xg,x) < r} C U, that
is every point in U is an interior point. If we let T, be the collection of all open subsets of
X in this sense, then the collection T, is a topology on X. Thus, a metric space (X,p) is a
topological space and T, is called the metric topology induced by the metric p.

(iv) Assume that X is an infinite set. Let T := {0} U{A C X : X\ A is finite }. Then T is a
topology on X. This topology is called the co-finite topology on X.

Remark 4.3. Let T1 and Ta be the topologies on X. We say that the topology To is stronger then the
topology T1 if To 2 T1.

Thus the trivial topology Ty and the discrete topology T4 are the weakest topology and the strongest
topology on X respectively.

The following notation is very important in mathematics.

Definition 4.4. A topological space (X, T) is called a Hausdorff space or Ty space if whenever for any
pair of elements x,y € X with x # y, there are disjoint open neighbourhoods U and V of x and y
respectively, that is U and V are open sets such that x e Us;y € V and UNV = ).

Example 4.5. Clearly, all metric topologies and discrete topology are Hausdorff.
The co-finite topology defined in example 4.2 (iv) is Not Hausdorff. In fact, for each pair of open
subsets U and V', we have U NV # (). Hence it is not a metric topology.

Remark 4.6. As in the metric spaces case, it is naturally to define the notation about convergent
sequences in general topological spaces. We say that a sequence (xy) in a topological space X is
convergent if there is an element ¢ € X such that for every open neighbourhood V' of c, there is ng
such that x,, € V' for all n > ng. In this case, c is called a limit of (x,,).

If (X,7T) is Hausdorff, one can show the uniqueness of limit as in the metric spaces case provided its
limit exists. However, the following example shows that it is not the case for non-Hausdorff spaces.
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Example 4.7. Let T be the co-final topology defined on R, that is V € T if and only if the complement
Ve is finite. Let x,, =n for allm = 1,2.... Then (z,) converges to every point in R. To see this, let
¢ be any point in R and let V be any open neighbourhood of c. Then by the definition of the co-finite
topology, the complement V¢ is finite. Thus, there is ng € N such that ng > t for allt € V¢. This
implies that x, € V for all n > ny and so, ¢ is a limit of (xy) for all ¢ € R.

Definition 4.8. Let (X,T) be a topological space and let A be a subset of X. Put
Ta:={VNA:VeT}L

One can directly check that the collection T4 forms a topology on A, that is the pair (A, T4) becomes
a topological space. In this case, T4 is called the relative topology on A. In addition, those elements
in T A are said to be open in A.

Remark 4.9. We keep the notation as in Definition 4.8 above. In general, a subset E is open in A
that it may not be open in X. For example, if R is endowed with the metric topology, then the set
[0,1/2) is open in [0,1] but it is not open in R.

In fact, it is easy to see that every open subset of A is also open in X if and only if A is open in X.

Definition 4.10. We keep the notation as before. Let X be a topological space and let A be a subset
of X.
(i) A subset F' of X is called a closed set if the complement F€ is open.
(ii) A subset E of A is said to be closed in A if A\ E € T4, that is E is closed in A with respect
to the relative topology.
(iii) A point xo € X is called a cluster point (or limit point of A if whenever V is an open neigh-
bourhood V' of xo, we have AN (V \ {xzo}) # 0. We write D(A) for the set of all cluster points
of A.
(iv) The set A := AU D(A) is called the closure of A.

The following properties of closed sets can be directly shown by the definition.

Proposition 4.11. We keep the notation as before. Let A be a subset of a topological space X. Then
we have the following assertions.

(i) O and X are closed sets.
(ii) whenever {F;}ier is a collection of closed sets, implies that the intersection (\;c; F; is also
closed.
(iii) whenever {F1, ..., Fx} is a finite collection of closed sets, implies that the union Fy U---U Fy
1s also closed.
(iv) an element xo € A if and only if V.0 A # 0 for any open neighbourhood V. of xy.
(v) A is the smallest closed set containing A, that is, if F is a closed set containing A, then A C F.
(vi) A is a closed subset of X if and only if D(A) C A if and only A = A.
(vii) A = A.

Definition 4.12. Let (X,7) a be topological space.

(i) A collection of open subsets, say B, is said to be an open base for T if for every zo € X and
for every open neighbourhood V' of xq, there is an element B € B such that xo € BC V.
Furthermore, if X has a countable open base, then X is said to be second countable.

(ii) A collection of open subsets 8 is called an open subbase if the collection {S1 N --- NS, :
S1y.ySp € 8;n=1,2...} forms an open base.
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Remark 4.13. Clearly, we see that a collection B of open sets forms an open base if and only of every
open set V is the union of some elements in B.

Example 4.14. (i) The collection of all open balls in a metric space forms an open base for the
metric topology.
(ii) The collection {(—o00,b) : b € R} U {(a,o0) : a € R} forms an open subbase for the metric
topology on R.

Exercise 4.15. A topological space is said to be separable if there is a countable subset. Show that
every separable metric space is second countable.
Howewver, the following example shows that this is not the case for general topological spaces.

Example 4.16. Let X = R and let Ty be the co-finite topology defined as in Example 4.2. Notice
that every infinite subset of R is dense in R in the co-finite topology (Why?). Hence R is separable
in this topology. However, it is not second countable. To see this, suppose not. Let B be a countable
open base for Tep. Fiz xg € R. If we let B(xo) := {B € B : xg € B}, then (\gep(yy) B = {zo}. To
see this, if there is x1 € B for every B € B(x) with xg # x1, then g € W := R\ {z1} € To5. Thus,
there is By € B such that xg € B1 C W. Hence, x1 € By C W which leads to a contradiction.

From this we have R\ {xo} = Ugep B It leads to a contradiction because B is countable and each
B¢ is finite.

Proposition 4.17. Let § be a collection of subsets of X. Then there is the smallest topology T
containing 8. The smallest in here in the sense that if T1 is another topology containing S, then
T C T1. In this case, we say that the topology T is generated by S.

Proof. If we let X be the collection of topologies on X that contains 8 and put

(I:ﬂgv

Jex

then T is the smallest topology containing 8.

Alternatively, the topology T can be explicitly constructed as follows.

Let C:={S1N---NSy,:51,...,,9 € 8n=1,2...}. Then the collection of the unions of the members
in €, that is V = |J C;, where {C;} C €. Then this collection is the smallest topology containing 8 as
desired. g

Definition 4.18. Let f: X — Y be a mapping between the topological spaces X and Y. We say that
f is continuous at a point xo in X if whenever V is an open neighbourhood of f(xg), there exists an
open neighbourhood U of ¢ such that zo € U C f~1(V):={x € X : f(x) € V}.

If f is continuous at every point in X, then f is said to be a continuous map.

Furthermore, f is said to be a homeomorphism if f is a continuous bijection and the inverse f~' :
Y — X is also continuous. In this case, we say that X and Y are homeomorphic. We write X =Y.

Remark 4.19. Warning!! Recall a fact about metric spaces that

for a mapping f : X — Y between the metric spaces X and Y,
f is continuous at ¢ € X if and only if whenever a sequence (z,,) converges to ¢, then the sequence

(f(xy)) converges to f(c).

The following example shows that the above statement does not hold in general topological spaces.
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Example 4.20. Let T, be the co-countable topology defined on R, that is V € T if and only if R\'V
is countable. (Check this is a topology!).

Let Ty, be the usual metric topology on R. Then the identity map id : (R, Tee) — (R, Ty) is sequentially
continuous, but it is not continuous (Why 7).

In here f is said to be sequentially continuous if for every ¢ € X, whenever a sequence (x,) converges
to ¢, then the sequence (f(xy)) converges to f(c),

However, one can use the same argument as in the metric spaces to show the following result.

Proposition 4.21. Let X and Y be topological spaces. Let f : X — Y be a mapping. Then the
following statements are equivalent.

(i) f is continuous.
(ii) f~Y(V) is an open subset of X for any open subset V of Y.
(iii) f~Y(F) is a closed subset of X whenever F is a closed subset of Y.

