Compact spaces and complete spaces

RREZRETRER

In this chapter, we will focus on two important notions, compact spaces and complete spaces.

3.1 Compact set

We present the notion of compact metric spaces in this section. First, we define such spaces using open
coverings, known as the Borel-Lebesgue property (Definition 3.1.3), and later on, we will see that this prop-
erty is actually equivalent to the sequential characterization, known as the Bolzano-Weierstrafl property
(Definition 3.1.19). We will also see the properties of compact sets under continuous functions in Section
3.1.2. In particular, this generalizes the notion of a segment in R, and we will establish a generalization of
the intermediate value theorem in Proposition 3.1.12.

3.1.1 Borel-Lebesgue property

Borel-Lebesgue property is a property defined using the notion of open coverings.

Definition 3.1.1: Given a subset A C M and a collection C = (C});er of subsets. We say that C is a
covering (%%) of A, or C covers A, if
Acl]c
i€l
Additionally, if all the C;’s are open subsets and satisfy the above condition, we say that C is an open
covering (B ) of A.

Example 3.1.2: In the metric space (M, d) = (R, | - |), the collections

7y ={(a,b): 0<a<b< 1},
I ={(}2):n>2}

n’'n

are both coverings of (0, 1), where Z; is uncountable, but 75 is countable.

Below, we define the notion of a compact metric space and a compact set in a metric space.

Definition 3.1.3 (Borel-Lebesgue property) : Let (M, d) be a metric space.

(1) The metric space (M, d) is said to satisfy the Borel-Lebesgue property if from any open covering
of M, we can extract a finite subcovering.
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(2) We say that (M, d) is compact (248 if it satisfies the Borel-Lebesgue property. In other words,
M is compact if for any collection (U;);cr of open sets of M such that M C J;c; U; (& M =
Uier Ui), we can find a finite subfamily J C I such that M C (J;c ; U;.

(3) A subset K C M is said to be a compact set if the induced metric space (K,d) is compact.
In other words, K is a compact set if for any collection (U;);c; of open sets of M such that
K C U;er U;, we can find a finite subfamily J C I such that K C (J;c; U;.

Example 3.1.4:
(1) Any finite metric space is compact.

(2) (R,|-|) is not compact because from the open covering R = U,,>1(—n, n), we cannot extract a
finite subcovering.

— 1) we cannot
n

(3) In (R, |-]), the subset (0, 1) is not compact because from the covering U,,>1 (%, 1
extract a finite subcovering.

Remark 3.1.5 : There is a dual version of the Borel-Lebesgue property by taking complementary sets. A
metric space (M, d) is compact if and only if for any family (F;);cs of closed sets such that NF; = &, there
exists a finite subfamily J C I such that N;csF; = @. In particular, in a metric space (M, d), we may look
at the two following properties.

(i) (M,d) is compact.

(ii) Forany non-increasing sequence (F},),>1 of nonempty closed sets, the intersection Ny, > F}, is nonempty.

Note that (ii) can be compared to the Cantor’s intersection theorem (Theorem 2.2.7), which involves non-
increasing sequences of bounded, closed, and nonempty subsets in R".

We clearly have (i) = (ii). If additionally, the metric space has the property that from any open subcovering,
we may extract a countable subcovering (known as the Lindelof covering property, see Theorem 3.1.28), then
(ii) = (i). In particular, if M is a subspace of the Euclidean space R", we have (ii) = (i).

Proposition 3.1.6 : Let K C M be a compact set. Then, K is closed and bounded.
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Proof : We first show that K is bounded. Take = € K, then (B(z,n)),>1 is an open covering of K. FHEA - Bt BB K 2ERN cWr e K> Bl (B(z,n))ns1 = K NHESE - RIEBEEEY
By compactness, we can find a finite subcovering, so K is bounded. WRAEAL IR ERREE > iUl K 258M o
Next, we prove that K is closed. By contradiction, assume that K is not closed. We can find an -
| A) E B
accumulation point y of K such thaty ¢ K. Foreachx € K, definer, = %d(x, ). Then, the collection & - HFIEH KAEF;ﬁ% fEm &R - B K ?EEE% ABEEAIE j:jz'ij K BRER R,
(B(x,7r4))zek is an open covering of K, and the compactness of K gives us a finite subcovering, that y Ry ¢ Ko HRER 2 € K> HAERE rp = gd(z,y) ° ER—K - FARBRNES K
is . (B(z,72))eer & K FFREE » B K NEBAMRRERMEHRIERNFES - UHRER @ K
U (@, 72y ) IRERE] 1, ..., 2, € K 578
for some z1,...,x, € K. Take r = min(ry,,...,7;, ) and x € B(y, r), then we can see that K< kgl B(wp, 7a,).
d(z,z) > d(y, xp) —d(x,y) > 21y, — 17 =74y, B r = min(ry,,...,7r.,) ARz € B(y,r) » BBEHN 1 <k <n ' HEMAEE
for all 1 < k < n. This means that x is not in any of the open balls B(z, 75, ). Thus, we obtain d(z, xx) = d(y, o) — d(2,y) > 2rg, — 1 > Ta,.
that K N B(y,r) = &. This contradicts the fact that y is an accumulation point of K. Then, we may ’ ’ o oo
conclude that K is closed. H SERER « FEEMBEER B(ar,rr,) F o Bl > HAWGR KN B(y,r) = o  SER y BME K
FEREFE - EIt K A% - O
Remark 3.1.7 : Later in Remark 3.1.34, we will see that a closed and bounded set is not necessarily compact SR 3.1.7 ¢ THERESIMR 14T BPEEDR  —BKE  ERFEFR—TCHERBES -
in general.
Proposition 3.1.8 : Let (M, d) be a compact metric space, and K C M be a closed set. Then, K is a fEd 3.1.8 ¢ © (M,d) AEWELEZMHE > B K C M SEFE - IE K SREEHTFES -
compact subset.
Proof : If K is empty, then K is clearly compact. Suppose that K is not empty, and given an open SBH MR KAZTES HEA K ZEEHN - BR K IEZT BB E K WBEEBS C =
covering C = {C; : i € I} of K. Since K is closed, M\ K is open. Therefore, C U { M\ K} is an open (C:iel) o R K 2E% » M\K §2EME - Bt cu {M\K) G2E M HEES - i
covering of M. Since M is compact, we can find a finite subset I’ C I such that ‘ .
M BEBEY  HFIENRBIBRFES ' C I fF5
Mc(|JG)u(M\K).
(iep ) Mc (|JG)umn\K).
el
Therefore
3 \ N ﬁ
kelon Bt
ier K - U Ci7
which is a finite subcovering from C. This shows that K is compact. O i€l
=@ c NBERFEE - FRUEKMERE K S8\ - O
Proposition 3.1.9 : Compact subsets of a metric space (M, d) satisfy the following properties. fied 3.1.9 © BREEZERY (M, d) PHIBRBFEESRE TH4E -
(1) Any finite union of compact subsets is compact. (1) FAERESERBFESHNHESREN
(2) Any intersection of compact subsets is compact. () EES AR TEANTES TN
= £y O YRR EFEAY ©
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Proof : The proofs are straightforward by the Borel-Lebesgue property.

(1) Letn > 1 and K1, ..., K,, be compact subsets of (M,d) and K := Ky U---UK,. LetC =
{C; : i € I'} be an open covering of K. Then, C is also an open covering of K,,, for 1 < m < n.
For each m = 1,...,n, let us extract a finite subcovering of K,, from C, that we denote by
{C; :i € I,,}, where I,,, is a finite subset of I. Then, the set I’ := U, _; I,;, is finite as well, and
{C; :i € I'} is a finite subcovering of K. This shows that K is a compact subset of (M, d).

(2) Let (K;);cs be a family of compact sets and K := N;c7K;. Since K is an intersection of closed
sets, K is also closed. We may regard K as a subset of any compact set K;, and it follows from

Proposition 3.1.8 that K is also compact. .

3.1.2 Application to continuous functions

Proposition 3.1.10 : Let (M, d) and (M',d’) be two metric spaces and f : M — M’ be a function. If
f is continuous and M is compact, then the image f(M) is a compact subset of M'; in particular, f (M)
is closed and bounded.

Remark 3.1.11:

(1) We note that in Section 2.5.3, continuous functions are characterized by their preimage, or inverse
image, of open and closed sets. This proposition establishes the property that, the image of any closed
subset of M (so compact by Proposition 3.1.8) is also closed in M’. We note that this property does
not hold in general, see Remark 2.5.15.

(2) We also note that if f : M — M’ is continuous and M’ is compact, the preimage f~'(M’) is not
necessarily compact. A constant function f : R — R gives us a counterexample.

