A key to rigorous multivariable calculus is a basic understanding of point set
topology in the framework of metric spaces. Covering these basic concepts is the
purpose of this chapter. We will see that studying these concepts in detail will really
pay off in the chapters below. While studying metric spaces, we will discover certain
concepts which are independent of metric, and seem to beg for a more general
context. This is why, in the process, we will introduce topological spaces as well.

1 Basics

1.1

Let R4 denote the set of all non-negative real numbers and +oc0. A metric space
is a set X endowed with a metric (or distance function, briefly distance) d : X x
X — Ry such that
M1) d(x,y) =0 ifandonlyif x =y,
M2) d(x,y) =d(y,x),and
M3) d(x,y) +d(y,2) =d(x,2).
Condition (M3) is called the triangle inequality; the reader will easily guess why.
The elements of a metric space are usually referred to as points.

Very often one considers distance functions which take on finite values only, but
allowing infinite distances comes in handy sometimes.

1.1.1 Examples

(a) The set R of real numbers with the distance function d(x, y) = |x — y|.

(b) The set (plane) C of complex numbers, again with the distance |x — y|; note,
however, that here the fact that it satisfies the triangle inequality is much less
trivial than in the previous case (see Theorem 1.3 of Chapter 1).

(c) The Euclidean space R, = {(x1,...,xx) | x; € R}
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d((xr, .o Xm)s (ViseeouYm)) = ,/Z(xj —y)>

Comment: In linear algebra, there are good reasons for distinguishing row and
column vectors, and equally good reasons why the ordinary Eucliean space
R" should consist of column vectors. This is the reason why we used the
subscript R, above for row vectors, which are easier to write down (compare
with A.7.3). From the point of view of metric and topological spaces, however,
the distinction between row and column vectors has no meaning. Because of
that, in this chapter, we will use the symbols R" and R,, interchangably, not
distinguishing between row and column vectors.
(d) C({a, b)), the set of all continuous real functions on the interval {(a, b), with

d(f.g) = max|f(x) — g(x)|.
(e) The set F(X) of all bounded real functions on a set X with

d(f.g) =sup|f(x) —g(x)|.

(f) The unit circle
St={(x,») eR [ ¥ +y* =1}

where for two points P, Q € S!, d(P, Q) is the lesser of the two angles
between the lines {¢tP|t € R} and {tQ|t € R}.

(g) Any set S with the metric givenby d(x,y) =0ifx =y € Sandd(x,y) =1
if x # y € S. This is known as the discrete space.

1.2 Norms

The metrics in Examples 1.1.1 (a)—(e) in fact all come from a more special situation,
which plays an especially important role. A norm on a vector space V' (over real or
complex numbers) is a mapping | — | : V' — R such that

(1) |x] > 0,and |x| = 0 only if x = o,

) |x+yl = IxI+ lyl, and

3) lax| = laf - |x].

1.2.1
A normed vector space is a (real or complex) vector space V' provided with a norm.

(The term normed linear space is also common.) Since we have

Ix—zl =lIx—y+y—z| < |x—yl +ly—zl
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the function p(x,y) = |x — y| is a metric on V, called the metric associated with
the norm. In this sense, we can always view a normed linear space as a metric space.

1.2.2 Examples

1. Any of the following formulas yields a norm in R”.
() x| = maxx;,
() IxlI =3 1x;1,
© Ixl = /X x3.

Notice that (c) gives the metric space in Example 1.1.1 (c).
2. In the space of bounded real functions on a set X we can consider the norm

lel = sup{le(x)[ | x € X3.

The associated metric gives rise to Example 1.1.1 (e) above.

1.2.3 A particularly important example

Example 1.2.2 (c) is in fact, a special case of the following construction: On a (real
or complex) vector space with an inner product (see 4.2 of Appendix A), we have a
norm

Ix| = v/xx.

Indeed: (1) of 1.2 is obvious. Further, by the Cauchy-Schwarz inequality (see 4.4 of
Appendix A),

Ix+y[* = (x +y)(x +y) = xx + xy + yx +yy
= |xx + xy + yx + yy| < [x]* + [xy| + lyx| + |y’
< x> + 211yl + Iyl> = (x] + lyD)>

Finally, |ax| = v/(ax)(ax) = ea(xx) = |af - |x]. O

1.3 Convergence

A sequence xi, X2, ... of points of metric space converges to a point x whenever
for every ¢ > 0, there exists an n( such that for all n > ng, we have d(x,, x) < &.
This is expressed by writing

lim x, =x or limx, =x orjust limx, = x.
n—>oo n

We then speak of a convergent sequence. Note that obviously
(*) any subsequence (xi, ), of a convergent sequence converges to the same limit.
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1.3.1 Examples

(a) The usual convergence in R or C.

(b) Consider the examples in 1.1.1 (d) and (e). Realize that the convergence of a
sequence of functions fi, f2,... in these spaces is what one usually calls uniform
convergence of functions.

1.4

Two metrics dj, dp on the same set X are said to be equivalent if there exist positive
real numbers «, B such that for every x, y € X,

adi(x,y) < da(x,y) < Bdi(x, ).

Note that we have an obvious

1.4.1 Observation. If d| and d, are equivalent then (x,), converges in (X, d,) if
and only if it converges in (X, d).

1.5

Let (X, d) and (Y, d’) be metric spaces. Amap f : X — Y is said to be continuous
if

for every x € X and every ¢ > 0 there is a § > 0 such that, for
every y in X,
(ct)
dix,y)<s = d'(f(x). f(y) <e

Later on we will need a stronger concept: a mapping f : X — Y is said to be
uniformly continuous if

for every ¢ > 0 there is a 6 > 0 such that, for all x, y in X

dx,y) <8 = d'(f(x).f(y) <e (uct)

Note the subtle difference between the two concepts. In the former the § can depend
on x, while in the latter it depends on the ¢ only. For example,

f=@xr—~x):R->R

is continuous but not uniformly continuous.
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It is easy to prove

1.5.1 Propeosition. A composition go f of continuous (resp. uniformly continuous)
maps f and g is continuous (resp. uniformly continuous).

1.5.2
Here is another easy but important

Observation. Let d.d; be equivalent metrics on X and let d’, d| be equivalent
metricson Y. Thenamap f : X — Y is continuous (resp. uniformly continuous)
with respect to d, d’ if and only if it is continuous (resp. uniformly continuous) with
respect to dy. d.

1.6 Proposition. Amap f : (X,d) — (Y,d’) is continuous if and only if for every
convergent sequence (x,), in (X, d), the sequence ( f(x,)), is convergent and

f(lim x,) = lim f(x,).
(Compare with Proposition 3.2 of Chapter 1.)

Proof. =: Let limx,, = x. Consider the § > 0 from (ct) taken for the x and an
& > 0. There is an ny such that n > ng implies d(x,,x) < 8. Then for n > ny,
d'(f(n), f()) <.