Proposition 4.22. Let Q be a non-empty set. Let {X; :i € I} be a family of topological spaces and
F be a family of functions f; : Q@ — X;, © € I. Then there is the weakest topology T on €2 such that
each f; € F is continuous.

Proof. Put
8 :={f ' (Vi) : V; is open subset of X;, i € I}.
Then by Propositions 4.17 and 4.21, the result follows. O

Definition 4.23. Let {X;}ier be a family of topological spaces. Consider the product set
Xo=][Xi={f:I—=|JXi: f(i) € Xifor alli € I}.

icl iel
For each i € I, let p; : f € X — f(i) € X; be the natural projection. Then the topology genearted by
the family {p; : i € 1} is called the product topology on X .

Exercise 4.24. To retain the notation as in Definition 4.23, the product topology on X := [[,c; Xi
is Hausdorff if and only if each X; is Hausforff space.

Definition 4.25. Let X be a topological space. Let” ~ 7 be an equivalence relation on X. Write
X/ ~ (called quotient space ) for the set of all equivalence classes on X under the relation ~. Let
m: X — X/ ~ be the natural projection, that is w(x) = T := {a’ € X : @ ~ 2'}. Then there is the
strongest topology on X/ ~ such that 7 is continuous. We call the quotient topology about this.

Exercise 4.26. We keep the notation as in Definition 4.25. Then the quotient topology on X/ ~ is
given by the collection

{77 Y (V) : V is an open subset of X }.
Example 4.27. Let X = [0,1]. Assume that 0 ~ 1. Then the quotient space [0, 1]/ ~ is homeomorphic
to the unit circle {(x,y) : 2? +y? = 1}.

Remark 4.28. The following shows that the quotient space of a Hausdorff space may "NOT be Haus-
dorff.
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Example 4.29. For xz,y € R, we say that x ~ y if v —y € Z. Then the quotient space R/Z is
Hausdorff in the quotent topology.

Exercise 4.30. For x,y € R, we say that x ~y if v —y € Q. Show that the quotient space R/Q is
not Haudorff.
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5. COMPACT SPACES

From now on, an open cover of a topological space X means that it is a collection of open subsets
of X, say {U;}ier such that X = J,; U;. We now come to a very important notation in mathematics.

Definition 5.1. A topological space X is said to be compact if whenever U := {U;} is an open cover
of X, then there are finitely many elements in U, say U;,,...,U;y, such that X =U;; U---UU;, .

In particular, a subset A of X is said to be compact when it is compact in the relative topology. In this
case, if for any family of open subsets {Ui;}icr of X with A C J;c; Ui, then there are finitely many
Ui, ...,Uiy such that AC U;; U---UU;,.

Example 5.2. (i) : Every closed and bounded subinterval is a compact set under the metric
topology due to the nested interval theorem.

(ii) (0,1) is not a compact set under the metric topology but it is compact under the co-final topology
Why?.

(iii) If R = J, R" is endowed with the usual metric topology, that is p(z,y) == \/> ey (T — Yk)?
for z = (z1,22,..),y = (Y1, Y2, ..) € R|*°, then the closed unit ball B := {x € R*® : > a7 < 1}
is not compact under the metric topology. (Note that B is a closed and bounded set under the
metric p).

The following assertions can be directly shown by the definition of the compactness.

Proposition 5.3. Let X, Y be topological spaces and A C X. We have the following assertions.

(i) If X is compact and A is closed, then A is compact.
(i) If X is Hausdorff and A is compact, then A is closed.
(iii) Let f : X — Y be a continuous map. If X is compact, then so is f(X). Further, if f is a
continuous bijection and Y is Hausdorff, then f is a homeomorphism.

Exercise 5.4. Let (X, p) be a compact metric space, that is X is compact under the metric topology
given by p.

If f: X = R is a continuous map, then f is uniform continuous on X, that is for any e > 0, there is
d > 0 such that |f(x) — f(y)| < & whenever x,y € X with p(z,y) < 4.

Definition 5.5. A topological space X is a said to be sequentially compact if for every sequence in X
has a convergent subsequence.

Example 5.6. (i) Every closed and bounded interval in R is sequentially compact in the metric
topology due to the Bolzano-Weierstrass Theorem: every bounded sequence in R has a conver-
gent subsequence. However, every open interval is not sequentially compact.

(i1) R is sequentially compact under the co-final topology Tcr. To see this, let (x,) be a sequence in
R. If {z, : n = 1,2..} is a finite set, then clearly (x,) has a convergent subsequence. Suppose
that the set {x, : n =1,2..} is infinite. Let ¢ be any point in R. Then by the definition of the
co-finite topology, we see that x, — c because {x,} is infinite.

(iii) The closed unit ball B defined as in Example 5.2(iii) is not sequentially compact since for the
natural basis (e,), we always have p(en,en) = /2 for n # m.

Remark 5.7. For general topological spaces, "sequentially compactness” < ”compactness”.
Howewver, for metric spaces these two notations are the same.
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Proposition 5.8. Let X be a metric space. If X is a compact, then it is sequentially compact.

Proof. Suppose that X is not sequentially compact. Then there is a sequence (z,,) in X which has
no convergent subsequences. Let A := {z, : n = 1,2...}. If A is finite, then (x,) clearly has a
convergent subsequence that contradicts to the assumption of (z,,). Hence, the set A is infinite. Since
(z5,) has no convergent subsequence, then for every point € X there is r, > 0 such that the open
ball B(z,r,) N A at most one point. Clearly, we have X = J,cx B(z,7). Then by the compactness
of X, there are finitely many elements, x1,...,xy in X such that X = B(z1,7,) U--- U B(an, Tgy)-
However, AN B(z, ;) is finite for all x € X, so A is finite. It leads to a contradiction. ]

We are going to show the converse of Proposition 5.8 for metric spaces. The proof is divided by
several results.

Lemma 5.9. Let (X,d) be a compact metric space. If U is an open cover of X, then there is X > 0
such that for every x € X, there is G € W such that B(x,\) C G. (in this case such X is called a
Lebesgue number for the covering U.)

Proof. For each subset A of X, let diam(A) := sup{d(z,y) : x,y € A} denote the diameter of A. Put
A={ACX:AZG foral GelU}.

Note that if the collection A = (), then we can take any A > 0 so that the result follows. Now suppose
that A # (). Set

R :=inf{diam(A) : A € A}.
Notice that if R > 0, then we take A := %R > () as desired.
Hence, it suffices to show that R > 0. Suppose that R = 0. Then there is a sequence (A,) in A such
that diam(Ay) < 1/n for all n = 1,2.... Now fix any element =, € A,,. Then by the assumption of X
being sequentially compact, (z,) has a convergent subsequence (x,). Let z := limy z,,. Since U is
an open cover of X, then z € B(z,7) C G for some G € U and for some r > 0. On the other hand,
we can choose K large enough so that % < rand z,, € B(z, %'r) because ., — z as k — oo. This

implies that for any element y € A, , we have d(z,y) < d(z, Zp, ) + d(@n,,y) < %r + % < r. Thus,
we have A, C B(z,7) C G that leads to a contradiction since A4,, € A. The proof is complete. [

Proposition 5.10. If (X,d) is a compact metric space, then for any r > 0, there is finitely many
elements 1, ..,xy in X such that X = Uévzl B(zg,T).

Proof. Suppose not. Then there is r > 0 without such property. Fix any x; € X. Then by the
assumption B(z1,r) C X. Hence, there is zo € X \ B(x1,7). By using the assumption again, there
is 3 € X \ Ui, B(zg,7). To repeat the same step, we have a sequence in (z,) in X such that
Tnt1 € Up_y B(zg,r) for all n = 1,2.... Thus, we have d(zy,, x,) > r for all m # n. This implies that
() has no convergent subsequence which contradicts to X being sequentially compact. ([l

Theorem 5.11. Let (X,d) be a metric space. Then X is compact if and only if it is sequentially
compact.