Proof : Let C = {C; : i € I} be an open covering of f(M). It follows from Proposition 2.5.11 that
f~YC;) is an open set in M for i € I. Therefore, {f~1(C;) : i € I} forms an open covering of M,
and the compactness of M allows us to extract a finite subcovering, denoted by {f~*(C;) : i € J} for
some finite subset J C I. Therefore,

foanc (U st@n) =UretencUao

ieJ icJ icJ

gives a finite subcovering from C of f(M). O

Proposition 3.1.12: Let (M, d) be a compact metric space and f : M — R be a continuous function.
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Chapter 3 Compact spaces and complete spaces

Then, f is bounded and attains its maximum and minimum, that is, there exists a,b € M such that

fla) = inf f(x) and f(b) = sup f(a).

reM xeM

Proof : It follows from Proposition 3.1.10 that f(M) is compact, thus also bounded and closed, in R.
Let m = inf,ecps f(x). Then, m is an adherent point to f(M). Since f(M) is closed, we also have
m € f(M), thatis m = f(a) for some a € M. The proof is similar for the supremum / maximum. [J

Remark 3.1.13 : We note that it is important to assume that M is compact. For a counterexample, if (M, d) =
(R,[-]) and take f : R — R with f(x) = arctan(z), then f(R) = (—7, §), and it is clear that the supremum
and the infimum are not attained.

We may apply Proposition 3.1.12 to compact sets of R, giving us an improved version of the intermediate
value theorem (Theorem 2.7.18).

Corollary 3.1.14 : Let I C R be a segment and f : I — R be a continuous function. Then, f(I) is also
a segment.

Proof : We note that a segment in R is compact, which is a direct consequence of Remark 3.1.5 and the
fact that it satisfies the Cantor’s intersection theorem. Therefore, f(I) is compact in R, and it follows
from Proposition 3.1.6 that f(I) is bounded and closed. Additionally, we see from Theorem 2.7.18 that
f(I) is an interval. We conclude by saying that a bounded and closed interval in R is a segment.  [J

Corollary 3.1.15: Let (M, d) — (M’,d’) be a continuous and bijective function. If (M, d) is compact,
then f~' is continuous, and f is a homeomorphism.

Proof : Suppose that M is compact. To show that g := f~! : M’ — M is continuous, we may
use the characterization from Proposition 2.5.11. Let A be a closed subset of M. It follows from
Proposition 3.1.8 that A is compact. Then, Proposition 3.1.10 tells us that g~ *(A) = f(A) is also
compact, thus closed in M. O

Remark 3.1.16 : It is important to assume that (M, d) is compact. For a counterexample (Exercise 2.47),
consider f : [0,1) — U defined by .
flx)=e*"1"  2c0,1).

The function f is clearly continuous and bijective. However, f~! is not continuous at f(0) = 1, because we
may take the sequence z,, = 1 — % and y,, = f(xy,). Then, y, — 1 = £(0), but f~'(y,) = =, does not
n—oo

converge in [0, 1).
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Theorem 3.1.17 (Heine-Cantor theorem) : Let f : (M,d) — (M’',d’") be a continuous function.
Suppose that M is compact. Then, f is uniformly continuous.

Proof : Let £ > 0. For every x € M, since f is continuous at =, we may find d,, > 0 such that
yeB(x,6:) = [fly)eB(f(x) 3) (3.1)

Clearly, the set of open balls { B(z, %m) : & € M} forms an open covering of M. (Note that here, we

divide the radii by 2.) The compactness of M allows us to extract a finite subcovering, that is

[
B(I‘i, 22)

-

M C
1

)

forsomen > land zq,...,2, € M. Let§ = %minlgign 0z, Fory,y' € M with d(y,vy') < 9, we can

find 1 < ¢ < nsuch thaty € B(ay, 6;1' ). Then,

d(y',z;) < d(y',y) + d(y,2;) < 6+ %% < 6y
That is, v,y € B(x;, 0, ). Therefore, by (3.1), we find

d(f(y), F(y) < d(f(y), f (@) + d(f (), f() <5+ 5 =e.

Remark 3.1.18 : In the first-year calculus, you should have seen Heine—Cantor theorem in R, which states
that a continuous function f : I — R on a segment /I C R is uniformly continuous.

3.1.3 Sequential characterization

Definition 3.1.19 (Bolzano—Weierstraly property) : A metric space (M,d) is said to satisfy the
Bolzano-Weierstrafl property (Bolzano-Weierstral M4 &) if from any sequence (x,,),>1 of points of
M, we can extract a convergent subsequence (¥ ,())n>1 With limit in M.

Theorem 3.1.20 : In a metric space (M, d), the Borel-Lebesgue property and the Bolzano—Weierstraf3
property are equivalent. In other words, the metric space (M, d) is compact if and only if every sequence

in (M, d) has a convergent subsequence.
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Proof : Borel-Lebesgue = Bolzano-Weierstraf}. Let us assume that K is compact, and given a se-
quence (zy,),>1 with values in K. Let A = {x,, : n > 1} be the range of the sequence. If A is finite,
then we can easily find a convergent subsequence of (x,),>1. Suppose that A is infinite, and that
(an)n>1 does not have any convergent subsequence. This means that for every x € K, there exists a
gy > 0such that AN B(x,e,) = @ or {x}. Additionally, these open balls { B(z,e;) : # € K} form an
open covering of K. Due to the compactness of K, we may find a finite subcovering, thatis z1,...,z,
such that

Kg B(ml,exz)

-

=1

Therefore,
n
A=ANK C | J(AN B(xi,ea,)).
i=1
However, the set A on the Lh.s. is infinite, but on the r.h.s., each term in the finite union is either empty

or a singleton, so is still a finite set. This leads to a contradiction.
For the converse, we will first prove the following two lemmas. O

F=E BERERRTHERE

#Z PR : Borel-Lebesgue = Bolzano-Weierstra. FfifRe% K BRIy > L HIGEFFIEET K
BB ()t © D A = (om0 > 1) BULEFFIBESR - MR A BERE > REFELE—
B (2n)n>1 WBBIFFY - WERK A BEEN > ME (an)n1 REEAEENFFY - &
RRE BB 21 c KBEHETe, > 0ME AN B(n,e,) = 0 H {x} o LbH - FLFHEIK
{B(z,e,) : x € K} BB K HREE - AN K SFEWAY - MBI ERNFEES @ U2
., z, 1%
K C LnJ B(xi,eq;).
=1

&tk - FMI1EE]
A=ANKC UAmel,ax))

FELRF - EANES A BEER - BAANNFH - METRIBEERE - EEREREES
HEEBETRES AEAIRERRES - ERIHMAFE -
B - FFISCRA T EmES [ - O

Definition 3.1.21 : A metric space (M, d) is said to be precompact (FAZ#H), or relatively compact
(M B, if for all € > 0, there exists a finite covering of M by open balls of radius ¢.

E&E3.1.21 1 REMEZER (M, d) - IRBRFAE c > 0 FEBE M PHESR « RIBIBKETER
HNEREE - MR (M, d) RFEZH (precompact) BY » HEMEE B (relatively compact) Y ©

Lemma 3.1.22 : Let (M, d) be a metric space satisfying the Bolzano—Weierstraf3 property. Then, it is
also precompact.

Proof : By contradiction, suppose that there exists ¢ > 0 such that we cannot find a finite covering by
open balls of radius €. Let us construct a sequence (x,),>1 in M by induction such that

« foreveryn #m > 1,d(zp, xm) = ¢,
« foreveryn > 1, M # U} B(x;,¢).

Letx; € M,thenby the assumption, M # B(z1,¢). Letk > 1and suppose that we have constructed
Ty, Tk such that d(z,, zm) = efor1 <n #m < kand M # UY_ B(x;,¢). Then, we can find
Tpr1 € M\( " 1B(z;,¢)). This allows us to see that d(zj41,z;) = € for 1 < i < k, and again by
assumption, we know that M # USt! B(xz;,¢).

The sequence (x,)n,>1 constructed above is not Cauchy, and none of its subsequence is Cauchy
either. Thus, by Proposition 2.4.6, it does not have a convergent subsequence. This contradicts the
Bolzano-Weierstraf property. g

Last modified: 11:20 on Friday 22"* November, 2024
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2 BFEFSEDREE M DR (2,)0, 518

cBRFAIEnEm > 1 BB dop,zm) =5
c BB n > 1 BB M # UL, B(x;,¢) °

[ € M BRIERE » BB M # B(z,¢) © > 1 MRBREMEKEET 21,..., 24
FEREN 1< n#m <k BB dop,2m) > E’EM#U]B@,)tﬁﬁﬁﬁbﬁﬂ
Tpy1 € M\(UE, B(z;,¢e)) © BHF—K » HRFAE 1 <i < k> BAIEBR dopy, ) = 0 R

BRERERE BB M # U B(x,¢) °

KAESHRNFEY (v,)n1 FEWMAERS - BEAMNFEIEAGEMEFRS] - Kt
BIEanRE 2.4.6 » HRERFFIIERKEL o ;EZE Bolzano-Weierstrafl 4B F G o O
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Lemma 3.1.23 : Let (M, d) be a metric space satisfying the Bolzano—Weierstraf3 property. Consider an
open covering (C;)icr of M. Then, there exists € > 0 such that

Vee M,3i eI, B(z,e)CC;.