<: Suppose [ is not continuous. Then there is an x € X and an gy > 0
such that for every § > 0 there exists an x(8) such that d(x(d),x) < & while
d'(f(x(8)) = &9. Now set x,, = x(%); obviously lim x, = x and ( f(x;,)), does not

converge to f(x). O
2 Subspaces and products
2.1

Let (X,d) be a metric space and let X’ € X be an arbitrary subset. Obviously
(X',d’) where d’ is d restricted to X’ x X' is a metric space again.

Examples.

(a) Intervals in the real line.

(b) More generally, the typical subspaces of the Euclidean space R” one usually
works with: n-dimensional intervals (by which we mean cartesian products of
n-tuples of intervals), polyhedra, balls, spheres, etc.

(¢) The space C({a, b)) from 1.1.1.(d)is a subspace of the F({a, b)) from 1.1.1.(e).

Convention. Unless otherwise stated we will think of subsets of spaces automat-
ically as subspaces.
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2.1.1 Observations. 1. Let (X', d’) be a subspace of (X, d). Then the embedding
map j = (x = x) : X' — X is uniformly continuous. Consequently,
a restriction f|X' : (X'.d") — (Y.d) of a continuous (resp. uniformly
continuous) f : (X,d) — (Y, d) is continuous (resp. uniformly continuous).

2. Let f : (X.d) — (Y.d) be a continuous (resp. uniformly continuous) map and
let Y C Y be a subspace such that f[X] C Y'. Then f' = (x — f(x)) :

(X,d) — (Y, 2/) is continuous (resp. uniformly continuous).

Proof. 1. For ¢ > 0 take § = ¢. For the consequence recall 1.5.1 and the fact that
f1X"=fj.

2. For x and ¢ > 0 use the same § as for f. O

2.2

m
Let (X;,d;), i = 1,...,m, be metric spaces. On the cartesian product l_[ X, =

i=1
X X -+ x X, consider the following distances:

D diCxi yi)%,

i=1

P((xls---sxm)s(J’ls---st)) =

o((xt, o Xm)s V15 e o Ym)) = Zdi(xi,yi), and
i=1
d((x1,. .. Xm)s V1s .oy ym)) = maxd; (x;, yi).
(o0 and d satisfy (M1), (M2) and (M3) obviously. The triangle inequality of p
needs some simple reasoning — one can use, for instance, Theorem 4.4 from
Appendix A. In fact, we will rarely use this metric in the context of the topology

of multivariable functions. However, note its geometrical significance: it yields the
standard Pythagorean metric in the space R” viewed as R x --- x R.)

2.2.1 Proposition. The distance functions p, o and d are equivalent metrics.

Proof.

p((xi)is (¥i)i) < ij?lej(xstj)z = Vn-d((x;)i. (yi)i)-

i=1

ObViOUSl}r’n d((xi)i, (yi)i) = p((xi)i, (vi)i), o ((xi)is (vi)i) and finally o ((x;);,
i)i) < Zmaxj dj(xj,y;)=n-d((x:)i, (yi)i)-

i=1
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2.2.2
The space [ ] X; endowed with any of the metrics p, o, d (typically, by d) will be
referred to as the product of the spaces (X;,d;),i = 1,...,m.

Theorem. I. The projections p; = ((X1,...,Xm) — Xj) : l_[(X,-,di) —

1
(X;.d;) are uniformly continuous.

2. A sequence
Cofoox ), xR, (XD, )
converges in [ [(X;, d;) if and only if each of the sequences
1 .2 3
X XG X5 (**)

converges in the respective (X;,d;).
3. Let f; : (Y,d) — (Xj.d}) be continuous (resp. uniformly continuous). Then
the mapping

f=0r (A0, ) (Vd) = [[(Xi,d)

(the unique mapping such that p; f = f; forall j) is continuous (resp.uniformly
continuous).

Proof. 1. We have d((x;);, (yi)i) = d;(x;,y;). Thus, it suffices to take § = .
2. If (*) converges then each (**) converges by 1 and 1.6. For ¢ > 0 choose n;
such that for k > n;, d; (xf,xj) < ¢, and consider np = max; n;. Then for

k > no, dj(xf,xj) < ¢ forall j, and hence maxdj(x;f,xj) <e.
3. immediately follows from 2 and 1.6.

3 Some topological concepts
3.1 Neighborhoods

First, define the e-ball with center x as

Q(x.e) = {y[d(x,y) <ej}.

A subset U C X is a neighborhood of a point x € X if there exists an & > 0 such
that

Q(x,e) C U.
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Remark: While the concept of an e-ball depends on the concrete metric, the
concept of neighborhood does not change if we replace a metric by an equivalent
one. In fact, we can change the metric even much more radically — see Exercise (5)
below.

3.1.1 Observations. /. If U is a neighborhood of x and U C V then V is a
neighborhood of x.
2. If Uy, U, are neighborhoods of x then so is Uy N U,.

(1: for V use the same Q2(x, ¢). 2: if Q(x,¢;) € U; then Q(x, min(ey, &7)) <
U NU,.)

3.2 Open and closed sets

Asubset U C (X, d) is open if it is a neighborhood of each of its points.
A subset A C (X, d) is closed if for every sequence (x,),, X, € A convergentin
(X, d), the limit lim x,, is in A.

3.2.1 Proposition. /. X and @ are open. If U and V are open then U NV is open,
and if U;, i € J, are open (J arbitrary) then | ) U; is open.

i€l
2. Uisopenifandonlyif X ~ U is closed.
3. X and @ are closed. If A and B are closed then AU B is closed, and if A;, i € J,
are closed then U A; is closed.

ieJ

Proof. 1 is straightforward (use 3.1.1).

2: Let U be open, A = X ~ U. The limit x of a sequence (x,), that is all in A
cannot be in U since there is an & > 0 such that Q(x,e) C U, and the x,’s with
sufficiently large n have to be in such Q(x, €).

On the other hand, if U is not open, then there is an x € U such that for every n,
Q(x, ni) &Z U. Therefore, we can choose points x, € Q(x, %)ﬂA withx = limyx, €
U=X-A

3 follows from 1.3 and the formulas relating intersections and unions with
complements. O

3.3 Closure

Let A be a general subset of a metric space X = (X, d). For a point x € X, define
the distance of x from A by

d(x,A) = inf{d(x,a) | a € A}.
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Note that if x € A then d(x, A) = Obutd(x, A) canbe O evenif x ¢ A.
The closure of a set A in (X, d) is the set

A ={x|d(x,4) =0}

This definition seems to depend heavily on the distance function. But we have

3.3.1 Proposition. . The set A is closed, and it is the smallest closed set
containing A. In other words,

A= ﬂ{B closed | A € B}.

2. Apoint x € X isin A if and only if for each of its neighborhoods U, U N A # ()
(in other words, if and only if for each open U 3 x, U N A # ).