Proof. The necessary condition has been obtained in Proposition 5.8. We are now going to the converse
statement. Assume that X is sequentially compact. Let U be an open cover of X. Let A\ be a Lebesgue
number for the covering U given as in Lemma 5.9. Since X is sequentially compact, X is totally bound
by Proposition 5.10, there are finitely many elements x1,...,zx in X such that X = U;cV:1 B(xg, A).
Since A is a Lebesgue number for U, for each k = 1, ..., N, there is Uy € U such that B(zy, A) C Uy.
Therefore we have X = Uy U--- U Uy and thus, X is compact. The proof is finished. ]
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Exercise 5.12. If (X,d) is a compact metric space, then X is complete.

The converse of Exercise 5.12 is clearly not true, for example when X = R. In order to see under
what condition of X so that the converse holds, let us introduce the following definition that is naturally
led by Proposition 5.10.

Definition 5.13. A metric space X is said to be totally bounded if for every r > 0, there are finitely
many elements 1, ..z in X such that X = JY_, B(z, 7).

Theorem 5.14. Let (X,d) be a metric space. Then X is compact if and only if X is complete and
totally bounded.

Proof. (=): Assume that X is compact and so X is sequentially compact. Thus, if (z,,) is a Cauchy
sequence in X, then it has a convergent subsequence (z,, ). Let z := limy ,,. Since (x,) is Cauchy,
we see that lim,, z,, = z. Hence, X is complete. The totally boundedness can be clearly obtained by
the compactness of X.
(«<): Assume that X is complete and totally bounded. Let (z,) is a sequence in X. If the set
{z, : n = 1,2...} if finite, then clearly (z,) has a convergent subsequence. Now we assume that the
set {z,} is infinite. Since X is totally bounded, then there are finitely many open balls of radius
r1:=1/2, By,..,By so that X = B; U--- By. Then there is a B; such that B; contains an infinite
subsequence (x)72, of (z,). By using the totally boundedness again, there is an open ball of radius
Ty = 2% such that it contains an infinite subsequence, say (x9r) of (x1x). To repeat the same step
inductively, for each n = 1,2.., we have a sequence (z,;)7, that satisfies the following properties:
(1) (4) (xn41,6)52, is a subsequence of () for all n = 0,1, ..., where xoy, := xj.
(i) d(zpk, Tm) < 5= for all k, 1 =1,2....
Now put vy, := xpny, for n = 1,2.... Then (y,) is a subsequence of (x,). Also by the condition (i7)
above we see that (y,) is a Cauchy sequence. This implies that (y,) is convergent by the assumption
of X being complete. Thus, X is sequentially compact, and so it is compact. ]

In the rest of this section, we are going to study the product of compact spaces.

Definition 5.15. Let X be a topological space.
(i) A collection of closed subsets F is said to be a closed base if the collection {F° : F € F} forms
an open base for X.
(i) A collection of closed subsets 8 is said to be a closed subbase of X if the collection {S¢: S € 8}
forms an open subbase for X.

Example 5.16. Let {X;} be a collection of topological spaces. Let X := [];c; X; be the product space
endowed with the product topology. Recall that if we let w; : © € X — x(i) € X; be the natural projection
for each i € I, then the product topology is the weakest topology so that each m; is continuous.

In this case, the collection

S = {ﬂ‘i_l(Fi) :1 €1 and F; is a closed subset of X;}

forms a closed subbase of X.

Given a set E, a collection of subsets of F, say &, is said to have finite intersection property if
whenever for finitely many elements Fi, .., F,, € F we have F; N --- N F, # 0.
The following is directly shown by the DeMorgan’s law.
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Exercise 5.17. Let X be a topological space. Then X is compact if and only if every collection of
closed subsets of X with finite intersection property has non-empty intersection, that is, if whenever
F is a collection of closed sets with finite intersection property, then (\pey F # 0.

The following result is a useful characterization of compact spaces.

Proposition 5.18. Let X be a topological space. Then the following are equivalent.
(i) X is compact.

(ii) There is an open base B such that whenever a subfamily of B is an open cover of X has a
finite subcover.

(11i) There is a closed base C such that whenever a subfamily of C with finite intersection property has
nonempty intersection, that is, if C := {C;}icr is a closed base and a subfamily {C; : j € J},
where J C I has finite intersection property, then ﬂjeJ C; # 0.

(iv) There is a closed subbase 8 such that whenever a subfamily of 8 with finite intersection property
has nonempty intersection.

Proof. (i) < (ii) follows directly from the definitions of compactness and open bases.

(7i) < (iii) follows directly from the DeMorgan’s law.

(7i1) = (iv) is clear because every closed base is also a closed subbase.

It suffices to show that (iv) = (7).

Let 8 be a closed subbase of X satisfying the condition (iv). Let € be the closed base generated by 8,
that is every element C € € has a form Sy U --- U .S, for some finitely many elements 51, ..., S, € S.
Let Gy be a subfamily of €. Then by the Zorn’s Lemma, we may assume that Cy is a maximal
subcollection of € with finite intersection property, that is, if g C €; C € has finite intersection
property, then Cy = C;.

Claim 1: For each element C € Gy, if C' = S; U --- U Sy for some S1,...,Sy € 8, then there exists
Sk belonging to Cy. To see this, assume that each S ¢ Cy. Then Cy C CyU {S1} C €. Then by the
maximality, the collection Gy U {S1} does not have finite intersection property. Therefore, there are
finite many elements Ci1, ..., C1q, in Cp such that Cy1N---NC1q NS1 = 0. To repeat the same argument
for each Sy, k = 1,.., N, then there is a finite sequence Ci, ..., Ciq, in Cg such that CyiN---NClqy, = 0.

This implies that
N qk

N CrnC =0

k=1j=1
This leads to a contradiction because the collection Cy has finite intersection property. The Claim1l
follows.
Now if we put Cy = {C; : i € I}, then for each ¢ € I, Claim 1 gives an element S; € SNCy and S; C C;.
Thus, the subcollection {S; : i € I} of 8 has finite intersection property. Then by the assumption of

(iv), we see that
0# (S C()C
iel iel
The proof is finished. O]

We can now obtain one of important properties of compact spaces.
Theorem 5.19. Tychonoff’s Theorem: Let {X;}icr be a collection of topological spaces. Then the
product space X :=[[,.; X; is compact in product topology if and only if each X; is compact.

Proof. Let m; : X — X, be the natural projection defined as before, for ¢ € I. Then by the definition of
the product topology, the necessary condition clearly follows from the fact that the continuous image
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of a compact space is compact.
We are now going to show the converse. Assume that each X; is compact. Then by the definition of
product topology, the collection

S = {ﬂz—l(E) : F; is a closed subset of X;}

forms a close subbase of X. By using Proposition 5.18, it suffices to show that whenever a subcollection
8o of 8 has finite intersection property, then 8y has non-empty intersection. To see this, write Sy :=
{Sx : A € A}. Then for each A € A, there is i) € I such that Sy = W;\I(F/\) for a closed subset F of
Xi,. For each i* € I, put
A@™):={AeA:iy=1i"}.

Notice that if A(i*) # (), then the collection of closed subsets {Fy : A € A(i*)} of X;» has finite
intersection property. Then by the compactness of X;-, we see that (7, ) Fy # (. In this case, we
fix any element 2(i*) € (yepqs) £ € Xi=. If A(i") = 0, then we fix any element 2+ € X;«. Now for
any element i* € I, we set

Ty otherwise .

() = {z(z’*) it %) # 0;

Then z* € N, Sx. Hence, (,cp Sx # 0. The proof is complete. O
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6. C(K) SPACES

Throughout this section, Let K be a compact Hausdorff space and let C'(K) be the space of all
continuous functions (R or C valued) defined on K.

Exercise 6.1. For each element f € C(K), put
[flloo == {If ()] - & € K}.

Show that C(K) is a complete normed space (a complete normed space is called a Banach space),
that is, || - ||eo s @ mnorm function (see Definition 1.3) and C(K) is complete under the metric given
by the norm || - ||oc-

Compact subsets of C'(K)

From now on, we keep the notation as in Exercise 6.1. In this subsection, we further assume that
(K,d) is a compact metric space. In the rest of this section, we are going to study the compact
subspaces of C(K).