Proof : By contradiction, suppose that for all € > 0, we can find x € M such that
B(z,e) ¢ C;, Viel.
In particular, for every n > 1, let us choose z,, € M such that
B, := B( xn, )L Ci, Viel. (3.2)

Using the Bolzano-Weierstraf3 property, we may find a subsequence (z,(,,))n>1 that converges to some
limit ¢ € M. By the assumption, we may find i € I suchthat? € C;,andr > Osuchthat B(¢,2r) C C;.
The convergence of the subsequence (Z(,))n>1 further implies that there exists N > 1 such that

d(Tym),€) <r, Vn=N
Therefore, for n > N with ¢(n) > 1/r, we have
Vy € ng(n)v d<€7y) < d(ﬂ, xgo(n)) + d(xtp(n)u y) <r+ 1/()0(”) <2r.

It follows from the above line that B,y € B({,2r) C C;, which contradicts Eq. (3.2). O

Now, let us finish the proof of Theorem 3.1.20.

Proof of Theorem 3.1.20: Suppose that the metric space (M, d) satisfies the Bolzano-Weierstrafl
property. Let (C;);er be an open covering of M. By Lemma 3.1.23, we may fix € > 0 such that

Vee M,3iel, B(xz,e)CC;. (3.3)

By Lemma 3.1.22, we can find finitely many open balls of radius € > 0 that cover M. Let n > 1 and
xi,...,Tn € M such that

n

M = U B(x;,€).

By Eq. (3.3), for 1 < i < n, we may find j; € I such that B(z;,¢) C Cj,. This allows us to conclude
that
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5|3 3.1.23 : © (M,d) AW & Bolzano-Weierstral M BB EEZR - ZE8 M NHBE
(Ciicr ° BIBFE ¢ > 0 17

Vee M,3iel, B(xz,e)CC;.

FGHA | EAREE  IREREINAE ¢ > 0 FMIRENE) =« € M 1§
B(z,e) L C;, Viel.
ERRE WA n > 1 EfeeE 2, € M 17
B, = Blaa, 1) ¢ i, Viel (3.2)

A8 Bolzano-Weierstral T£8 + FFIREIREIFFH (2,00 )nx1 EFMBUERE) L € M - IRIFR
% RMBERE) i 8 (e O LR r > 0 58 B(6,2r) C O o ABBFEH (2,00 )uor B
B FEN > 1E8]

Eitk > En>NHoen) >1/r BEEE
Vy € sz(n)a d(f,y) < d(ga xga(n)) + d(:l:go(n)a y) <r+ 1/@(”) < 2r.

Rig LR - BMEE B, C B, 2r) C C; > BEHRAN 3.2) F& - O

IREFHMIAT TR TR 3.1.20 BYFEER ©

EIE 3.1.20 RUFEHA © (RERAREEZEM (M, d) ME Bolzano-Weierstral 48 ° 5 (C;)ics 73 M BIF
BE o IRIBE1E 3.1.23 » MFIBEERE € > 0 fE15

Vee M,3iel, B(x,e)CC. (3.3)

RHR5 1 3.1.22 » HFIRTIAIRE M BABRZEFEES c > 0 FEEKFIERNEEZ - S n > 110
K ax,...,z, € M WE

n

M = | ) B(w;, ).
=1

RIRI (3.3) » WIRFRE 1 <i < n - FFIREIE j; € 1 815 B(ai,¢) C ), - BERFITURFET
RIS -
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Chapter 3 Compact spaces and complete spaces

To conclude this subsection, we sum up what we have shown in the following corollary, which gives us
useful criterions to check whether a metric space is compact. Additionally, we will also see a few applica-

tions.

Corollary 3.1.24 : The metric space (M, d) is compact if and only if one of the following properties is
satisfied.

(1) Every sequence of M has a subsequential limit in M.

(2) Every infinite subset of M has an accumulation point in M.

Proposition 3.1.25: Let (M, d) be a compact metric space and (xy,)n>1 be a sequence in M with only
one subsequential limit x. Then, (x,,)n>1 converges to x.

Proof : By contradiction, assume that the sequence does not converge to x. We can find ¢ > 0 such
that for all N' > 1, there exists n > N with d(z,,, ) > €. This gives us a subsequence (Z,(,))n>1 such
that d(z (), ) > e foralln > 1. Since M is compact, we may extract a convergent subsequence from

(Tp(n))n>1, that is
lim Tporyp(n) = Y e M.

n—oo

We have d(z,y) > €, so z # y, and y is also a subsequential limit of (z,),>1, which is a contradiction.
U

Below, we are going to consider a product of metric spaces indexed by I. We distinguish two settings: (i)
I is finite, or [ = [N] = {1,..., N} for some integer N > 1; (ii) / is countably infinite, or / = N. We recall
the notations and definitions we saw in Section 2.6 and Exercise 2.46.

i) Let N > 1 and (My,dy),...,(My,dy) be metric spaces. We consider the product space M =
P p P
[Iier M; = My x --- x My and the product distance as in Definition 2.6.1, defined by

d(x,y) = max dl(wlvyl)v xr = (xlv"'axN)ay: (yla"wyN) € M.

1<i<N

(i) Let ((Mny,dn))n>1 be a sequence of uniformly bounded metric spaces. We consider the product space
M = [l;ef M; = I1,,>1 My, and the product distance as in Exercise 2.46, defined by

d(l’,y) = Z 2_ndn($n>yn)a T = (xn)n>1a Yy = (yn)n>1 e M.

n=1

We note that in both settings, the convergence in the product space is equivalent to the convergence of each
coordinate in the corresponding metric space. In other words, for any sequence (x(k) )k>1in M, we have
=z < lim a:(k):xz-,WEI.

lim 2*) ;

k—o00 k—oo

Last modified: 11:20 on Friday 22"* November, 2024

F=E BERERRTHERE

TERERIL/NER 2 A - FRFIEFRCATFI L EAERNME - BfEEE TENRESD - 53
HABEEERE—EHRENREEZHRI SR TEM - 1 » Bt EERREER

i 3.1.24  REMEZER (M, d) - EEE TEREZ—FmeER @ B (M, d) SEBRY
(1) FTE M MFSERBE M RURERIFFS -
(2) fEA M BVEBETFESTE M FEESHERRS -

iR 3.1.25 1 T (M, d) REHMEZEM - 8E M PHFEY (2,)n1 LRERMIE—EFF5
MR 2 > BRIE (2 )n>1 EWELE] x o

B RPEARES  BREFIIRGRHNE o - BFEHRE c > 0 EEYRFEN > 1
BEn > NBE dn,o) > o EREOTED (0,0)ns1 FEERFE 0 > 1> RFE
Ay, 7) > € © B M REEE » BREIUE (2,0))no1 PEBBBNTEFF) > RER

lim Tporp(n) = Y e M.

n—oo

HR d(z,y) > e iz #y > MRy BEE (2,)n>1 BFFIIER - EREBRFE ° O

BE  BMEZRTIEESA [ NEREZE - BPIEESMEBEARNEE © () I 2R » HE
I=[N]={1,..., N} HREBEE N > 1; (i) ] SUTHEEN > H2E [ = N - HMEIBEFKFESE 2.6
ENRBEE 246 PAEINERNESR ©

() BN > 1 UK (M,dy),...,(My,dy) Z2EREEZER - MPIZREZEM M = [[,c; M; = M; x

o x My BBEER 2.6.1 PIVFEIERE - EERM
d(l‘,y) = gl,a}]{vdi<xiayi>7 r = (%1, e 7xN)7/y = (3/17 cee 7?/N) e M.

1<i<

(i) B (My,dn))n>1 2T ERVMEZEREFY - HAIZRBIRZER M = [ic; M = 1,5, M, EE
E A 2.46 PRVTEEERE - EHRM

d(m,y) = Z 2_ndn(xnyyn)7 T = (xn)n>17y = (yn)nzl e M.

n=1

BISIED > TRERER » BEBNKKERSEREIEE S BMARIEZ RIS - aER -
HWNEE M FIFES) W), » RIIEE

lim z¥ =2 < lim xl(-k) =ux;,Vi € I.

k—o0 k—o0
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Chapter 3 Compact spaces and complete spaces

Proposition 3.1.26 : Given metric spaces and define the corresponding product metric space as in (i) or
(ii). Then, (M, d) is compact if and only if (M,,, d,) is compact for alln € I.

Proof : We are going to show that M; is compact for all ¢ € I using the continuity of projection maps.
More precisely, for a fixed ¢ € I, M; can be seen as the image of M under the projection map Proj,,
which is continuous by Proposition 2.6.5. Then, it follows from Proposition 3.1.10 that M; is also
compact.