Proof. 1:U = X ~ Ais open, since if x ¢ A thereis an & > 0 such that Q(x, 2¢) N
A = @ and hence by the triangle inequality Q(x,&) N 4 = 0.

Let B be closed and B 2 A. Let x € A. For each n choose an x, € A (and
hence in B) such that d(x, x,) < % Then x = limx, is in B. The correctness of
the formula follows from 3.2.1.

2 is obvious: in yet other words we are speaking about the balls Q(x,¢)

intersecting A. O
3.3.2 Proposition. 1. =0, AC A,and AC B = ACB,

2. AUB=AUB, and

3. A=A

Proof. 11is trivial. .
2:By1l,AUB € AU B.Now let x € AU B; x is or is not in A. Inthelager
case, all sufficiently close elements from A U B have to be in B and hence x € B.

3:By3.3.11, A is closed and since it contains B = A, it also contains B = A.
O

We also define the interior Int(A) = X ~ X ~ A. The interior of A4 is also
denoted by A°. It immediately follows from Proposition 3.3.1 that the interior is

the union of all open sets contained in A. The boundary of A is defined as 94 =
A ~Int(A).

3.4

Continuity can be expressed in terms of the concepts introduced in this section. We
have
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Theorem. The following statements on a mapping f : (X,d) — (Y,d’) are

equivalent.

(1) f is continuous.

(2) Forevery € X and every neighborhood V of f(x) there is a neighborhood U
of x such that f[UIC V.

(3) Forevery U openin (Y,d") the preimage f~'[U] is openin (X, d).

(4) For every A closed in (Y, d') the preimage f~'[A] is closed in (X, d).

(5) Forevery subset A C X,

fTA] € fIA]

(6) For every subset B C Y,

S7'[Bl 2 f7[B].

Proof. (1)=(2) : Let V be a neighborhood of f(x) with Q( f(x),&) € V. Choose
ad > 0asin (ct) for x and &. Then f[Q(x,8)] € Q(f(x),ée), and Q(x,8) is a
neighborhood of x.

(2)=@):If U C Y isopenand x € f~'[U] then f(x) € U and U is a
neighborhood. Hence there is a neighborhood V' of x such that f[V] € U and we
have x € V C f~![U], making f~![U] a neighborhood of x.

(3)&(4) by 3.2.1 2, since f~![—] preserves complements.

(4)=(5) : We have

Ac fTUfIAD € £TUSTALL

Since f~'[f[A]] is closed, we have by 3.3.1 A C f~'[f[A]] and the statement
follows.

(5)=(6) : We have, by (5), f[f~'[B]] € f[f~'[B]l € B and hence /~![B] C
/Bl

©)=1) : If f(y) € Q(f(x),¢e) then f(y) ¢ Y ~Q(f(x),¢) and hence y ¢
f7'[B] where B = Y ~ Q(f(x).¢). Hence y ¢ f~![B] and thereis a § > 0
such that Q(y,8) N f~'[B] = @. Thus if d(x,y) > & then f(y) ¢ B, that is,
f(y) € Q(f(x),e). o

3.5

A continuous mapping f : (X,d) — (Y, d’) is called a homeomorphism if there is
a continuous mapping g : (Y, d’) — (X, d) such that

fg=idy and gf =idy.
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If there exists a homeomorphism f : (X,d) — (Y,d’) we say that the spaces
(X,d) and (Y, d’) are homeomorphic.

Note that if d and d’ are equivalent metrics then the identity map idy : (X,d) —
(X, d’) is ahomeomorphism. Butidy : (X,d) — (X, d’) can be a homeomorphism
even when d and d’ are far from being equivalent (consider, e.g., the interval (0, 7)
with the standard metric d and with d’(x, y) = |tanx — tan y|).

A property of a space or a concept related to spaces is said to be topological
if it is preserved under all homeomorphisms. For example, by Theorem 3.4, for a
set to be a neighborhood of a point, or to be open resp, closed, or the closure, are
topological concepts. By 1.6, convergence is a topological concept.

Continuity is a topological concept, but uniform continuity is not.

This suggests the possibility of formulating a notion of a space based only on
topological properties. We will explore this in the next section.

4 First remarks on topology

Very often, a choice of metric is not really important. We may be interested just
in continuity, and a concrete choice of metric may be somehow off the point. For
example, note that the “natural” Pythagorean metric would have been a real burden
in dealing with the product. Sometimes it even happens that one has a natural notion
of continuity, or convergence, without having a metric defined first. It may even
happen that there is no reasonable way to define a metric.

This leads to a more general notion of a space, called a topological space. The
idea is to describe the structure of interest simply in distinguishing whether a subset
U < X containing x “surrounds” (is a neighborhood of) x, or declaring some
subsets open resp. closed, or specifying an operator of closure. We will present here
three variants of the definition, which turn out to be equivalent.

4.1

We will start with the neighborhood approach, which was historically the first one
(introduced by Hausdorff in 1914). It is convenient to denote by B(X) the power
set of X, which means the set of all subsets of X (including the empty set and X).
With every x € X, one associates a set U(x) C P(X), called the system of the
neighborhoods of x, satisfying the following axioms:

(1) ForeachU € U(x), x € U,

2) fU elU(x)andU C V C X then V € U(x),

3) IfU,V eld(x) then U NV € U(x), and

(4) Forevery U € U(x) andevery y € V thereisa V € U(x) such that U € U(y).
One then defines a (possibly empty) subset U of X to be open if U is a neighborhood
of each of its points. One defines a subset A of X to be closed if the complement
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X ~ A of A is open. The closure of a subset S of X is defined by the formula
S={x|VUe€l(x), UNS # 0}.

4.2

Nowadays probably the most common approach to the structure of topology is to
define open sets first as a set of subsets of X satisfying certain axioms. It may be
perhaps less intuitive, but it turns out to be much simpler technically.
In this approach, a fopology on a set X is a subset T C (X)) satisfying
1) 9,X erx,
@ UVer = UnNnVer,
B U et ie = U er.
In other words, we may simply say that a topology is a subset of the set P(X)
of all subsets of X which is closed under all unions and all finife intersections.
(To include (1), we allow the union of an empty set of subsets of X, which is said
to be @, and the intersection of an empty set of subsets of X, which is said to be X.)
One then defines a closed set as a complement of an open set; U is a
neighborhood of x if there is an open V such that x € V C U, and the closure
is defined by the formula

A=(){B|AC B, B closed}.

A subset A C X is called dense if A = X.

Remark: It is possible to start equivalently with closed sets first and then define
open sets as their complements; the axioms of closed sets are obtained by expressing
the axioms for open sets in terms of their complements (see Exercise (9)).

4.3

Or, one can start with a closure operator u : B(X) — P(X) satisfying

(1) u(@) =@ and A C u(A),

2) u(AU B) = u(A) Uu(B) and

(3) u(u(A)) = u(A).

A is declared closed if u(A) = A, the open sets are complements of the closed ones,
and U is a neighborhood of x if x ¢ u(X ~ U).