Definition 6.2. A subset F' of C(K) is said to be equicontinuous if for every ¢ > 0, there is 6 > 0
(depends on e only) such that

|lf(x) = f(y)| <e forall f €F and whenever x,y € K with d(x,y) < 9.
Exercise 6.3. Show that every compact metric space is separable, that is it has a countable dense set.

Theorem 6.4. Ascoli’s Theorem: Suppose that (K, d) is a compact metric space. Let F' be a closed
subset of C(K). Then F is compact if and only if F' is bounded, that is supsep || f|lc < 00, and is
equicontinuous.

Proof. (=): Assume that F' is compact. From this clearly there are finitely many elements fi, .., fx
in F such that ' C B(f1,1)U---UB(fn,1). Thus, for each element f € F, we have || f — fi|loo <1
for some k =1,..,N. This gives || f|lcc <1+ ||fillcoc <1+ L for all f € F, where L := max{|| fil| :
i=1,...,N} < co. Therefore, F is bounded.

Next we are going to show that F' is equicontinuous. Let € > 0. Then by the compactness, there are
finitely many elements fi, ..., fy in F' such that F' C B(f1,e) U---U B(fn,€). On the other hand,
since every continuous function defined on a compact set is uniformly continuous, so there is § > 0
such that |f(z) — f(2')| < € whenever z, 2’ € K with d(z,2’) < 6 and for all k = 1,..., N. Now for any
f € F, then ||f — fi||lco for some 1 < k < N. From this, if d(z,2') < §, then we have

[f(@) = f@)] < |f(@) = ful@)] + [ fr(@) = ful@)] + [fula") = f(2")] < 3e.
Therefore, F' is equicontinuous as desired.
(«<): Assume that F' is bounded and equicontinuous. Let (f,) be a sequence in F'. Since F' is closed
and C(K) is complete, it suffices to show that (f,,) has a Cauchy subsequence.
Since K is a compact metric space, so it is separable by Exercise 6.3. Hence, K has a countable dense
subset {eq,ea,....}.
We first notice that since (f,) is bounded, (f,(e1)) is a bounded sequence in R. The Bolzano-
Weierstrass Theorem gives a convergent subsequence (fiy) of (fy,) such that ¢; := limy, fix(e1) exists.
Next we consider the sequence (fix(e2)). Then it is a bounded sequence in R. By using the Bolzano-
Weiestrass Theorem again, there is a subsequence (far) of (f1x) so that ¢y := limy, for(e2) exists. Note
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that we still have limy for(e1) = ¢1. To repeat the same step, for each n = 1,2..; we have constructed
a subsequence (fnx)72 ) of (fn) satisfying the following conditions:

(1) (fnt1.k)x is a subsequence of (fnx), for all n =1,2...
(ii) limyg frr(e;) exists for all i = 1,2, ...
Now put
gn = fon forn=12...

Then (g,) is a subsequence of (f,,). We are going to show that (g,) is a Cauchy sequence in C(K).
Let € > 0. Then by the assumption of F' being equicontinuous, there is § > 0 such that |g,(x)—gn(y)| <
e for all n = 1,2, ... whenever z,y € K with d(z,y) < d. Since {¢; : i = 1,2, ..} is dense in K, we see
that K = |J, B(e;,0). Then by the compactness, there is igp € N such that K = [J:°, B(e;,0). Since
lim,, g, (e;) exists for all i = 1,2.., we can find ng such that |g,(e;) — gm(e;)| < € for all m,n > ny and
for all : = 1,2...,49. Now for any m,n > ng, if © € B(e;, ) for some 1 < i < ig, then we have

|9n(2) = gm(2)| < |gn(2) = gnle)| + |gn(ei) — gm(ei)] + |gm(ei) — gm ()] < 3e.
Hence, (g,,) is Cauchy. The proof is finished. O

In fact, in the proof of Theorem 6.4 above, we have shown the following.

Corollary 6.5. Every bounded equicontinuous sequence in C(K) has a convergent subsequence.

Stone-Weierstrass Theorem

Notation: From now on, we will use the following notation.

Let K be a compact Hausdorff space as above and let C'(K,R) denote the space of all R-valued
continuous functions defined on K. Also, X is endowed with the || - ||co-norm as before.

First let us recall the following classical Weierstrass approximation theorem first.

Theorem 6.6. Weierstrass Approximation Theorem: FEvery real valued continuous function
defined on [a,b] can be uniformly approzimated by a sequence of polynomial functions on |a,b], that
is for every f € C([a,b],R), there is a sequence of polynomial functions (pn) on [a,b] such that

If = Pnlloc = 0.

We are going to generalize this theorem to the case C'(K,R).

Now we are studying the order structure of C'(K,R) first. Recall that there is a natural order
defined on C(K,R), that is we say that f < ¢ for f,g € C(K,R) if f(x) < g(x) for all x € K. For
frg € C(K,R) and z € K, put

(fVg)(z) := max(f(z),9(z)) and (fAg)(z):=min(f(z),g(z)).
Notice that fV g) and f A g both are continuous on K. In fact, it is clear that we have
1 1
(6.1) fvg=5(f+g+lf—gl) and fAg=o(f+g-If-9l)
Hence, f V g = sup{f, g} and f A g =inf{f, g} under the natural order on C'(K,R).

A subset L of C(K,R) is called a lattice whenever f,g € L implies that f V g and f A g both are
in L. In particular, C(K,R) clearly is a lattice.
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Proposition 6.7. Let L be a vector subspace of in C(K,R). Suppose that L satisfies the following
conditions:

(i) the constant function 1 € L, that is 1(x) =1 for all z € K;
(ii) it is a lattice;
(iii) it separates the points in K, that is, for every pair of elements x,y € K with © # y, there is
f €L so that f(z) # f(y).
Then L is dense in C(K,R), that is for every element f € C(K,R) and for all € > 0, there is an
element £ € L such that ||f — {||oc < €.

Proof. We first claim that for any pair of elements x,y € K with x # y and pair of real numbers a
and b, then there is g € L such that g(z) = a and g(y) = b.

To see this since © # y € K, since L separates the points K, there is h € L such that h(z) # h(y).

: — h—h(y) h—h(z) _ a—b bh(z)—ah( : :
Now if put g := ah(x)_hy(y) — b iy = Aa @t T h(w)_h(y?j), then g € L since L is a vector

subspace and contains the constant function 1. In addition g(z) = a and g(y) = b as desired.
Now let f € C(K,R) and let € > 0. We aim to find an element ¢ € L such that ||f — (|| < €.
We fix an element x € K first. Then by the above Claim, for every element y € K, there is g, € L
such that
gy(y) = f(y) and gy(x) = f(x).
Put
G(y) :={z € K : gy(z) < f(2) + ¢}
Then G(y) is an open neighbourhood of y. By the compactness of K, there are finitely many elements
Y1,., YN € K such that K = G(y1) U---UG(yn). Now if we put

he == gy, N+ N\ gyy-
then h, € L because L is lattice, in addition, we have

(6.2) hs(y) < f(y) +e  forall € X.

Now for each = € X, set

V(z) ={veX: f(v)—e<hg(v)}
Notice that since g,(z) = f(x) for all y € X, we see that h,(x) = f(x). Thus, V(x) is an open
neighbourhood of z. Using the compactness again, there are finitely elements 1, ...,z such that
K=V(z1)U---UV(xn). Now if we let

0i=hg V-V Dy,

Then ¢ € L and ¢(z) > f(z) — e for all z € K. Also, by Eq 6.2 above, we have ¢(z) < f(x) + ¢ for all
x € K. Hence we have ||f — {||oc < € as desired. The proof is complete. O

Recall that a vector subspace S of C'(K,R) is called an subalgebra of C(K,R) if whenever f,g € S,
then the usual product f-g € S, where f - g(x) := f(z)g(x) for x € K.

Proposition 6.8. If S is a closed subalgebra of C(K,R), then it is a lattice.

Proof. By using Eq 6.1, it suffices to show that if f € S, then |f| € S. Now let 0 # f € S. Clearly, we
may assume that || f|lcc = 1. Hence we have —1 < f(x) <1 for all z € K.