For the converse, we are going to use the characterization from Corollary 3.1.24. Given a sequence
of points (2(¥));~; from (M, d), we are going to find a convergent subsequence of it. We just saw that,
in both (i) and (ii) cases, the convergence of a sequence in M is equivalent to the convergence of all
the coordinates, which simplifies the construction we are going to present below. We will construct
extractions (¢, )ner by induction, where I = [N] for some N > 1l or [ = N.

First, note that since M, is compact, we may find a subsequence (z(¥1(*))), -, such that (x ((Pl(k)))
converges in M. Then, we apply the compactness of M, to the sequence (z (‘f’l(k)));@l, which allows

us to find a subsequence (z(#1°¥2(K)), -, such that (x4 (proe2()y | converges in M. By doing this,
we can find extractions (¢, )ner such that

lim g{Prooenk) — ¢ e M, Vnel. (3.4)

k—o0

(i) In the case that [ = [N] for some N > 1, We may define the extraction ¢ := ¢ o... . For

each 1 < n < N, since the sequence (mz )k>1 is a subsequence of the convergent sequence

(:c%plo"'w"(k)))@l, it follows from Eq. (3.4) that it also converges to the same limit £,,.

(ii) In the case that I = N, we cannot copy the same prove as above, since it does not make sense
to consider the composition of infinitely many functions. To get around of this, we are going to
construct an extraction using the diagonal argument, that is

(fﬁ(w(n)))@h P(n) :=p10---0@,(n).

For each n € N, we see that (xﬁf(’f))

($7(1<P10'~~0<Pn(k)))k>n 5o (x#(k)))

)k>n is a subsequence of the convergent sequence
k>1 also converges to the same limit /,.

Therefore, we have established that

lim () = ¢ := (6,)er € M.

n—oo

3.1.4 Heine-Borel property in finite dimensional Euclidean spaces

We know from Proposition 3.1.6 that a compact set is closed and bounded. In this subsection, we will see
that in the Euclidean space R", closed and bounded sets are also compact, which is known as the Heine-Borel
theorem. In particular, this allows us to have a simpler criterion to check whether a subset of R™ is compact,
without using the Borel-Lebesgue property, which is the very first definition of compactness in Definition
3.1.3. However, keep in mind that this equivalence does not hold in a more general metric space, as we will
see in Remark 3.1.34.
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k—o00
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n=soo O
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Chapter 3 Compact spaces and complete spaces

Let us consider the following countable collection of open balls in R",

G ={B(z,r):x = (x1,...,2,) € Q",r € Q}.

Lemma 3.1.27 : Let x € R"™ and A C R" be an open set containing x. Then, there exists G € G such
thatx € G C A.

F=E BERERERTHERE

EHMZE TS R PRAIBZSERKFIBNRES

G ={B(z,r) :z = (x1,...,2,) € Q",r € Q}.

5133127 : S2eR"URACR"AEOES cHNRE - ABEGFECcGEFEBrcGC Ao

Proof : To find such an open ball G € G satisfying x € G C A, we need to find a point y with rational
coordinates that is close enough to z, and take G = B(y, ¢) for some small enough rational ¢ > 0.

Since A is an open set, we may find ¢ > 0 such that x € B(x,c) C A. Then, we take y € Q" such
that d(z,y) < §. This is possible because Q" is dense in R". Let r € QN [, 5], which guarantees
that z € B(y, ) We are going to check that B(y,r) C A. Given z € B(y,r). It follows from the
triangular inequality that

d(z,2) < d(z,y) +d(y,z) < §+§ = 2e.

Therefore, B(y,r) C B(z,e) C A. O

Theorem 3.1.28 (Lindeldf covering theorem) : Let A C R™ andC be an open covering of A. Then, there
is a countable subfamily of C that also covers A.

50 ERFIEEK G c g mB r € G C A HMFTEIRTEERE » ML B IREIZE, ¢y » JAREY
B EE >0 EE G = B(y,e)°

HR ASHE  FHMEXE c > 0#F 2 € B(z,e) C A EZE > HMEy ¢ Q" FEE
day) < 5o BRTFH - @A Q E R REBEN - D1 c QN 5,35 BRMATUE
r € B(y,r) ° BREMBERSE B(y,r) C A #(TE 2 € B(y,r) * IBE=ZAFEFN » HMEE

d(z,2) <d(z,y) +d(y,2) < §+5 = e

&tk B(y,r) € B(x,e) C A° O

Remark 3.1.29: This theorem is interesting only when the open covering C is uncountable, since otherwise,
the statement is trivial. Additionally, here we do not require any additional condition for the subset A.

Proof : We write the elements of the open covering C as C := {C; : i € I} for some index set I. The
collection G contains countably many open balls, we may enumerate its elementsas G = {G1, Ga, ... }.

For each x € A, we may fix i = i(z) € I such that x € C};, and by Lemma 3.1.27, there exists at
least one G € G such that x € G C (}, so the map f : A — N given by

Vr € A, f(z):=min{j >1:2 € G; C C;}

is well defined. Then, let
J={f(x):z e A},

which is countable, and it follows from the above construction that

A= UGj.

jedJ

To conclude, for each j € .J, we may choose an arbitrary z; € f~!({;}), and the corresponding
element C;(, ) in the open covering C. Therefore, we have obtained a countable subfamily of C that
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Chapter 3 Compact spaces and complete spaces

covers A, that is
AC U Ci(a)-
jeJ O

Theorem 3.1.30 (Heine-Borel theorem) : Let K C R™. If K is closed and bounded, then K is compact.

Remark 3.1.31: We note that by Lindel6f covering theorem (Theorem 3.1.28), we may extract a countable
subcovering from any open covering of K. This theorem gives us sufficient conditions so that a finite (open)
subcovering exists. We note that these conditions are also necessary, as mentioned in Proposition 3.1.6.

Proof : Given an open covering C of K. Lindel6f covering theorem gives us a countable subcovering
of C, denote by
{Ci:iz1} CC

that also covers K. Forn > 1, let

e

which is an open set. We want to show that there exists n > 1 such that K C S,,.
Let us consider another sequence of subsets defined by

Ap =K\S, = KNS, ¥n>1

We can easily see that for all n > 1, the set A,, is closed, the inclusion A, ; C A, holds,and 41 C K
is bounded. By contradiction, suppose that there does not exist n > 1 with K C S;,, which means that
all the sets A,, are nonempty. We may apply Cantor intersection theorem (Theorem 2.2.7), telling us
that the intersection A = N;,>14,, is nonempty. This gives © € A, thatis x € K and = ¢ S, for all
n > 1, which is impossible because K C U,,>1C),. U

Remark 3.1.32 :In the beginning of this subsection, we assumed that R™ is equipped with the Euclidean
norm | (B™,|-) and (R", |-])
are also topologically equivalent (Remark 2.5.26). This means that the notion of open sets, closed sets, and
bounded sets stays the same, the notion of compactness also stays unchanged, since it only depends on the
notion of open sets (Definition 3.1.3). Therefore, the Heine-Borel theorem is still valid if we equip R™ with
other equivalent norms, such as ||-||; or ||-||, (Example 2.5.25).

Remark 3.1.33 : More generally speaking, the proof of Lindel6f covering theorem, Cantor intersection
theorem, and Heine—Borel theorem can be generalized without many modifications to any finite dimensional
normed vector space. In fact, we will see in Theorem 3.2.22 that all the norms in a finite dimensional normed
vector space are equivalent. Since the results hold in R" equipped with the Euclidean norm, it follows from
Remark 3.1.32 that they also hold for any other equivalent norm. Then, a finite dimensional normed vector
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Chapter 3 Compact spaces and complete spaces

space is isomorphic to R™ with a properly chosen norm. In conclusion, in finite dimensional normed vector
spaces, closed and bounded sets are compact.

Remark 3.1.34 :In a general metric space, the Heine-Borel theorem fails to hold. Take the normed space
¢>®(R) for example, and consider the unit closed ball B = B(0, 1), which is clearly closed and bounded.
However, it is not compact, because it does not satisfy the Bolzano-Weierstrafy property. To see this, let us
look at the sequence (a("));>1 of points in B, defined by

oW = (aD)pz1, ) =0pi =Ty, Yn>1.
This sequence does not have any subsequential limit. This can be seen by the fact that

Ha(i) - a(j)H =1, Vi#j>1

To sum up this subsection, in a finite dimensional normed vector space, such as R", the above Heine-Borel
theorem gives us a useful criterion to check whether a subset is compact.

Corollary 3.1.35: Let K C R™. Then, K is compact if and only if K is closed and bounded.

3.2 Complete spaces

In Section 2.4.2, we saw that any convergent sequence is Cauchy, but some Cauchy sequences need not
converge. Intuitively, a Cauchy sequence is a sequence whose terms are uniformly close one to each other
for large enough indices, so if such a sequence cannot converge, it means that there are some “holes” in the
space. Our goal is to study some general properties of complete metric spaces (Section 3.2.1), discuss an
important application (Section 3.2.2), and to conclude this section, we will discuss some important results
about complete normed vector spaces, also known as Banach spaces (Section 3.2.3).