4.4

In fact one usually thinks of a topological space as a set endowed with all the
above mentioned notions simultaneously, and the only question is which of them
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one considers primitive concepts and which are defined afterwards. The resulting
structure is the same. (See the Exercises.)

4.5

A topology is not always obtained from a metric (if it is we speak of a metrizable

space). Here are two rather easy examples.

(a) Take an infinite set X and declare U < X to be open if either it is void or if
X ~ U is finite.

(b) Take a partially ordered set (X, <) and declare U to be open if U =
{x |3y e U, x < y}. (Note: this topology is metrizable for certain special
choices of partial orderings, but certainly not in general.)

Non-metrizable spaces of importance are of course seldom defined as easily as
this. But it should be noted that many non-metrizable spaces are of interest today.

4.6

A mapping f : X — Y between topological spaces is continuous if for every
x € X and every neighborhood V' of f(x) there is a neighborhood U of x such
that f[U] € V (cf. (2) in Theorem 3.4). If we replace in 3.4 the metric definition of
continuity (1) with the definition we just made, we have the following more general
result:

Theorem. Let X,Y be topological spaces. Then the following statements on a
mapping  : X — Y are equivalent.

(1) f is continuous.

(2) Forevery U openinY the preimage f~'[U] is openin X.

(3) For every A openinY the preimage f~'[A] is closed in X.

(4) For every subset A C X,

flAl < flAl

(5) For every subset B C Y,
f7'[Bl2 f[B]

Proof. Most of the implications can be proved by the same reasoning as in 3.4. The
only one needing a simple adjustment is

(5)=(1): Let (5) hold and let V be a neighborhood of f(x). Thus, f(x) ¢
Y ~V, thatis, x ¢ f~'[Y ~V].Hence, U = X ~ f7'[Y ~V] = f~'[V]is
a neighborhood of x, and f[U] = ff~'[V]C V. O
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4.7

The system of open sets t constituting a topology is often determined by a so-called
basis, which means a subset 5 C 7 such that

B,B,eB = B NBeB and

forevery U er, U=|J{B|BeB. BSU}

(For example, the set of all open intervals, or the set of all open intervals with
rational endpoints are bases of the standard topology of the real line R).

One may wish to define a topological space where some particular subsets
are open, thus specifying a subset S € P(X) of such sets without any a priori
properties. One easily sees that the smallest topology containing S is the set of all
unions of finite intersections of elements of S. Then one speaks of S as of a subbasis
of the topology obtained.

The preimages of (finite) intersections are (finite) intersections, and preimages of
unions are unions of preimages. Consequently we obtain from 4.6 an important

Observation. A mapping [ : (X, 1) — (Y, 0) is continuous if and only if there is
a subbasis S of 0 such that each f~'[S] with S € S is open.

(Thus e.g. to make sure a real function f : X — R is continuous it suffices to
check that all the f~'[(—o0,a)] and f~![(a. + o0)] are open.)

4.8

Let (X, ) be a topological space and let Y € X be a subset. We define the subspace
of (X, 1) carried (or induced) by Y as

(Y, t|Y) where t|Y ={UNY |U € t}.

Since for the embedding map j : Y — X, j~'[U] = U, the map j is continuous;
furthermore, if f : (Z,0) — (X, t) is a continuous map such that f[Z] C Y then
the map (z — f(z)) : (Z,0) — (Y, t|Y) is continuous as well.

Note that this is in accordance with the concept of subspace in the metric case: the
metric subspace (cf. 2.1) has the topology just described, obtained from the topology
of the larger metric space.

4.8.1 Convention

Unless otherwise stated, the subsets of a topological space will be understood to
be endowed with the induced topology, and we will subject the terminology to this
convention. Thus we will speak of “connected subsets” or “compact subsets” etc
(see below) or on the other hand of an ‘open subspace” or “’closed subspace”, etc.
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5 Connected spaces

One of the simplest notions defined for topological spaces is connectedness.

5.1

A topological space X is said to be connected if for any two open sets U,V C X
which satisfy U NV = @and U UV = X, we have U = ¢ (and hence V = X),
or V = @ (and hence U = X). It is also common, for a subset S C X, to say
that S is connected if S is a connected topological space with respect to the induced
topology. Note that this is equivalent to saying that for open sets U,V C X such
that UNV NS =PandU UV O §,wehave U 2 S or V DO S. The following
observations are immediate.

5.1.1 Proposition. Let X be a connected space and f : X — Y a continuous map
which is onto. Then Y is connected.

Proof. Suppose U,Y C Y areopen, U NV = @, U UV = Y. Then f7Huln
UVl =0, F7UIU f71V] = X,so f7HU] = @ or f~'[V] = @, which
implies U = @ or V = @ since f is onto. O

5.1.2 Proposition. Let S; C X, i € I, and let each S; be connected. Suppose
further for every i, j € I, there exist ig,...,ix € I, iy = i, ix = J such that

S,’t n Sit+1 7é Q. Then

s=Js

iel
is connected.

Proof. Suppose U, V areopenin X, UUV D §, U NV NS = @. Suppose further
U is non-empty. Then there exists ani € [ suchthat U NS; # @, and hence U 2 §;
since §; is connected. Now select any j € I and let iy, ..., iy be as in the statement
of the Proposition. By induction on ¢, we see that U N S;, # @, and hence U 2 §;,
since S;, is connected. Thus, U 2 ;. Since j € I was arbitrary, U 2 §. |

5.1.3 Corollary. A product X x Y of two connected metric spaces X,Y is
connected.

Proof. Choose a point x € X and consider the sets So = {x} x Y, §, = X x {y}
for y € Y. Then S;,i € Y 1I {0}, satisfy the assumptions of Proposition 5.1.2. O

5.1.4 Proposition. The closure of a connected subset S of a topological space is
connected.
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Pro_of. IfU,VvcsS satisftyU NV =0, UUV = Sand U,V are non-empty open
in §,then U N S, V N S are non-empty and open in S, their union is S and their
intersection is non-empty, contradicting the assumption that S is connected. O

5.2 Connectedness of the real numbers

The fact that the set R of all real numbers is connected is “intuitively obvious”, but
must be proved with care. Let us start with a preliminary result.