Let g(t) := |t| for t € [-1,1]. Then the Weierstrass approximation theorem gives a sequence of
polynomials functions (p,) on [—1, 1] such that ||g —pn|lcc — 0. In particular, we have |g(0) —p,(0)| =
|pn(0)] — 0. Therefore, we may assume that each p,(t) has no constant term. This implies that
pn(f) € Sforalln=1,2...since —1 < f(z) <1 forall x € K. Also, note that g(f) = |f| on K. Thus,
we have ||f(z)| — pn(f)(x)] — 0 uniformly on K and hence, |||f] — pn(f)]lcc — 0. Since S is closed,
|f] € S. The proof is complete. O
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We reach the following theorem of a generalization of Weierstrass Approximation Theorem.

Theorem 6.9. Stone-Weierstrass Theorem: Let K be a compact Hausdorff space. Let A be a
subalgebra of C(K,R). If A separates the points in K and contains the constant function 1, then A is
dense in C(K,R).

Proof. Note thatiz is a closed subalgebra, then by Proposition 6.8, A is a closed lattice. Proposition
6.7 implies that A = C'(K,R). The proof is complete. O

Theorem 6.10. Complex Stone-Weierstrass Theorem: Let K be a compact Hausdorff space.
Let B be dense complex subalgebra of C(K,C). Assume that B separates the points in K and contains
the constant function 1. We further assume that f € B if and only its conjugate f € B. Then B is
dense in C(K,C).

Proof. Let A :== {h € B : h(B) C R}. Clearly, A is a real subalgebra of C(K,R) and contains the
constant function 1.

Now we want to show that A separates the points in K. Since B contains all conjugates of functions,
we notice that f € B if and only if the real part Re(f) and the imaginary part Im(f) of f both are
in A. From this, we see that A also separates the points K. Then one can apply the real case of
Stone-Weierstrass Theorem, we see that B is dense in C'(K,C). The proof is complete. O

Urysohn’s Lemma

In this section, we are going to show one of fundamental theorems about C'(K'). The proof is divided
by several steps.

Definition 6.11. A topological space X is said to be normal if every disjoint closed subsets A and B
of X, there are a pair of disjoint open neighbourhoods U and V such that A CU and B C V.

Exercise 6.12. A topological space X is normal if and only if every open neighbourhood V' of a closed
subset F' of X, there is an open neighbourhood W of F' such that

FCWCWCV.

Proposition 6.13. Every compact Hausdorff space is normal.

Proof. To see this, let K be a compact Hausdorff space as above. Let A and B be the disjoint closed
subsets of K. We first notice that A and B both are compact sets since K is compact Hausdorff.
From this, we see that for each x € A, there is a pair of disjoint open neighbourhoods of x and B
respectively, say V,, and W, (Why?). Then by the compactness of A, there are finitely many elements
Z1,...,xn in A such that A CV =V, U---UV,,. Thus, if we put W := W,, N---NWy,, then V
and W both are disjoint open neighbourhoods of A and B as desired. O

Lemma 6.14. Let X be a topological space and let U := {U;}icr be a family of open subsets of X,
where I is a dense subset of (0,1). Assume that the collection W satisfies the following conditions:

(6.3) Uy, CU;, CU;, whenever iy < is.
Now for each v € X, put I(x) :={i € I : x € U;}. If we define a map f: X — [0,1] by
) = {inf[(:z:) when  I(z) # 0;

)1 otherwise.
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then f is continuous.

Proof. Fix a point o € X. We are going to show that f is continuous at zg. Let ¢ := f(zo) and let
0<e<l

We consider the case I(xg) # () and ¢ > 0 first. Since I is a dense subset of (0, 1), there are i1,i9 € T
such that ¢ — ¢ < 71 < ¢ < 19 < ¢+ ¢. By using the Eq 6.3, one can directly check that we have
x0 € Ui, \U;; € f~(c—e,c+¢). Thus, f is continuous at .

Next if I(xg) # ) and ¢ = 0, then ¢ € U; for all i € I. Now if we choose iy € I such that 0 < ip < ¢,
then 29 € U;; € f71(0 —£,0+¢).

Finally, when I(zg) = (0, then f(xg) = 1. Choose i; € I such that 1 —e < i3 < 1. Using the Eq 6.3
again, we have g € X \ U;; € f~}(1 —¢,1 +¢) and so f is also continuous at xg in this case. The
proof is complete. ]

Theorem 6.15. Urysohn’s Lemma: If X is a normal space, then for every pair of disjoint non-
empty closed subsets A and B, there is a continuous function f : X — [a,b] such that f(A) = a and
f(B) =b.

In particular, the assertion holds for every compact Hausdorff space.

Proof. Notice that clearly [0, 1] is homeomorphic to [a, b], so we may assume that [a,b] = [0, 1].
Let A and B be disjoint non-empty closed subsets of X. Then B¢ is an open neighbourhood of A.
Using exercise 6.12, there is an open subset U; /5 of X such that

ACUy;p CUyp C B

Applying Exercise 6.12 for the pairs A C U /5 and T/? C B¢ again, there are open sets Uy /4 and Us/4
such that

ACUyy CUyy CUp CUyp C U3 C U3y C B
To repeat the same step, for each n = 1,2,.., we have a finite family of open subsets of X, say
{Ukjon + b =1,2...,2" — 1} such that

A C Ugsan C Ugjan C Uggryjan S Uggyr)jon C B
Now if we let I := (o2 {k/2" : k =1,2,..,2" — 1}. Then I is a dense subset of (0,1). Thus, we can
apply Lemma 6.14 to yield a continuous map f : X — [0.1] such that f(A) = 0 and f(B) = 1 as

required.
The last statement is obtained by Proposition 6.13 immediately. ]

Remark 6.16. Now if K is a compact Hausdorff space, then C(K) # R1, that is C(K) has non-
constant functions. To see this, since K is Hausdorff, every one-point set is closed. The Urysohn’s
Lemma implies that whenever a,b € X with a # b, then there is f € C(K) such that f(a) # f(b).
Hence C(K) has non-constant functions, in particular, it is "large” enough to separate the points in

K.

Theorem 6.17. Tietze extension theorem: Let X be a normal space. If f : M — la,b] is
continuous function defined on a closed subset M of X, then there is a continuous extension of f on
X, that is, there is a continuous function F : X — [a,b] such that F(y) = f(y) for ally € M.

Proof. Clearly, we may assume that [a,b] = [-1,1]. Put fy:= f.
Let

Ag:{ye M: foly) <—-1/3} and By:={ye M:1/3< fo(y)}.
Then by the Urysohn’s Lemma, there is a continuous function

go: X —[—1/3,1/3]
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such that go(Ag) = —1/3 and go(Bo) = 1/3

Now if we set f1(y) := fo(y) — go(y), y € M, then we have

fi: M —[-2/3,2/3] and |go(x)] <1/3, =€ X.
Next we set
Avi={ye M:fily) < (<1/3)(2/3)}  and By i={y e M:(1/3)2/3) < L)},
Using the Urysohn’s again, there is a continuous function
g1 X = [(=1/3)(2/3), (1/3)(2/3)

such that g1(4r) = (—1/3)(2/3) and g1(By) = (1/3)(2/3).
Now if we set fa(y) := fi(y) — 91(y), y € M, then we have

f2: M —[=(2/3)%,(2/3)°] and |gi(2)] < (1/3)(2/3), z€X.
Notice that we have
fo(y) = 1i(y) —a1(y) = fo(y) — (90(¥) + 91 (), vy € M.
Similarly, we set
Ari={ye M: fi(y) < (-1/3)(2/3)°} and Bp:={ye€ M:(1/3)(2/3)* < fi(y)}.
Using the Urysohn’s again, there is a continuous function
920 X = [(=1/3)(2/3)% (1/3)(2/3)%]

such that g2(Az) = (—1/3)(2/3)* and g2(B2) = (1/3)(2/3).
Now if we set f3(y) := fa(y) — 92(y), y € M, then we have

fa: M = [=(2/3)%,(2/3)%] and |g2(x)| < (1/3)(2/3)%, 2 € X.
In addition, we have

fs(w) = fo(y) = (90(y) + 91 (y) + 92()), ye€ M.
To do it inductively on n, we get the sequences of continuous functions

fo: M —[=(2/3)",(2/3)"]  and gn: X —[(1/3)(2/3)",(1/3)(2/3)"]

(6.4) for1=Fo—(_gr) on M.
k=0

Notice that since |g,| < >~)_((1/3)(2/3)™ on X for all n, then the series > ;2 gx converges uniformly

on X by the M-test. Hence, if we let F':= > 77 | g, then F is continuous on X.