3.2.1 Definition and properties
We recall the definition of copmlete spaces and Banach spaces from Definition 2.4.10. It says that a metric

space is complete if every Cauchy sequence converges, and a Banach space is simply a complete normed
vector space.

Proposition 3.2.1: Let (M, d) be a metric space, and S C M be a subset.
(1) If (S, d) is complete, then S is closed.

(2) If (M, d) is complete and S is closed, then S is also complete.
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Chapter 3 Compact spaces and complete spaces

Proof : The proofs follow directly by the definition of complete spaces, and the sequential characteri-
zation of closed sets given in Corollary 2.4.15.

(1) Suppose that (S, d) is complete. To show that S is closed, by the sequential characterization from
Corollary 2.4.15, we need to check that given any convergent sequence (x,,),>1 of points in .S,
its limit should also be in S. If the sequence (z,,),>1 is convergent in M, then it is a Cauchy
sequence in M, so also a Cauchy sequence in S. The completeness of S allows us to conclude
that the limit is in S.

(2) Suppose that (M, d) is complete and S is closed. Given a Cauchy sequence (z,),>1 in S. Since
it is also a Cauchy sequence in the complete space M, it converges to a limit £ € M. Then, it

follows from Corollary 2.4.14 that £ € S = S, so the convergence also occurs in S. .

Proposition 3.2.2: Let (K, d) be a compact metric space. Then, K is also complete.
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(Zn)n>1 £ M RUREL - BREME R M FRINFERS) » TR S PAEFS - B S
s RAEIILEREEE S B -

(2) B&% (M,d) R5eHER - B S ZEMK - 18E S ROMMEFS] (2,)n1 © BRfERES
BZEM M PNERS  MERKREIER ¢ c M- BR > RBERE 2414 > HMEH
(e S =25 FUtFIIBETE S PR 0

Proof : Let (z,,),>1 be a Cauchy sequence in K. The sequential characterization of compact sets
Corollary 3.1.24 allows us to find an extraction ¢ such that z ) —= { for some ¢ € K. We shall
n—oo

show that the original sequence (z,,),>1 also converges to /.
Let € > 0. Since (zy,)n>1 is Cauchy, we may find N7 > 1 such that
d(n, tm) < 5, Vn,m > Ni.

Since the subsequence (7, (,))n>1 converges, we may find N2 > 1 such that

Then, for n > max (N, N2), we have

d(wp,€) < d(Tn, Tpm)) + d(@pm), £) < 5+ 5 =¢.

AR 3.2.2 ¢ @ (K, d) »EBAEZM  IE K LETE -

This shows that z,, — /. U
n—oo
Proposition 3.2.3 : Given a sequence of metric spaces (M, d1), ..., (My,d,) and consider the product

metric space (M, d) given by M = My x - -- x M, and the product distance defined in Definition 2.6.1.
Then, (M, d) is complete if and only if (M;, d;) is complete for all1 < i < n.

FEEA I D (2n)n>1 B K FHNFAERT) - RIE 3124 F > @ﬁﬁrﬁumﬁifﬂ@%ﬁﬁ@ﬁﬁ ' HER
ROESREIEIREB o - (88 0, (0 K K - RIVEBERNZEAOES)
() n>1 LEWERE] ¢ o

[e>0° BN ()01 SHFERES - HMEHRE N > 1 E18

d(Tn, Tm) < 5, Yn,m = Ni.

BT REFY (2, ot 1B BAFTHEIRED N, > 1 78

BRI - B n > max(Ny, No) » HME

I
o™

EEAEFSE 2, —— a

Proof : See Exercise 3.22. O

Last modified: 11:20 on Friday 22"* November, 2024

323 | REREZEBFES (M, d1),. .., (M,,d,) TEEERIEBZER (M, d) EPEEHE
EM =M x - x M, ABREEZE 2.6.1 EPE’JFEE%E BEEBEME  BREFAE1<i<n"
(M;, dy) %%;61%8’9  BBEE (M, d) LR/ -

8B REE 322 o 0

BRIBIB : 20244 11 H 22 H 11:20



Chapter 3 Compact spaces and complete spaces

Proposition 3.2.4: Let (M, d) be a complete space. Consider a sequence of closed sets (A, )n>1 satisfying
« Apy1 C Ay, foralln > 1,

« the diameter goes to zero: 6(A,) —— 0.

n—oo

Then, there exists x € M such that A :== Np>1 A, = {z}.

Proof : For every n > 1, choose a,, € A,,. Since 0(A,,) — 0, the sequence (@pn)n>1 is Cauchy. For

any p > 1, the subset A, is closed, it follows from Proposmon 3.2.1 that A, is complete. Therefore,
(@n)n>p converges in A to £,. The limit ¢, is actually the same for all p > 1 by the uniqueness
of the limit, so let us denote the common limit by ¢. Since ¢ € Aj for any p > 1, we also have
e A= ﬂn>1An.

To conclude, the fact that 6(A,,) — 0 implies that A can contain at most one element. O

Remark 3.2.5 : It is important to assume that 6(A,,) — 0. For example, the sequence of closed sets
n—oo

(An, = [n,00))n>1 satisfies all the other assumptions, but N,,>14,, = @.

3.2.2 Fixed point theorem

Definition 3.2.6 : Let (M, d) be a complete metric space. A function f : M — M is said to be a
contraction map (BRHERREY) if there exists k& € [0, 1) such that

d(f(z), f(y)) < kd(z,y),  Va,ye M. (3.5)

Theorem 3.2.7 (Fixed point theorem) : Let (M, d) be a complete metric space and f : M — M be a
contraction. Then, f has a unique fixed point, that is there exists a unique x € M such that f(z) = x.

Proof: Let k € [0, 1) be a constant such that Eq. (3.5) is satisfied. Fix xo € M and define x,,+1 = f(z,)
for n > 1. By induction, we find d(zy+1, z,) < k™d(x1,x¢) for n > 1. Therefore, for any m >n > 1,
we have

k.n

1_ kd(xl,l’o).

d(l‘m,éﬂn) < d(xm + xmfl) + -+ d($n+1, :En) < (km_l + k" )d($1>$0)
This implies that the sequence (zy,),>0 is Cauchy. The completeness of (M, d) implies that (z,),>0

converges to some limit that we denote by x.
Since f is Lipschitz continuous, it is also continuous (Corollary 2.5.31), and by the sequential char-
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Chapter 3 Compact spaces and complete spaces

acterization of continuity, we find
fla) = £( fim a) = Jim () = Jim wner =

Therefore, x is a fixed point of f.
To show the uniqueness, we proceed as follows. Suppose z,y € M such that f(x) = x and f(y) = y.
Then,

0 <d(z,y) = d(f(x), f(y)) < kd(z,y).
Since k < 1, this is possible only if d(z,y) = 0, thatis x = y. O

Remark 3.2.8 : As a byproduct of the proof, any iterative sequence defined by z,+1 = f(x,) forn > 1,
where x¢ € M is fixed, converges to the unique fixed point of f.

Remark 3.2.9 : Note that the theorem does not hold if the assumption in Eq. (3.5) is replaced by

d(f(z), f(y)) < d(z,y), Vr#yec M.

For example, in the metric space (M, d) = ([0,00), | -|), the function f(z) = x+ e~ does not have any fixed
point. However, if we assume that (M, d) is compact, then the assumption in Eq. (3.5) is enough to obtain
the fixed-point theorem, see Exercise 3.16.

3.2.3 Normed vector spaces

Let (V,||-||y/) and (W, ||-||14-) be two normed vector spaces on K = R or C.

Definition 3.2.10:
« We write L(V, W) for the set of linear maps from V' to W.

« We write L.(V, W) for the set of continuous linear maps from V' to W. We may equip L.(V, W)
with the following norm, called operator norm (BH-FEEEX),

VieL(V,W), |Ifll= sup [If(2)lw € [0,00]. (3.6)

ll=[ly <1

By default, Eq. (3.6) is the norm we consider on L(V, W). We note that if dim V' > 1, that is
V # {0}, we also have

I @lw _

Vi€ Ld(V,W), |||l =sup sup || f(@)lly - (3.7)
e20 |zl ]l =1
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Chapter 3 Compact spaces and complete spaces

« The elements in the set V* := L(V,K) are called linear forms (%% 7Z i), and the elements in
the set £.(V,K) are called continuous linear forms (GEAERF 4 7Z BK)

Example 3.2.11:
(1) For any normed vector space V', we have ||Idy || = 1.
(2) We may equip M,,(R) with the norm ||-|| ., given by

VA = (aij)i<ij<ns Al = sup lagj|.

<z,j<n

Let us consider the linear form tr : M,,(R) — R.

« For A € M, (R), we have |tr(A)| < >3_; |ar k| < n||A] . This shows the continuity
of tr and |[|tr[| < n.

« We have |tr(/,)| = nand ||1,]|,, = 1, this shows that |||tr|| = n.