5.2.1 Lemma. Every open set U C R is a union of countably (or finitely) many
disjoint open intervals.

Proof. We know that U is a union of countably many open intervals U;, i =
1,2,... since open intervals (q1,42), q1,¢q2 € Q, form a basis of the topology
of R. Note also that if V, W are open intervals and V N W # @, then V U W is
an open interval, and that an increasing union of open intervals is an open interval.
Now consider an equivalence class on {1,2,...} where i ~ j if and only if there
exist ig, ..., ix suchthatiop =i, iy = j and U;, N U; , | # @. Then the sets

Ju

ieC

t+1

where C are equivalence classes with respect to ~ are disjoint open intervals whose
unionis U. O

5.2.2 Theorem. The connected subsets of R are precisely (open, closed, half-open,
bounded, unbounded, etc.) intervals.

Proof. Let us first prove that intervals are connected. Let J be an interval. Suppose
U Vaeopenin R, UNV 2 J,UNV NJ = @ Suppose U is non-empty. By
Lemma 5.2.1, U is a disjoint union of countably many open intervals U;,i € I # 0.
Without loss of generality, none of the sets U; is disjoint with J. Choose i € I, and
suppose U; = (a, b) does not contain J. Then (a,b) U J is an interval containing
but not equal to (a,b), soa € J or b € J. Let, without loss of generality, b € J.
Thend ¢ V,b ¢ U;, j # i,since V, U;, j # i are open and disjoint with U;.
Thus, b € J ~ (U U V), which is a contradiction.

On the other hand, suppose that S € R is connected but isn’t an interval. Then
there exist points x < z < y, x,y € S,z ¢ S.Butthen S C (—00,7) U (z,00),
which contradicts the assumption that S is connected. O

5.2.3 Corollary. The Euclidean space R" is connected.

Proof. This follows from Theorem 5.2.2 and Corollary 5.1.3. O
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5.3 Path-connected spaces

A topological space X is called path-connected if for any two points x,y € X,
there exists a continuous map ¢ : (0,1) — X such that ¢(0) = x, ¢(1) = y.
By Theorem 5.2.2, Proposition 5.1.1 and Proposition 5.1.2, a path-connected space
is connected. See Exercise (14) for an example of a closed subset of R? which is
connected but not path-connected.

5.3.1 Proposition. Let U < R" be a connected open set (with the induced
topology). Then U is path-connected.

Proof. 1f U is empty, it is clearly path-connected. Suppose U is non-empty. Choose
apointx € U.Let V C U be the set of all points y € U for which there exists a
continuous map ¢ : (0, 1) — U such that ¢(0) = x, ¢(1) = y. We claim that V is
open in U': this is the same as being open in R”. If ¢ is as above, Q(y,¢) € U, and
z€ Q(y,¢), extend ¢ to amap (0,2) — U by putting ¢(1 +¢) =tz+ (1 —1¢)y for

€ (0, 1). Clearly ¢ is continuous, and defining ¥ : (0, 1) — U by ¥ (t) = ¢(21)
shows z € V.

We also claim, however, that V' is closed in U: Let y, — y,y, € V,y € U.
Since U is open, there exists an ¢ > 0, Q(y, &) € U. Then there exists an n such
that y, € 2(y,¢). Then we proceed the same way as above: Let ¢ : (0,) — U,
¢(0) = x, ¢(1) = y,. Extend ¢ to a map (0,2) — U by putting ¢(1 + t) =
ty + (1 —t)y, fort € (0, 1). Putting again (1) = ¢(2¢) shows that y € V.

Since V # @ (since x € V'), and since V is open and closed in U, we must have
V = U, since U is connected. O

5.4 Connected components

Let X be a topological space. Let ~ be a relation on X where x ~ y if and
only if there exists a connected subset S C X such that x,y € S. Then ~ is an
equivalence relation (transitivity follows from Proposition 5.1.2). The equivalence
classes of ~ are called the connected components of X. Also by Proposition 5.1.2,
connected components are connected subsets of X.

An immediate consequence of Proposition 5.1.4 is the following:

5.4.1 Lemma. Connected components of X are closed subsets of X. O

Connected components may not be open: consider Q (with the topology induced
from R). Then the connected components are single points. We have, however,

5.4.2Lemma. Let U C R”" be an open set. Then the connected components of U
are open in U (hence in R").
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Proof. Let x € U. Then there exists ¢ > 0 such that Q(x,¢) € U, but Q(x,¢)
is homeomorphic to R" and hence connected by Corollary 5.2.3, so Q(x,¢) is
contained in the connected component of x. Since this is true for every point x,
the connected components are open. O

5.5 A result on bounded closed intervals

The proof of the following result will seem, in nature, related to the proof of the
fact that the real numbers are connected. While this is true, it turns out to be mainly
due to special properties of the real numbers. The result itself is a reformulation of
compactness, a notion which we will discuss in the next section. An understanding
of this connection for general metric spaces, however, will have to be postponed
until Chapter 9 below.

By an open interval (resp. bounded closed interval) in R” we mean a set of the

form l_[(ak, bi) (resp. of the form l_[ ay,by), —oo < ay, by < o0).
k=1 k=1

Theorem. For every bounded closed interval K in R" and every set of open
intervals S such that K C U 1, there exists a finite subset F C S such that

IeS
JgUL

IeF

Proof. Let us first consider the case n = 1. Let (a, b) be contained in a union of a
set S open intervals. Let ¢ € (a, b) be the supremum of the set M of all s € (a, D)
such that (a, s) is contained in a union of some finite subset of S. We want to prove
that = b. Assume, then, that t < b. Then there existsa J € S suchthatt € J.On
the other hand, by the definition of supremum, there exist s; € M such thats; ' t.
Then, for some i, 5; € J. But we also know that there exists a finite subset F C S
whose union contains (a, s;). Then the union of the finite subset F U {J} contains
{a, x) for every x € J, contradictingz = sup M.

Now let us consider general n. Assume, by induction, that the statement holds
with n replaced by n — 1. Let K = (ay,b;) x -+ x {a,, by). Then for every point
x € {ay,by), there exists, by the induction hypothesis, a finite subset F, C S
such that {x} x (az, by) X --- X {a,, b,) C F,.Let I, be the intersection of all the
(1-dimensional) intervals /; where I1 X ---x I,, € F,. Then {ay, by) is contained in

the union of the open intervals I, x € (ay, b;), and hence there are finitely many
k

points xy, ..., x; € {(ay,b;) such that (a,b;) C U I,,. Then K is contained in the
i=1
union of the open intervalsin Fy, U---U Fy,. O
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Corollary. For every bounded closed interval K in R" and every set of open sets

Q such that K C U 1, there exists a finite subset F C Q such that J C U 1.
1€Q IeF

(Apply the theorem to the set S of all open intervals which are contained in one
of the open sets in Q.)

6 Compact metric spaces
6.1

A metric space X is said to be compact if each sequence (x,), in X contains a
convergent subsequence. Thus, in particular, a bounded closed interval (a, b) in R
is compact (recall Theorem 2.3 of Chapter 1).

6.2 Proposition. 1. A subspace of a compact space is compact if and only if it is
closed.

2. If f : X — Y is continuous then the image f[A] of any compact A C X is
compact.

Proof. 1. Let A be a closed subspace of a compact X. Let (x,), be a sequence of
points of A. There is a subsequence xi,, Xk,, Xk;, ... converging in X. Since A
is closed, the limit is in A.
Now let A not be closed. Then there is a sequence (x,), of elements of A
convergent in X, with the limit x in X ~ A; since each subsequence converges
to x, there is none converging to a point in A.