On the other hand, the sequence (f,) converges uniformly to 0 on M because |fy)| < (2/3)" for all
y € M and for all n. Thus, Eq6.4 gives F(y) = fo(y) := f(y) for all y € M and so F is a continuous

extension of f as desired.
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7. LOCALLY COMPACT SPACES

Definition 7.1. A topological space X is said to be locally compact if every point in X has an open
neighbourhood with compact closure.

Example 7.2. Clearly, every compact space is locally compact.

(i) R™ and C" are locally compact.

(ii) R defined in Example 5.2 (iii) is not locally compact. To see this, notice that the translations,
that is * — x + a for some a € R*, and dilations, that is x — ax for some a > 0, are
homeomorphisms from R to itself. Thus, if R is locally compact, then the closed unit ball
B :={zx € R®: p(0,z) < 1} is compact. It leads to a contradiction (see also Example 5.6).

The following is one of important properties about locally compact Hausdorff spaces.

Proposition 7.3. If X is a locally compact Hausdorff space, then for any xg in X and any open
neighbourhood V' of xq, there is an open neighbourhood U of x¢ such that

(7.1) 1o €UCUCV and U is compact.

Furthermore, if K is a compact subset of X and O is an open meighbourhood of K, then there is an
open neighbourhood V of K with compact closure such that

KCvCcvco.

Proof. We are going to show Eq 7.1 first. Let C be an neighbourhood of 2o with compact closure C.
Then C' NV is an open neighbourhood of zg in C' with respect to the relative topology in C. Since
C is compact, Proposition 6.13 tells us that it is normal. Then by Exercise 6.12, there is an open
neighbourhood W of xy (open in X) such that

— —C'
roeWndcCcwncC CcCnVCVv

where U denotes the closure in C' with respect to the relative topology. Therefore, if we show that

(7.2) wnccwnc

then we have

rneEWNCCONV CV.

Then the open neighbourhood U := W N C of xg is as required in Eq 7.1. Thus, it suffices to show
the Eq7.2 holds. To see this, if z € W N C, then for any open neighbourhood E of xy (open in X), we
have

DALEEN(WNC)C(ENC)N(WNO).

This implies that z € W N 60.

For the last assertion, if K is a compact subset of X and O be an open neighbourhood of K, then
by Eq 7.1 above, for each © € K, there is an open neighbourhood U, of z such that x € U, C
U, C O. Then by the compactness of K, there are finitely many elements 1, ..,y in K such that
K CV,, U---UV,,. Notice that we always have V,, U--- UV, CV;, U---UV,, (Why?). Thus, if
we put V := V$1U-~-UVxN,thenK§V§VQO.

The proof is finished. ([l

From now on, let X be a locally compact Hausdorff space.
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Definition 7.4. Let f be a continuous function (R or C-valued) defined on X. The support of f is
defined by the set

supp(f) == {z € X : f(z) # 0}.
Write Co(X) for the set of all continuous functions defined on X with compact supports.

Remark 7.5. Notice that every continuous function with compact support on X is bounded. Hence,
one can define the sup-norm || - || on Ce(X) by

[flloc :=sup [f(z)], [ € Ce(X).
zeX

Then (Co(X), || - |loo) is a normed space.
Exercise 7.6. Is the space (C.(X),|| - |lo) complete for a general locally compact space X ?

Proposition 7.7. Let K be a compact subset of a locally compact Hausdorff space X and K CV be
an open neighbourhood. Then there is f € Ce(X) with 0 < f <1 such that

f(K)=1 and f(X\V)=0.
Hence, supp(f) C V.

Proof. First, Proposition 7.3 implies that there is an open neighbourhood W of K with compact
closure such that
KCWCWCV.

Notice that K and W \ W is a pairwise disjoint closed subsets of W. One can apply the Urysohn’s
Lemma on W because W is compact Hausdorff. Then there is an element fo € C(W,[0,1]) such that
fo(K) =1and fo(W\ W) =0. If we define f : X — [0,1] by

) fo(x) if zewW
-

otherwise

then f € C(X,]0,1]) with supp(f) C W and thus, the function f € C.(X) is as desired. O

The following result is always used in many areas of mathematics.

Proposition 7.8. Let X be a locally compact space and K be a compact subset of X. For any finite
open cover U := {Up}}_, of K, there exists a finite collection

{er € Ce(X,[0,1]) = supp(pr) € Uy; k=1,2...,n}
such that

n
Z pr=1 on K.
k=1
In this case the family {¢r}}_, is called a partition of unity for K.
Proof. We first claim that there is a finite open cover {Vj}7_, of K such that each Vj is compact and
Vi C Vi C U.

To see this, for each v € K, then z € Uy, for some 1 < ky < n. Using Proposition 7.3, one can
find an open neighbourhood W, of x such that xcW, C W, C Uy, and W, is compact. Then by the
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compactness of K, there are finitely many zi, ...,z € K such that K C W, U---U W, . Now for
each U, i =1,..,n,let V; .= UijU,- W;. Then by the construction of W,,’s, we have

V,icVi= |J Wy, € |J W, CU
z;€U; z;€U;
for all ¢ = 1,..,n. Thus, the family {V; : i =1,..,n} is as desired. The claim follows.
Next, for each i = 1,..,n we can apply Proposition 7.7 to find an element f; € C.(X,]0,1]) with
supp(f;) C U; such that f;(V;) = 1.
Now if we put ¢1 :=1— (1 — f1), then ¢; = 1 on Vi and supp(p1) C Uy.
Next we let g2 € C'(X) so that

01+@a=1—(1—f1)(1 = f2).

Then ¢ + @2 = 1 on Vi U V;. Notice that if x ¢ Wa, then po(z) = 0 and so supp(p2) C Us. To repeat
the same step, ¢, € C(X), k=1,2...,n — 1 are found so that o1 + - -+ @1 =1lon V1 U--- UV,
and supp(py) C Ug. Now set ¢, € C'(X) such that

(7.3) 1+ pn1ten=1—(1—=fi) (1= foo1)(1 = fn)

Then @1 +-+-+¢@, =1on V4U---UV, and so, @1+ -+ ¢, = 1 on K. On the other hand, if x ¢ W,
then Eq 7.3 implies that ¢, (z) = 0 and so supp(¢n) C Up. Thus, the family {¢r : k = 1,..,n} is the
partition of unity as required. The proof is complete. ]

The following is one of important features of locally compact Hausdorff spaces.
Recall that let (X, T) be a locally compact Hausdorsff space. Consider the following disjoint union:

Xoo =X |_|{oo}
Let
Too :=T U {Xo \ C: C is a compact subset of X}.

Exercise 7.9. We keep the notation as above. Then T is a compact Hausdorff topology on X and
X is dense in X
We call (X0, Too) the one-point compactification of X.

Example 7.10. Ry, is homeomorphic to a circle. To see this, let S = {(z,y) : 2>+ (y—3)* = (1/2)?}.
For each element z € S is parametrized by z := (x,y) = (cos@sinf,sin? ), 6 € [0, 7]. Define

f(2) = {tan@ when 0 # 7/2;

00 otherwise.

Then f is a homeomorphism from S onto (R).

Let X be a locally compact space. Let Cy(X) be the space of (R or C valued) continuous functions
on X which vanish at infinity, that is, f € Cy(X) whenever for any £ > 0, there is a compact subset
K of X such that |f(z)] <eforallz e X\ K.

Proposition 7.11. Define T : f € Co(X) — f € C(Xoo) by f(z) = f(x) when z € X; and f(o0) = 0.
Then T is an isometry, that is ||Tf|lcc = ||flleo for f € Co(X). Hence, Co(X) can be viewed as a
closed subspace of C'(Xoo) and so Co(X) is complete.