Theorem 3.2.12: Let f € L(V, W) be a linear map from V' to W. The following properties are equiv-
alent.

(a) f is continuous onV.

(b) f is continuous at 0.

(c) f is bounded on the closed unit ball B(0,1) of V.

(d) f is bounded on the unit sphere S(0, 1) of V.

(e) There exists M > 0 such that || f(x)||y, < M ||z||y, forallz € V.
(f) f is Lipschitz continuous on V.

(g) f is uniformly continuous on V.

Remark 3.2.13 : In practice, to show that a linear map f € L(V, W) is continuous, we prove (e), that is we
look for a constant M > 0 such that

veeV, |f@)lw < Mlzly .

If we look at the definition of the operator norm in Eq. (3.7), we see that the best (smallest) constant M we

can take is M = ||| f|||. To show that a linear map f € £(V, W) is not continuous, we may show that f is not

continuous at 0. We achieve this by establishing a sequence x, —= 0 such that f(x,) does not converge
n—oo

to 0. See Exercise 3.29 for an example.
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Proof :
« (a) < (b). Forx € V and y € B(0,¢), we have
flz+y) = f(x) = fy) - £(0).
Therefore, the continuity at x is equivalent to the continuity at 0.
+ (¢) = (d) = (e) = (c). There is nothing to show for (c) = (d) and (e) = (c). Let us show (d) =

(e). Let M = supgcg(o,1) || f(@)lly, < oo. Fixx € V/, by linearity and the property of the norm,

we have
T
1@y = lle] fH < Ml
W v (H‘T”V) w W

because ol € S(0,1).

« (f) & (g). We have already seen (f) =
and choose § > 0 such that

(g) in Corollary 2.5.31. Suppose that (g) holds. Let £ > 0

Ve,yeV, lz—ylly <6 = |f@ -yl =If(=) - fWlw <e

Then, for any =,y € V with x # y, we have

7))y = = W o))

’x—yHV

9
‘ << e —ylly

+ (g) = (a) is clear.
« (b) = (e). Given € > 0, by the continuity of f at 0, we may find § > 0 such that
VeV, lyly<d = [f@lw<e

Therefore, for any given x € V, we have

1@l = 120

fQ@i)

9
‘ <5 Mzl
w

« () = (f). Forany z,y € V, we have

1 (@) = FW)llw = 1F (@ = yllw < Mz —ylly -

Proposition 3.2.14 : Let U, V, W be three normed vector spaces. For f € L.(U,V) andg € L.(V,W),
we have g o f € L(U,W) and ||g o |l < [lglll - I/l

|

Last modified: 11:20 on Friday 22"* November, 2024

18

F=E BERERRTHERE

58HA
c(@e® BRzeV UKy e B0, &fiE
fle+y) - f(@) = fly) — f(0).
Rt > 1% o BEE MR 0 FEEMNSE -
c@©=(=(e)=(c)° IR (c) = (d) UK (e) = (c) BFREFAMY o FHFIZKFEEA (d) = (e) ©
B M =sup,es0n |f @)y < oo BEz €V IRBRIEUREBHAMLE - HFIFE

()

]y

ILF @)l = s < M|y

| w

B3P T €50,1)

. ()& (g) o HMERIERIE 2531 PFEEHE () = (g) o R (g IL° B e > 0 WFEEF >0
ETE

ve,ye Ve lz—ylly <o = If@=ylw =f(z) -

AR WRtE A v,y c VIRE x #y - BFIEHE

fWllw <e.

I£(2) — F@lly = 12—y W —u))

Iz —ylly

9
<5l

. (8) = () BEEAN -
- (b)=(e) ° ¥ERE € > 0+ 1RER f 72 0 AOEHEE - FRFIREILE] 6 > 0 f£15

VeV, llylly <d = [f@lw <e
Hitt - WRERRERN 2 c V - BB

3
g ||33||V

(g

(%
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Proof : For x € U, we have

lg o F@)llyw < Mgl @@l < Mgl - M-

In other words,

lg o f(@)]l
llg o £lll = sup === < lgll - I FIIl
x#0 HxHU

Remark 3.2.15 : In particular, for U = V' = W, the proposition reduces to a submultiplicative inequality
on the space of continuous endomorphisms (E[E)&E) on U, that is

g Al < llglll- WA, Vf,g € Le(U) := Le(U,U),

where the composition law o is the multiplication on the algebra £.(U). This is an example of a normed

algebra (AHEDCEN).

Remark 3.2.16: Let m,n > 1 be integers. From a matrix A € M, ,,(R), one can define a linear continuous
operator R” — R™, X +— AX, where we identify the vectors in R” and R as column vectors. This defines
a norm on the space of matrices, that is

AX
” X _ gup JAX] = sup [AX] € [0, 0]

VA e an R s A
a[R), Al = Xl Xl IX|<1

This norm on matrices is an operator norm. Additionally, when m = n, this operator norm satisfies

ABIF < [[AIIBIl, YA, B € Mu(R).

Definition 3.2.17 : A complete normed vector space is called a Banach space (Banach ZEfa)).

Theorem 3.2.18 : If W is a Banach space, then the normed vector space (L.(V, W), ||:||) is also a

Banach space.

Proof : Let (f;,)n>1 be a Cauchy sequence in £.(V, W). We are going to construct a potential limit f
and check that it is indeed the limit in three steps.

+ Fix z € V. By observing that

1fp(2) = fo@)I| < Ifo = Soll - Izl Vpg =1,

we know (f,(x))n>1 is a Cauchy sequence in W. W being a Banach space, the sequence
(fn(x))n>1 converges, and we denote its limit by f(x). This definesamap f:V — W.
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BSHEB N RTRIET S RN

g £l < lgllf- WA, Vf,g € Le(U) = Le(U,U),

L.(U) BRBFEBTITE - BRIEEHESR o FTEERN < E2ME S (normed algebra) HI—1&
% o

\
=3 )

23216 1 Smon > 1 REBH - HRERE A € M,,(R) R BOITUEREBRUEETF
R" = R™ X — AX » HREFHER" EE R” FRRERDTEE  SEERFTUEERZER LE
REH - UAUER

AX
YA€ Myn(B), (41l = sup IAXT _ up Jax] = sup [AX] € [0, o0
1XI xp=1 IX|<1

B m=nb HBEFHEEEZWHE

EEERERE R R EE FEH - Lo -

IABI| < IIANIBII, VA, B € Mn(R).

EE 3.2.17 | STENMEERZZEEIME(E Banach ZEfE (Banach space) ©

EIE 3.2.18 : 1R W 218 Banach ZEf - AEHEBREZEM (L.(V, W), ||-]|) & =Z1E Banach

ZEfE o

A DD (fu)no1 2 LoV, W) RRMFERS - TG D @S RKBEE [ AJEER - TR
EftpREERFIERIER

« BE 2z e V o HFIRTUERER]
1fp(z) = fa@)I| < Ifo = foll - NIzl s ¥pg =1,

Bt (£, (2))nsr BRI W BEIRIBERS o W 248 Banach 20 » BT (f,(2))nsr B
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Chapter 3 Compact spaces and complete spaces

« Let us check that the map f defined above is linear and continuous. For z,y € V, we have
fx+y) = lim fu(z +y) = lm [fu(z) + fu(y)] = f(2) + f(y).
For x € V and A € K, we have
fz) = Jim fu(Az) = Jim AMn(z) = Af(z).

For the continuity, since ( f,,)n>1 is Cauchy, it is also bounded (Proposition 2.4.8), say ||| f[| < M
forall n > 1 for some M > 0. For any x € V, we have

1@y = [ i fu(@)| = lim [1fa(@)lly < M 2]y

n—oo n—oo

« To finish the proof, we need to show that (f;,),>1 converges to f with respect to the norm ||-|.
Let € > 0. There exists N > 1 such that ||| f, — fo|| < eforallp,¢ > N. Fixp > N, we have

Vg= N, | fp(x) = fo@)lly <Wfp = foll - zlly < ellzlly -

By taking the limit ¢ — oo, due the the convergence of f,(x), we find

1fp(2) = f(@)lly < ellzlly -

Since this inequality holds for all z € V, we deduce that ||f, — f|| < eforallp > N.

Remark 3.2.19: The proof we just see above is a standard procedure to show that a normed space is Banach.

More precisely, the three steps are as follow.
(1) We construct a potential candidate for the limit (a function in this example).
(2) We check the properties of this candidate, in order to show that it belongs to the correct space.
(3) Check the potential candidate is indeed the limit.

In Exercise 3.31, you may also follow the same steps to complete the proof.

Proposition 3.2.20: Let U be a complete normed vector space (Banach space) andu € L.(U) satisfying
llul| < 1. Then, Id — w is invertible, and its inverse writes

- k. 1: = k
Z ut = nh_}rgo Z u® € L(U). (3.8)
k=0 k=0

F=E BERERRTHERE

WK HPHBHBBVIRIRECIE f(2) - EERPIRTUERRKHA f:V > W o
- BMERET LEERHRARE f SREEEEN - W 2,y eV ZFE
fle+y) = lim fo(z+y) = lim [fo(z) + fu(y)] = F(2) + F ).
HRzeVEURIeK: HfB
fOx) = Tim fr(Ar) = lim Afn(z) = Af(2).