2. Let (y,)n be a sequence in f[A]. Choose x; € A such that y; = f(x;). Since

A is compact we have a subsequence xi, , Xk,, Xk;. ... convergingto an x € A.
Then by 1.5, Yi,, Yk, Vi3, - . - converges to f(x). O
6.2.1

Note that from the second part of the proof of the first statement we obtain an
immediate

Observation. A compact subspace of any metric space X is closed in X.

Remark. Thus we have a slightly surprising consequence: if X is compact, Y is
a general metric space and if f : X — Y is a continuous mapping then, besides
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preimages of closed sets being closed, also the images of closed sets are closed.
We will learn more about this phenomenon in Chapter 9 below. For now, let us
record the following

6.2.2 Corollary. Let f : X — Y be a continuous bijective (i.e. one to one and
onto) map of metric spaces where X is compact. Then f is a homeomorphism.

6.3 Proposition. Let X be a compact metric space. Then for each continuous real
function f on X there exist x1, x; € X such that

Sfx) =min{ f(x) [x € X} and f(xz) = max{f(x)|x € X].
(Compare with 3.4 of Chapter 1.)

Proof. A compact subspace A of R has a minimal and a maximal point, namely
inf A and sup A that are obviously limits of sequences in A. Apply to A = f[X],
compact by 6.2. O

6.4 Proposition. (Finite) products of compact spaces are compact.

Proof. We will begin with the product X x Y of two compact metric spaces - the
extension to a general finite product follows by induction.
Let

(x1, y1), (x2, ¥2), (X3, ¥3), ... ()

be a sequence of points of X x Y. In X, choose a convergent subsequence (xi, ),
of (x,),. Now take the sequence (yk,), in ¥ and choose a convergent subsequence
(Vk,, Jn- Then by 2.2.2.2 (and (1.2.1)),

(X Vi, )s Ky Yy )s (Ko Vi) - -
is a convergent subsequence of (¥). O
A metric space (X, d) is bounded if there exists a number K such that for all
x,y € X,d(x,y) < K. From the triangle inequality we immediately see that this

is equivalent to any of the following statements:

there is a K such that for every x, X C Q(x, K),

for every x there is a K such that X C Q(x, K).
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6.5 Theorem. A subspace of the Euclidean space R™ is compact if and only if it is
bounded and closed.

Proof. 1. From Theorem 2.3 of Chapter 1, we already know that a bounded closed
interval is compact.

II. Now let X be a bounded closed subspace of R”. Since it is bounded there are
intervals (a;, b;),i = 1,,...,m, such that

X CJ ={ay, b)) x- - x{apn,by).

By 6.4 and I, J is compact. The subspace X is closed in R”, hence in J, and
hence it is compact by 6.2.

III. Let X not be closed in R™. Then it is not compact, by 6.2.1.

IV. Let X notbe bounded. Choose arbitrarily x; and then x,, such that d(x;, x,,) > n.
A convergent sequence is always bounded (all but finitely many of its elements
are in the e-ball of the limit). Thus, (x,), cannot have a convergent subsequence
as it has no bounded one. O

6.6

We have already observed that uniform continuity is a much stronger property than
continuity (even the real function x + x? is not uniformly continuous). But the
situation is different for compact spaces. We have

Theorem. Let X, Y be metric spaces and let X be compact. Then a mapping f :
X — Y is uniformly continuous if and only if it is continuous.

(Compare with Theorem 3.5.1 of Chapter 1.)

Proof. Let f be continuous but not uniformly continuous. Negating the defini-
tion,
there is an gy > 0 such that for every § > 0 there are x (), y(8) such that

d(x(8).y(8) <8 while d'(f(x(8)). f(¥(8))) = ¢o.

Consider x, = x(%) and y, = y(nl). Choose a convergent subsequence (xi, ), of
(x1), and a convergent subsequence (y,, )n of (V,)n, st X, = xx, andy, = yx,,
and finally x = limX, and y = limy,. As d(X,,V,) < %, x = y. This is a
contradiction since by continuity f(x) = lim f(x,) and f(y) = lim f(y,) and
d(f(Xy), f(Fn)) is always at least &. O

n ’
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7 Completeness

7.1

A sequence (x,), in a metric space (X, d) is said to be Cauchy if
Ve > 0 3ng such that Vm,n > ng, d(xp,x,) < e.

7.2 Proposition. . Every convergent sequence is Cauchy.

2. Let a Cauchy sequence (xy), contain a convergent subsequence; then the whole
sequence (X,), converges.

3. Every Cauchy sequence is bounded.

Proof. 1. Letlimx, = x. For &¢ > 0 choose an n¢ such that d(x,, x) < 5 for all
n > ng. Then for m,n > ny,
e

Ao, Xn) < d(Gom, X) + d(x, %0) < % +5=e

2. Let (x,), be Cauchy and let (xi,), be a subsequence converging to a point x.
Choose an n; such that for m,n > ny, d(x;,, x,) < %, and an n, such that for
n > ny, d(xg,,x) < % Set ng = max(n,n). Since k, > n we have, for

n = no,
d(xy,x) < d(xy, x,) + d(xg,, x) <e&.
3. Choose ng such that for m,n > ng, d(x,,, x,) < 1. Then for any n,

d(x, xny) < 1+ maxd(xp,, Xx). |
k<ng

7.3

A metric space (X,d) is said to be complete if every Cauchy sequence in X
converges.

7.3.1 Proposition. A subspace A of a complete space X is complete if and only if
it is closed.

Proof. Let A be closed. If a sequence is Cauchy in A, it is Cauchy in X and hence
convergent. Since 4 is closed, the limit of the sequence has to be in A.

If A is not closed there is a sequence (x,), with x, € A, convergent in X to
an x € X ~ A. Then (x,), is Cauchy in X and hence in A as well; but all of its
subsequences converge to x and hence do not converge in 4. O
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7.4 Proposition. A compact metric space is complete.

Proof. Let (x,), be a Cauchy sequence in a compact metric space X . Then it has a
convergent subsequence, and by 6.2 2, it converges. O

7.5 Theorem. The Euclidean space R™ (in particular, the real line R) is complete.
Consequently, a subspace of R™ is complete if and only if it is closed.

Proof. Let (x,), be a Cauchy sequence in R”. By 6.2 it is bounded and hence
{xp|n=1,2,...} S J ={ay,b1) X x{am, by)

for sufficiently large intervals {(a;,b;). By 6.4 (x,), converges in J and hence it
converges in R™. O

Remark. The special case of the real line is the well-known Bolzano-Cauchy
Theorem (Theorem 2.4 of Chapter 1).

7.6
The following is the well-known Banach Fixed Point Theorem. At first sight it
may seem that its use will be rather limited: the assumption is very strong. But the

reader will be perhaps surprised by the generality of one of the applications in 3.3
of Chapter 6.