Furthermore, Co(X) = Co(X). Consequently, Co(X) is the completion of C.(X).
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Proof. One can directly show that T' is an isometry (Try!). We are going to show that C.(X) is
dense in Co(X). Let f € Cp(X). Let ¢ > 0. Then there is a compact subset K of X such that
|f(x)| < e when x ¢ K. Proposition 7.8 tells us that there is an element f; € C.(X, [0, 1]) with such
that fi1(K) = 1. If we put g(x) := f(x)fi(x) for z € X, then g € C.(X). Notice that |g(x) — f(z)| =0
if v € K and |g(x) — f(z)| = |f(2)|(1 — fi(z))| < € when x ¢ K. Therefore, we have ||g — f|lcc < €.
The proof is finished. O
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8. CONNECTED SPACES

Definition 8.1. A topological space X is said to be connected if whenever a pair of disjoint open
subsets A and B such that X = AU B, then either A or B is empty.

Remark 8.2. Let X be a topological space.

(i) By the definition of connectedness, X is disconnected if and only if there is a pair of disjoint
non-empty open subsets A and B of X such that X = AU B. Hence, X is disconnected if and
only if there is a non-empty proper closed and open subset (also called clopen set) of X.

(ii) A subset Y of X is connected if it is connected in the relative topology. In this case, Y is
a connected subset of X if and only if whenever a pair of open subsets A and B of X with
Y C AUB such that (ANY)N(BNY)=0,thenY C AorY C B.

Example 8.3. We have the following assertions.

(i) A subset of R is connected if and only if it is an interval. In particular, Q is disconnected.
Alternatively, if we fix any irrational number ¢, then Q N [c,00) = QN (¢,00) and so it is a
proper non-empty clopen subset of Q.

(i) R™ and C"™ are connected.

Proposition 8.4. Let D be a subset of a topological space X. If D is connected, then so is its closure
D.

Proof. Let A and B be a pair of open subsets of X such that D C AUB and DN AN B = (). Since D
is connected, we have D C A or D C B. We may assume that D C A. Then DCA. In fact, if there
is a point zg € D \ A, then 29 € B because D C AU B. This implies that there is z € D N B since
2z € Bisopen. Thus, z€ DNBNA,so DNANB # (. It leads to a contradiction. O

Proposition 8.5. Let f : X — Y be a continuous map between the topological spaces X and Y. If X
is connected, then so is the image f(X).

Proof. It follows immediately from the fact that the pre-image of every open set is open under a
continuous mapping. O

Definition 8.6. A topological space X is said to be path connected if for every pair of points a and b
is X, there is a continuous path on X from a to b, that is there is a continuous function f :[0,1] — X,
then f(0) =a and f(1) = b.

Remark 8.7. Clearly every path connected space is connected but the converse does not hold. For
example, consider the set
X :={(z,sin(1/x): 0 <z <1} U{(0,y) : =1 <y < 1}.

Notice that since the subset Y := {(z,sin(1/x) : 0 < x < 1} is connected and Y = X, so, the space
X is connected by Proposition 8.4. This shows us that X is not path connected because there is no
continuous path connecting with (0,0) and (0,1). Howewver, the converse holds for any non-empty open
connected subset of R™.

Proposition 8.8. If A is a non-empty open connected subset of R™ or C", then A is path connected.
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Proof. Assume that A is not path connected. Then there is a pair of points a and b in A which can
not be connected by any continuous path on A. Put

U:={x € A: there is a continuous path on A from a to z}.

Let g € U. Since A is open, there is » > 0 such that the open ball B(zg,7) C A. On the other
hand, clearly every open ball in R™ is path connected, so B(zg,r) C U. Thus, U is a non-empty open
set in R™. If we let V := A\ U, then b € V and so it is non-empty. Due to the same reason every
open ball in R™ being path connected, V' is an open subset of R™. Therefore, A is the union of a pair
of disjoint non-empty open sets U and V' which contradicts to the connectedness of A. The proof is
complete. O

Definition 8.9. A connected component C (or "component” for simply) of a topological space X
means that it is a mazximal connected subset of X, that is, C' is connected and if A is a connected
subset of X containing C, then C' = A.

Notice that every component is closed by Proposition 8.4 above.

Lemma 8.10. Let {Ci}icr be a collection of connected subsets of X. If (\C; # 0, then J,C; is
connected.

Proof. Let A and B be a pair of open subsets of X such that (|J, C;) € AUB and (|J,; Ci;)NANB = 0.
Notice that we have C;N AN B = () for all ¢ € I. Since C; is connected, we have C; C A or C; C B for
all ¢ € I. Now suppose that there are p # ¢ € I such that C, C A and C, C B. Let z € C, N C, since
() Ci # 0. This implies that z € C, N AN B which leads to a contradiction because C; N AN B = {) for
all ¢ € I. Therefore, if C), C A for some p € I, then |J, C; C A. Thus, |J,; C; is connected. O

Proposition 8.11. Let X be a topological space. Then every point in X is contained in a unique
component.

Consequently, the collection of all components forms a partition of X, that is, if {C; : i € I} is the
collection of all components of X, then X =JC; and C;NC; =0 when i # j.

Proof. For each z € X, let
C,:={C C X : Cis connected and z € C}.

Notice that {2z} € C, and so €, # (). Put M, :=Joee, C. Then by Lemma 8.10 and the definition
of C,, M, is the unique component containing z as desired. The proof is complete. ]

From now on, for each x € X we write C(x) for the unique component containing x. In particular,
C(z) is the largest connected subset containing x.

Definition 8.12. A topological X is said to be totally disconnected if C(x) = {z} for all z € X,
that is every connected subset of X is a singleton.

Remark 8.13. Clearly every discrete space, that is the space is endowed with the discrete topology, is
totally disconnected, however, the converse is not true, for example, the set of all rational numbers Q
is totally disconnected but it is non-discrete. To see this, let £ be a non-empty subset of Q containing
at least two points. Let a,b € E with a < b. Choose any irrational number ¢ such that a < ¢ < b.
Then E C (—00,¢) U (¢,00) and E N (=00, ¢) N (¢,00) = @. Therefore, E is disconnected.

In fact, in this proof, we have obtained the following.
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Proposition 8.14. Let X be a topological space. If for every pair of distinct elements can be separated
by disjoint clopen subsets of X, then X is totally disconnected.

Example 8.15. Let X := [[2, X,, and X,, :== {0,1}. If X is endowed with product topology, then
X s totally disconnected. In fact, let m, : X — X, be the natural projection. If x # y € X, then
7n(x) # mp(y) for some n, Hence, x and y can be separated by the disjoint clopen subsets 7,1 ({1})
and ;1 ({0}).

From now on, X always denotes a Hausdorff space. Write CO(X) for the set of all clopen subsets
of X. For each element xy € X, put

C(zo) := ﬂ E.

20EEECO(X)

Notice that C(x) is contained in any clopen neighbourhood of x because C(x) is connected. Hence,
we always have C(z) C CO(z) for all x € X.

Lemma 8.16. We keep the notation as above. If X is compact Hausdorff, then CO(z) is connected
forallx € X.
Consequently, CO(x) = C(x) for all x.

Proof. Fix an element x € X. Suppose that
CO(.’E) = ApgU By

for a pair of disjoint open subsets in C(z) and x € Ag. We need to show that C(z) C Ay. We first
note that since CO(z) is closed in X, we see that Ay and By are also closed in X. Recall a fact that
every compact Hausdorff space in normal. Therefore, there is a pair of disjoint open sets in X, say
A, B such that Ay € A and By C B and so we have

CO(z) C AU B.