BRI EEE > B (fu)n REEFY - IUAZERDN (08 2438) - BHURFE
M > 0fERERABE n > 1 &AE ||/l < M - BRES 2V - B

1@y = || fim fa(@)]| = lim [1fa@)ly < M lally -

gnﬁm B0 > BRFSEEERE (f,)0o) WEBTEEY ||| 2 FRME oS e>00 FE
> 1 EEHIFE p.a > N BIE ||, - £l < BRp > N+ BffHE2

V=N, | fp(x) = fo@)lly < Wfp = foll - zlly < ellzlly -
BUBIR g — oo » 1R f,(v) BIGRIE - BFIEH

1fp(2) = f(@)lly < ellzlly -
AR EEEEAFANRAE 2 e V EMIL > BFIHES ||/, - fll <cHRFABEp> N o

5% 3.2.19 : SEEEAF - RFIERMNIFHAMEEZERHZE Banach ZEFEIRVREETFRSER - EREYIAY
o RFIEEtIFR =S

(1) BE—EEETR (LEHPAREY) - FEHRMAVENER -
2) HfREEEERETRE (KB WEE  ERMEFEEERNZER”RS -
(3) BEEEERETRIEETZER

A& RE 331 1 (RFIR]AEABRBY S B AR AR

M 3.220 : DU ATHEEEEEZEM (Banach Z2E) B u € L.(U) WE ||ul| < 1 BBEE
Id — u 2Rl - B RTTREE

k._ 1 k
Z u” = nh_}rgo Z u® € L(U). (3.8)
k=0 k=0
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Chapter 3 Compact spaces and complete spaces

Proof : We are going to check that the limit in Eq. (3.8) is well defined, then check that it is the inverse
of Id — w.

« Foreveryn > 0,let S, = >}, u¥. For any m > n > 0, we have

m
k
S — Sp = Z u”,
k:*n—l—l

1
IHUIH"+

= [llull

[1Sm — Sull < \HH\ mm

Thus, the sequence (S, )n>0 is Cauchy in L.(U), which is a complete space by Theorem 3.2.18,
implying that S := lim,,_,~ S, exists and belongs to L.(U).

« It is a simple computation to check that the limit S' is the inverse of Id — u. We write

(Id —u)S = lim (Id — u)S, = lim (Id — «"*") = Id.

n—oo n—oo

And similarly, we also have S(Id — u) = Id. .

Remark 3.2.21 : Following a similar approach, we may also define the exponential of a continuous linear
endomorphism u € L.(U) as below,

n

exp(u) = Z % e L(U).

n=0

We may also apply the same idea to construct other convergent series.

Theorem 3.2.22: In a finite dimensional normed vector space, all the norms are equivalent.

Proof: Let V be a finite dimensional vector space over a field K = R or C. We write n for its dimension,
and consider a basis of V, denoted by (e, ..., e,). Let Ny, be a norm on V' defined as follows,

n
Neo(®) = sup |zi|, 2= wie; V.

Let N be a norm on V. We want to show that N, and N are equivalent.
For z € V, we may write it as x = ) ;" ; x;€;, and its norm satisfies

n

N(z) < ZN(%&;) = Z |x;|N(e;) < aNso(x), a= ZN(ei).
i=1 i=1

i=1

Let S = {z € V : Noo(x) = 1}. In the normed space (V, Nu), S is clearly bounded, it is also closed,
being the preimage of the closed set {1} under the continuous map x — Ny (z). It follows from
Remark 3.1.32 that S is a compact subset of (V, N ). Additionally, the map N : (V, Ny) — Ris
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EH  RPIERE 3.8) PERREERRFR  ARBREMNRITERZd—ue
CHREEN >0 DS, =Y g o HREEm >0 >0 B
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k=n+1
1
<t
= [l

I » FF3 (Sp)nzo0 BIE Lo(U) FRIMBERFS - iRIBEE 3.2.18 » FFIMELLZERRTHE
E’g ’ Fﬁl’x S = hmn—)oo Sn ??T:EE.E EC(U) I:Fl °

- ZMETLGERBENGTEREEHR S 2 1d — v Rtk - FfE :

[1Sm — Sull < H\m mm

_ — 1 _ . E P 5 = N
(Id—u)S = nh_}rrolo(ld u)Sy, = nh_)rlgo(ld u") =1d.

BRI » FIHAEEE) S(d — u) = 1d ° -

5Ef# 3.2.21 : FRABLEAZE  BRMENEREEBRRE wc L.(U) IEH - EHRWOT :
exp(u) = Z %T € L(U).

n=0

It T LUBAR R RYARE A 2R AR S EL A B AR B -

EIE 3222 @ TRERMENEEZRET - FRASEHNESFEN -

A BV BEEK =R C ENEREEREZEM - ZFEMRMERLEn ARERV
BI—BEE  5CF (e1,....en) ° B Noo BTE V LRIEEE - EHRWNTF -

Noo(z) = sup |z, == szez eV.
1<i<n i=1
D NAV ERNEH - HFEEFA N, BN BFEW -
HRzeV &1?3@,@81&1%1? r =" ze; 0 FTAMBEEZRE !

n n

x) < ZN(%'&;) = Z |xi|N(e;) < aNso(x), a= ZN(ei).
i=1

i=1 i=1

BS={2 €V :Ny(x) =1} EMEWZEM (V,No) P S BAZERN - MEHARMMZFRA
& {1} TEBRH 2 — Noo(o) K THRE - UL S 2L - R 3132 HFAEA > SEZ
(V,Noo) PRIBBFES kSN » BN : (V,Nw) — R BEEW - FARMZ Lipschitz Ei&E
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Chapter 3 Compact spaces and complete spaces

continuous because it is Lipschitz continuous (Corollary 2.5.31),
[N(z) = N(y)| < N(z —y) < aNeo(x —y).

Therefore, the infimum of IV on S is attained (Proposition 3.1.12), so needs to be strictly larger than 0.
We write b = inf,cg N(z) > 0, and we have

Vo € V\{0}, N(z)= No(z)- N(
O

Remark 3.2.23 : Theorem 3.2.22 basically tells us that on a finite dimension vector space, we may choose
whichever norm we want, since many topological notions do not depend on the chosen norm anymore.

« Different norms give rise to normed spaces which are topologically equivalent (Remark 2.5.33). This
means that the notions, such as open sets, closed sets, interior, closure, boundary, compact sets, con-
nected sets, limit, and continuity of a function, etc. are the same for all the norms.

+ Some stronger notions which depend on the distance (norm), and not only on the topology, are also
the same, such as the boundedness of a set, and the uniform continuity of a function.

Corollary 3.2.24 : Following are consequences of Theorem 3.2.22.

(1) Any linear map from a finite dimensional normed vector space to any normed vector space is con-

tinuous. In other words, L(V,W) = L(V,W) ifdim V < oco.
(2) Every finite dimensional normed vector space is complete.

(3) Every finite dimensional subvector space of a normed vector space is closed.

(4) In a finite dimensional normed vector space, compact subsets are exactly closed and bounded subsets.

Remark 3.2.25 : In an infinite dimensional normed space, these properties do not hold anymore.
(1) We may equip the vector space R[.X| of polynomials with the norm

P=> a, X"

n>=0

| P|| = sup |an|.
n=0

Then, the following map
f: RX] — R[X]

P — P
is linear but not continuous. Actually, for every n > 1, we have || f(X™)|| = n and || X"]| = 1.
(2) In the space of continuous functions C([0, 1], R), we may consider the following sequence of affine
functions,
_ p3/2 ifo<z <t
Vn > 1,Vx € [0,1], f(z)= Vi =i, i . n’
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IN(z) = N(y)| < N(z - y) < aNoo(z — y).

Rt N 7E S EREMBMANEATR (MEs3112) FIUASBRAEZEREARAR 0o FHME
b=inf,eg N(z) > 0 RBEKME

Ve € V\{0}, N(z)= Nao(z)- N(N:(x)) > bNo ().

i 3.2.23 ¢ EE 3222 HFEAF > AREENAEZEM L - RATLGEZESRFABVENEH -
HARZHES S ABCRN K FIFmEZR & -
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R dim V < oo FEMIE L(V,W) = L(V, W) ©

(2) FREEREERENEEMEZTHD °
(3) MEMEZEFT - EREREEFREZREEMIME
(4) EERMENHEREZETS  BRESHTFMEERHE -

FHfE 3.2.25 | EEEMENEZTEA - EBEMERMKIL ©
(1) BMTUEZENERNEE 2R RIX] L FEE

VP = Z a, X",

||| = sup |an|.
n=0 n=0

BBEE - T BRGS
f: RX] — R[X]
P - P

SR - BFEME - RIETLUERBE K BRFE 0 > 1 BME |f(X7)] = n Hb
[ X" =1°
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Chapter 3 Compact spaces and complete spaces

Then, we see that

e || fallo = V/nforalln > 1, so f, does not converge under the norm ||-||

Il — 0,50 fn converges to the constant function 0 under the norm H

15

lly = \1[ for all n > 1, so the sequence ( f;,)n>1 is bounded under the norm ||-||,. However, it

does not converge to the constant function 0, and cannot converge to any other function either
by uniqueness of limit (and Cauchy-Schwarz inequality).