Theorem. Let (X, d) be a complete metric space. Let f : X — X be a mapping
such that there is a ¢ < 1 with

d(f(x), f(y)) =q-d(x.y) *)
forall x,y € X. Then there is precisely one x € X such that f(x) = x.
Proof. Choose any x; € X and then, inductively,
Xnt1 = f(Xn).
Set C = d(x1, x2). By the assumption we have
d(x2,x3) < Cq, d(x3,x4) < Cq?, ..., d(xy, Xp41) < Cq"™",

Thus, by triangle inequality, form > n + 1,

C
A, xm) = C@" ' +¢"++¢") = Cq" ' A +q+¢*+--+) = m'q”_l-
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Hence, (x,), ia a Cauchy sequence and we have a limit x = lim x,,. Now a mapping
f satisfying (*) is clearly continuous and hence we have

f(x) = f(imx,) =lim f(x,) = limx,4+; = x.
Finally, if f(x) = x and f(y) = y then

d(x,y) =d(f(x), f(y)) <q-d(x,y) with g <1

which is possible only if d(x, y) = 0. O

7.7 An Example: Spaces of continuous functions
Let X = (X, d) be a metric space. Denote by
C(X)

the space of all bounded continuous real functions f : X — R, endowed with the
metric

d(f.g) = sup |f(x) = f(0)l.

(The function d thus defined really is a metric. Obviously d(f, g) = O implies

f =gandd(f,g) = d(g, f). Suppose d(f, g) + d(g,h) < d(f, g); then there
isan x € X such that d(f,g) + d(g,h) < | f(x) — h(x)|, but then in particular

| f(x) —g(x)| + |g(x) — h(x)| < |f(x) — h(x)|, a contradiction.)

Remark. Of course, by 2.4.2, if X is compact then C(X) is the space of all
continuous functions on X.

7.7.1 Observation. The convergence in C(X) is exactly the uniform convergence
defined in 8.1.

(We have d(f, g) < eif and only if for all x € X, | f(x) — g(x)| < ¢&.)

7.7.2 Proposition. The space C(X) with the metric defined above is complete.

Proof. Let (f,), be a Cauchy sequence in C(X). Then, since | f;(x) — fu(x)| <
d(fu, fm) foreach x € X, every (f,(x)), is a Cauchy sequence in R, and hence a
convergent one. Set
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F(6) = Tim £,(x).

Claim. The sequence ( f,), converges to [ uniformly.
Proof of the Claim. Consider an ¢ > 0. There exists an n( such that
form,n > ny,

Vx, [fa(x) = fu(O)] < 5

and hence  lim [fu(x) — fu()|=[fa(x) = T fo(x)] =
[ fa(x) — f(x)| < 5 <e. Thus, for n > ng and for all x € X, | f,(x) —
f)| <e. O

Proof of the Proposition continued. By the Claim and 8.2, f is continuous. Now
there exists an ng such that for all n,m > ng, d(f,, fin) = sup| fu(x) — fu(x)]| <

1 and hence, taking the limit, we obtain | f,(x) — f(x)| < 1 for all x. Thus, if
| fuo(x)| < K we have | f(x)| < K for all x.

Now we know that f is bounded and continuous, hence f € C(X), and by 7.7.1
and the Claim again, (f,), convergesto f in C(X). O

7.7.3
Leta,b € RU {—o00. + oo}. Put

C(X:a,b) ={f € C(X)|Vx, a = f(x) = b}.

Proposition. The subspace C(X;a,b) is closed in C(X). Consequently, it is
complete.

Proof. Recall 8.1.1. Since uniform convergence implies pointwise convergence, if
a < fy(x) <band f, convergeto f thena < f(x) <band f € C(X;a,b).
The consequence follows from 7.3.1. O

8 Uniform convergence of sequences of functions.
Application: Tietze’s Theorems

On various occasions we have seen that general facts the reader knew about real
functions of one real variable held generally, and the proofs did not really need
anything but replacing |x — y| by the distance d(x, y). For example, this was
the case when studying the relationship between continuity with convergence, or
when proving that continuous maps of compact spaces are automatically uniformly
continuous; or the fact about maxima and minima of real functions on a compact
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space (where in fact the general proof was in a way simpler, or more transparent,
due to the observation that the image of a compact space is compact).

In this section we will introduce yet another case of such a mechanical exten-
sion, namely the behavior of uniformly convergent sequences of mappings, resp.
uniformly convergent series of real functions. As an application we will present
rather important Tietze Theorems on extension of continuous maps.

8.1

Let (X, d), (Y,d’) be metric spaces. A sequence of mappings

ﬁsf27f3v... X—)Y

is said to converge uniformly to f if
for every ¢ > 0 there is an ng such that for all n > ny and for all x € X,

d'(fu(x), f(x)) <e.

This is usually indicated

Jo 3 .

8.1.1 Remarks
1. Note that if f, =2 f then

lim f,(x) = f(x) for all x. (*)

The statement (*) alone, (called pointwise convergence), is much weaker, and
would not suffice as an assumption in 8.2 below.

2. Also note that in the above definition, one uses the metric structure in (Y, d’)
only. See 8.2.1 below.

8.2 Proposition. Let f, = f for mappings (X,d) — (Y, d’). Let all the functions
fn be continuous. Then f is continuous.

Proof. For & > 0 choose n such that d'(f,(x), f(x)) < % for all x. Since f, is
continuous there is a § > 0 such that d(x, y) < & implies d’( f,(x) f(x)) < 5. Now
we have the implication

d(x.y) <8 = d'(f(x). f(»)

= d (S i) +d (F@) HON+d (hO) fO) <5 +5+5=e

|
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8.2.1

Note that an analogous proposition also holds for a topological space (X, t) instead
of a metric one. In the proof replace the requirement of § by a neighborhood U of x
such that f,[U] € Q(f,(x), £) and use for y € U the triangle inequality as before.

8.3 Corollary. Let f, : (X,d) — R be continuous functions, let > a, be a
convergent series of real numbers, and let for every n and every x, | f,(x)| < ap.

Then g,(x) = Z S (x) uniformly converge to Z fr(x) and hence g = (x —
k=1 k=1

o0
Z Jfi1(x)) is a continuous function.
k=1

8.4 Lemma. Let A, B be disjoint closed subsets of a metric space (X,d) and let
a, B be real numbers. Then there is a continuous function

9=®(AB:a.f): X >R
such that
p[A] S{a}. ¢[B]S{B} and min{e, B} < ¢(x) < max{a,f}. (D)
Proof. Set

d(x,A)
d(x,A) +d(x,B)’

p(x) =a+(B-a)

This definition is correct: d(x, A) + d(x, B) = 0 yields d(x,A) = d(x,B) =0
and by closedness x € A and x € B; but A and B are disjoint.

Furthermore, ¥ (x) = d(x, C) is continuous (by triangle inequality, d(y, C) <
d(x,C) + d(x,y) and hence |d(x,C) — d(y,C)| < d(x, y)) so that ¢, obtained
by arithmetic operations from continuous functions, is continuous as well.