This gives
(1l EnAnB° =0
z€EeCO(X)

Recall a fact that a topological space is compact if and only if it has finite intersection property.
Therefore, there are finitely many clopen neighbourhoods of = , say FE1, ..., E, such that

n
(EinA°NB°=0.
i=1
Next we are going to show that (), E; N A is a clopen neighbourhood of z. To see this, since each E;

is an clopen neighbourhood of z, so, (), E5 N A is open in X. It remains to show that (', E; N A
is closed in X. To see this, if there is a point

w e ﬁEZﬁA\(ﬁEZﬂA),
=1 =1

then w € (N, E; = (;_, E; since E; is closed. On the other hand, we have (i E; C AU B because

Nie, EsNA°N B¢ = (). Therefore, if w ¢ A, then w € B and so (;_, E; N B is an open neighbourhood
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of w. This gives iy E; N BN A # () since w € A. It leads to a contradiction because AN B = .
Therefore, (i, E; N A is a clopen neighbourhood of . Then by the definition of CO(z), we have

CO(z) C(E:NACA.

i=1
This implies that if y € CO(x), then y ¢ B because CO(z) C AUB and AN B = (). Therefore, y ¢ By
since By C B. Hence, CO(x) C Ay as desired. The proof is complete. O

Theorem 8.17. Let X be a compact Hausdorff space. We keep the notation as above. Then the
following are equivalent.

(i) X is totally disconnected, that is C(x) = {z} for all z € X.
(ii)) CO(x) = {z} for allx € X.
(iii) For every pair of distinct elements a,b € X, there are a pair of disjoint clopen neighbourhoods
of a and b respectively.
(iv) The collection of all clopen sets CO(X) forms an open base.

Proof. In fact, (ii) = (7) holds for general topological spaces because we always have C(x) C CO(z)
for all z € X.

(i) = (4i) is obtained by Lemma 8.16 immediately.

(7i7) = (7) has been shown in Proposition 8.14 for general Hausdorff spaces.

For showing (ii) = (i), let x1,x2 € X with z1 # x2. Then by the assumption (i7), there are clopen
sets F1 and Es of 1 and xg respectively so that zo ¢ x; and x1 ¢ Fy. The E; \ Ep and Ey \ E; are
the disjoint clopen neighbourhoods of x; and x2 as required.

Thus, we have shown that (i) < (i1) < (4i7).

Now for (iii) = (iv), let W be any open subset of X and thus, W€ is compact. We may assume that
We £ (). Let x € W€. Then for every element y € W, the condition (7i7) gives a pair of disjoint clopen
neighbourhoods of x and y respectively. From this and the compactness of W€, we can find a clopen
neighbourhood U of z disjoint from W¢ and so U C W.

(iv) = (4) is clear since (iv) implies that if a subset contains more than two points, then it disconnected
because X is Hausdorff.

The proof is finished. ]

Appendix: Projective Limits

A partially order set (I,>) is called a directed set if for every pair of elements i1,iy € I, one can
find an element i3 € I such that ¢3 > i1 and i3 > 9.

Definition 8.18. Let I be a directed set and let {X;}ier be a family of non-empty topological spaces.
Let {<pjl- Xj = X, gelin < j} be a family of continuous functions which satisfies the conditions:
(i) whenever i,j,k € I with i < j <k, then we have the decomposition
ki = Prj o pji + Xp = Xj = X3
(ZZ) Qi = IdXi : Xi — Xi.
In this case, the family {X;, ¢;; 14,7 € I} is called a projective system (or inverse system).
Now the product space [[;.; X; is endowed with the product topology. Put

EiLnXi = {(x) € HXi :ji(z;) = x; whenever 7 < j}.
i€l el
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For each i € I, let m; : lim X; — X; be the natural projection, that is m;(x;) = z; for all 4.
H
i€l
The set {lim X;,7; : ¢ € I} is called the projective limit (or inverse limit) of the projective system
(_
i€l
{Xi,pji 14,5 € I}. Notice that if j > ¢, then we always have the following commutative diagram:

where X := lim X;.
H
el

The following is an important example of projective limits.

Example 8.19. Let p be a prime number. For m,n = 1,2... with n < m, define a natural ring
homomorphism
Omn  L/p" L — 7/ p" L
given by
Omn ¢+ p"L— x4+ p"L.
Then the collection {Z/p"Z; omn : m,n = 1,2...} forms a projective system. Write Z,, for its projective
limit. Call Z, the ring of p-adic integers which plays an important role in number theory.

Definition 8.20. A topological space X is said to be profinite if it is the projective limit of finite sets,
that is, there is a projective system {X;,pj; : i,j € I}, where each X; is a finite set such that X is
homeomorphism to the projective limit of the system lim X;.

F

iel

Theorem 8.21. X is a totally disconnected compact Hausdorff space if and only if it is profinite.
In particular, Z, is a totally disconnected compact Hausdorff space.

Proof. We show the converse first. Assume that X is the projective limit of a projective system
{Xi,pji : 4,5 € I}, where each X; is a finite set. By the construction of a projective limit, we may
assume that X C Hie[ X;. We keep the notation as in Definition 8.18.

Since each X is finite and so it is compact, the product space [[;.; X; is a compact Hausdorff space.
In order to show that X is compact, it suffices to show that the projective limit is closed in [];.; X;.
To see this, let w ¢ liin X;. If we write w = (w;), then ¢j;(w;) # w; for some 4, j with ¢ < j. Then

el

7 (wi) N 7rj_1(wj) is an open neighbourhood of w and 7; *(w;) N 7Tj_1(wj) NX =0 and so X is closed
On the other hand, as in the proof of Example 8.15, each pair of distinct elements in X can be
separated by a pair of disjoint clopen sets. Therefore, X is totally disconnected.

Now we are going to show the necessary condition. Assume that X is a totally disconnected compact
Hausdorff space. We say that an equivalence relation R on X is clopen if each equivalence class of R
is a clopen subsets of X. We write X/R for the set of all equivalent classes of R. Notice that since X
is compact, X/R is a finite set when R is an clopen relation on X. Let

R :={R;: R; is a clopen equivalence relation on X };c;s.
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For each i € I, let m; : X — X/R; be the canonical projection, that is m;(x) = zR; € X/R; for z € X.
For iy,i9 € I, we say that i; < iy if xR;, C xR;, for all x € X. Then (I,>) becomes a directed set.
Moreover, for i1 < iy in I, there is a natural function ¢y, ;, : X/R;, — X/R;, given by zR;, — zR;,.
On can directly check that {X/R;, ;;:i,j € I} is a projective system. Let X be its projective limit
constructed as in Definition 8.18 above. Define a map by

Yixe X (m(x))ier € X.
We are going to the map 9 is a homeomorphism. Since X is compact and X is Hausdorff, it suffices
to show that 1) is a continuous bijection.

We first claim that ¢ is well defined, that is 1(z) € X for all 2 € X. In fact, we have ig i1 (Tiy (X)) =

i, () for all z € X whenever iy < iy in I. Thus, ¢(z) € X.
For showing the map ) is injective, let x # y € X. Since X is totally disconnected compact Hausdorff,
Theorem 8.17 gives a clopen set W such that x € W but y ¢ W. If we let R := {W,W¢}, then R € R

and mr(z) # mr(y). Thus, ¥(z) # ¥(y).

Before showing the map ¢ being surjective, we have to show that ¢ is continuous. To see this, recall the
construction of the projective limit in Definition 8.18 that 7; : X — X/R; is the canonical projection
for each i € I. Consider the composition 7; 01 : X — X — X/R; for each i € I. Since each X/R; is
discrete and the (7; 0¢) " (xR;) = {y € X : yR;x} is a clopen subset of X for all zR; € X/R;, so the
map ¥ is continuous. N _
This implies that the image (X)) is compact and thus, ¥(X) is closed in X because X is Hausdorff.
Therefore, if we can show that the image ¢ (X) is dense in X, then ¢ is surjective.
In order to show that ¥ (X) is dense in X. Let 7 = (z;) € X, 7; € X/R;, for i € I. Then by the
definition of the product topology, it suffices to show that for any finitely many i1, ...,4, € I, we want
to find an element z € X such that
P(2)i, == 2R, =, forall k=1,..,n.

Since I is a directed set, there is j € I such that j > iy, for all k =1,...,n. Then z; € X/R; satisfies
the condition: ¢j;, () = 2;, for all k =1,...,n.
Now take z € X such that zR; = Z; € X/R;. Then by the definition of v, we have

w(z)lk = ZRik = Sojik(ZRj) = goﬂk(@) = %jk for all k= 1, oy N
The proof is complete. O
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