The properties listed in (P) are obvious. O

8.5 Theorem. (Tietze) Let A be a closed subspace of a metric space X and let
J be a compact interval in R. Then each continuous mapping f : A — J can be
extended to a continuous g : X — J (that is, there is a continuous g such that

glA=f)

Proof. For a degenerate interval (a,a) the statement is trivial and all the other
compact intervals are homeomorphic; if the statement holds for J, and if 4 : J —
J1 is a homeomorphism we can extend for f : A — Jthe hf toag : X — J;
and then take g = h~'g. Thus we can choose the J arbitrarily. For our purposes,
J = (-1, 1) will be particularly convenient.
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Set Ay = f'[(—1.—1)] and B; = f~'[(.1)] and consider

11
= ®(A4y, By;—=, o).
@1 (A1, B 33)

We obviously have

Ve A, [f(x)—@i(x)] <

W N

Set fi=f —¢i1.
Suppose we already have continuous

f=nmnf..o.fn: A= (=1,1) and ¢, ¢,...0,: X — (—1,1)

such that forallk = 1,...,n,

G = 50 AD = i@ - and @IS 5 )
Then set

Avri = S g Buvn = £ e 3

Pnt1 = ©(An+1,Bn+1;—%, %) and  fut1 = fo — @ut1.
Thus we obtain sequences of continuous functions ¢, ¢3,...,¢k,... and f =
fo, fi,+-+s fr, ... satisfying (*¥) for all k. By 7.3, we have a continuous function
g=(xr i%(x)) : X — R and since |g(x)| < i;k = 1, we can view it as

k=1 k=1

a continuous function
g:X —> (—1.1).

Now let x € A. We have

F(x) =)+ f1(x) = 1 (xX)+@2(X)+ f2(x) = -+ = @1(x)++ - -+@n (xX)+ fu (x)

and since lim, f,(x) = 0 we conclude that f(x) = g(x). O
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8.5.1 Theorem. (Tietze’s Real Line Theorem) Let A be a closed subspace of a
metric space X. Then each continuous mapping f : A — R can be extended to
a continuous g : X — R.

Proof. We can replace R by any space homeomorphic with R (recall the first
paragraph of the previous proof). We will take the open interval (—1, 1) instead
and extend amap f : A — (—1,1).

By 8.5, f canbe extendedtoag : X — (—1, 1). Such g can, however reach the
values —1 or 1 and hence is not an extension as desired. To remedy the situation,
consider B = g~ '[{—1, 1}] which is a closed set disjoint with 4, consider the ¢ =
®(4, B,0,1) from 8.4, and define

g(x) = g(x) - p(x).

Now we have f(x) = g(x) = g(x) forx € A4, and |g(x)| < 1 forall x € X:if
2(x) = 1 or—1then ¢(x) = 0.

8.5.2
A subspace R of a space Y is said to be a retract of Y if there exists a continuous
r:Y — Rsuchthat r(x) = x forall x € R.

A metric space Y is injective if for every metric space X and closed A C X,
each continuous f : A — Y can be extended to a continuous g : X — Y. (Thus,
we have learned above that R and any compact interval are injective spaces.)

Theorem. Every retract of a Euclidean space is injective.

Proof. First we will prove that a Euclidean space itself is injective. Consider it as
the product

R" =Rx---xR mtimes

with the projections p; ((x1,...,x»)) = x;.Let f : A — R™ be a continuous
mapping. Then we have by 8.5.1 continuous g; : X — R such that g;|4 = p; f.
By 2.2.2 we have the continuous g = (x — (g1(x),...,gn(x))) : X — R™ and
for x € A we obtain g(x) = (p1 f(X), ..., pu f(x)) = f(x).

Now let Y be a retract of R” with a retraction r : R” — Y and an inclusion map
Jj Y — R” (thus, rj = id). Nowif f : A — Y (or, rather, jf : A — R")is
extended to g : X — R”, the desired extension g is rg. O
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9 Exercises

(1) Prove 1.4.1.

(2) Prove Proposition 1.5.1.

(3) Prove Observation 1.5.2.

(4) Prove that f : (X,d) — (Y,d’) is continuous if and only if for each
convergent sequence (x,), in (X, d) the sequence ( f(x,)) is convergent (not
specifying the limits.).

(5) (a) Consider the set of real numbers R. Prove that the function

d'(x,y) =[x’ =y’

is a metric which is not equivalent to the metric d given in exam-
ple 1.1.1 (a).

(b) Prove that nevertheless, neighborhoods with respect to d are the same as
neighborhoods with respect to d’.

(6) Each Q2(x, ¢) is open (use the triangle inequality).

(7) Let Y be a subspace of (X,d). U is open (closed) in Y if and only if there
exists an open (closed) V in X such that U = V' N Y. The closure of 4 in y
is A N'Y where A is the closure in X (discuss this from the various aspects of
closure as presented in 3.3.

(8) Find an example when uniform continuity is not preserved under homeomor-
phism.

(9) Write down a definition of topology based on closed subsets of X .

(10) Check that the closures as defined in 4.1 and 4.2 satisfy the requirements
of 4.3).

(11) Starting with open sets, define neighborhoods, and from them define closure
as indicated above. Prove that you get the same as the closure defined from
open sets directly.

(12) Start with open sets, define neighborhoods, and then open sets as in 4.1. Prove
that the open sets thus defined are precisely the same sets as the original ones
(note the role of the somewhat clumsy requirement (4) in 4.1).

(13) Preserving connectedness is not the same as continuity. Give an example of a
map f : X — Y such that for every connected S € X, f[S] is connected
(with the induced topology from Y'), but f is not continuous. [Hint: Take X =
@Q, the rational numbers.]

(14) Let X C R? be the union of the set of all points (0, y), y € (—1, 1) and the set
of all points (x, sin(1/x)), x > 0, with the induced topology.

(a) Prove that X C R? is a closed subset.
(b) Prove that X is connected but not path-connected.

(15) Let U < R”" be a connected open set, and let x,y € U. Prove that
there exist xp,...,Xx € U, xo = X, X = Y, such that the straight line
segment connecting x;, X;+; is contained in U. [Hint: mimic the proof of
Proposition 5.3.1.]
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(16) Path-connected components are defined the same way as connected com-
ponents in 5.4, with the word “connected” replaced by the word ‘“path-
connected”. Are path-connected components necessarily closed? Prove or give
a counterexample.

(17) Check that convergence in the metric spaces defined in 1.1.1 (d), (e) is
precisely uniform convergence.

(18) Prove an analogue of Proposition 8.2 for uniform continuity instead of
continuity.

o0
(19) Let K be the set of all real numbers of the form Z aj 3_k, where a; € {0, 2}.

k=1
(This is called the Cantor set.) Prove that K is compact. Prove that K contains

no compact interval with more than one point.
(20) Prove that a subspace of R™ is injective if and only if it is a retract.
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