In the second semester, we will discuss more about different notions of convergence of sequences of
functions.

(3) In Remark 3.1.34, we saw that in £°°(R), the unit closed ball B(0, 1) is bounded and closed, but not
compact.

3.3 Completion of a metric space
3.3.1 Using Cauchy sequences

A metric space (M, d) is not necessarily complete, it is possible to make it complete by adding those missing
limiting points (of Cauchy sequences). To this end, we are going to consider the space consisting of all the
Cauchy sequences in M. This space is much larger (up to an isometry) than the original space M itself, and
some of its elements are actually represented by multiple Cauchy sequences. Therefore, we need to identify
some of its elements, and show that the resulting space is complete. Such as a space is unique, and is the
smallest (up to an isometry) complete space containing the original space M, and we call it the completion
of (M,d).

Theorem 3.3.1 (Completion of a metric space) : Let (M, d) be a metric space. There exists a metric
space (M, d) and an isometric injection i : M — M such that the following properties are satisfied.

(1) i(M) is dense in M.
(2) The metric space (M, 5) is complete.

Moreover, such a metric space (M, ) is unique in the following sense. Let (My,61) and (M, 82) be two
complete metric spaces, and i1 : M — M and iy : M — Msy be two isometric injections such that
i1(M) is dense in My and io(M) is dense in M,. Then, there exists a bijective isometry ¢ : My — My
such that p(i1(x)) = ia2(x) forallx € M.
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(1) i(M) 7E M PE2EEFH

(2) BREEZERS (M, 0) R o
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Chapter 3 Compact spaces and complete spaces

Figure 3.1: This diagram illustrates the uniqueness of the completion of (M, d)
up to a bijective isometry .

Example 3.3.2 : Below are a few examples of completion of metric spaces.

(1) If we equip M = (0, 1] with the usual distance | - |,

= [0,1].

(2) If we equip M = (0, 1] with the distance d as in Exercise 2.23, then M = M because (M, d) is
complete.

(3)

the real numbers. In this construction, each real number can be identified to a Cauchy sequence.

If we equip Q with the discrete distance dgjscrete, then @ =Q.

We decompose the proof of Theorem 3.3.1 into several lemmas as below. To start with, we fix a metric
space (M, d). Let us denote by C the set of all the Cauchy sequences U = (uy,),>1 with values in M.

Lemma 3.3.3: Let us define the function § : C xC — R as follows. ForU = (up)n>1,V = (vn)n>1 €
C, let

(U, V) = Jim d(Up, vp).

Then, ¢ is well defined, symmetric, and satisfies the triangle inequality.

Proof : See Exercise 2.26 (1). ([

Lemma 3.3.4: OnC, we may define the following equivalence relation,
U~V & §UV)=

Then, we define the quotient space M = C/ ~, and for an element U € C, we write U e M for
its equivalence class. On M, we may define a distance 6 induced by 0, which does not depend on the
representant chosen from the equivalence classes, in the sense that for U ~ V and S ~ W, we have
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(1) ANRFEFEF M = (0,1] BB | - | - BEMNTHELERER M =[0,1]
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4) NRIEFIET Q B RN EE B dgiscrete ’ AREE Q =Q-

BHEHAN - EIE

BFHEEIE 3.3.1 RURERIFARA TEAES IR - Bt » ERMLEEMEZM (M, d) - FHFE M &
FREMERS U = (un)n>1 BABIEEEEEC

53333 ! RE:CxC Ry EHRUAT 1 HNU = (up)ns1 ARV = (0p)nz1 €C» B

(U, V)= Jim d(Up, vp).

Al 0 ERRYF - EAEHEN - BmE=AFEFN -

BEA: BERE 22 (1) ° O

5|¥3.34 : £C L HMEHMEE TEEEFERR
U~V & 6§UV)=0.

BE > RAEEREZEM M =C/ ~ > BERESETRU € ¢ > RFIEMNSEETE T e M -
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Chapter 3 Compact spaces and complete spaces B=E EETHERTHEZERM

5(U,S) = 6(V, W), and thus we can set 5(U, S) = 6(U, S) forU, S € C. Then, (M, d) is a metric space.

Proof : To show that ~ is an equivalence relation, we need to check that it is reflexive, symmetric, and
transitive. The reflexivity is trivial, the symmetry can be obtained by its definition in Lemma 3.3.3, and
the transitivity is checked in Exercise 2.26 (2).

To check that (M ) 5) is a metric space, we need to start by checking that the definition of 5 does
not depend on the element chosen from the equivalence class. This is checked in Exercise 2.26 (3).

B U~ VBB S ~ W BFEE 6(U.S) = 6(V, W) FIMHR U, 5 € ¢ » BAfIRIUER
) ]

A

= g

(U,S) ° 58— » (M,0) & 2EREZR -

A - AIREFERR ~ REFERR  IMAFTEREMEE R - Bl - BEERME - BRIE

AR - BB RIS 3R 3.3.3 FRIERRFR - MEBMMEERE 220 2) PREBRT °
ERE (M,0) BEREZEE > RMARERE ) WEEFBCARKMESBEFEEN

TR o EEEZE 226 3) FREBT o ALk - RIBFERAG - BB RETH > BiRE5|

Then, the distance § is positive definite due to the equivalence relation, it is symmetric and satisfies the 333 » REBMMLIEEHEN  BRE=AFRER - 0
triangle inequality due to Lemma 3.3.3. (]
CxC 0 > R CxC 0 > R

_-~~ compatible ¢

C/RxC/R

Figure 3.2: This diagram illustrates how to make 9 defined on C x C, which is
not a distance, into a distance 6 on C/R so that it does not depend
on the representant from each equivalence class.

Proposition 3.3.5: Wedefinei : M — M as below. Foranyx € M, leti(z) = X, where X = (2)n>1
be given by the constant sequence. Then, i is an isometric injection, and i(M) is dense in M.

Proof : Given u,v € M, we have

Therefore, ¢ is an isometry, so it is also an injection.

Then, let us show that 4(M) is dense in M. Let U € M with U = (uy)n>1. We want to conclude
by showing that U is the limit of (i(uy))n>1. Let & > 0. Since U = (uy,)n>1 is a Cauchy sequence, we
may find N > 1 such that

d(um,up) <e, VYm,n>= N.

For a fixed m > N, we have

(U, i(um)) = 0(U, (tm)n>1) = lim d(up, um) < €.

n—o0
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Chapter 3 Compact spaces and complete spaces

Therefore,

N

lim i(um) =U.

m—0o0

This shows that any point in M can be obtained as the sequential limit of points in the image i(M),
that is (M) is dense in M. O

Proposition 3.3.6 : The metric space (M, ) is complete.

Proof : Let (ay)n>1 be a Cauchy sequence in M. Using the fact that i(M) is dense in M, for every
n > 1, we may find z,, € M such that 6(an, i(z,)) < +. Then, for any m,n > 1, we have

A A N N A

d(xm, 2n) = 0(i(zm), i(zn)) < O(i(Tm), am) + 0(am, an) + 6(an, i(2n)) < 0(am, om) + % + %

which means that (z,),>1 is also a Cauchy sequence (in M).
Let (zn)n>1 € C, and « be its equivalence class with respect to the relation ~. We want to prove
that (v, )n>1 converges to a. Let € > 0. We may find N > 1 such that

d(xp,xm) <e, Vn,m>= N.

Then, for n > N, we find

R A A 1
0(0n, @) < 0an, i(wn)) +0(i(2n), @) < e,

because by definition, we have

N

0(i(xn),a) = lim d(zp,zm) < €.

m—r0o0

Therefore, by taking lim sup, we find

lim sup S(an, a) < e
n—oo

Since € > 0 can be taken to be arbitrarily small, we find lim sup,,_, 5 (an, @) = 0, in other words,
limy, o0 0 (tp, ) = 0. O

Proposition 3.3.7 : The completion (M, 3) is unique in the sense of Theorem 3.3.1.

Proof : Let (M, 6,) and (Ms, d2) be two completions of (M, d), and i; and i3 be the corresponding
isometric injections as in Theorem 3.3.1.
Let p(i1(x)) = i2(x) for all x € M, which defines ¢ on the image i;(M). It is easy to check that
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A WRFAE n > N > EFIE

A A

5(atny @) < 0(an,i(zp)) + 0(i(xn), ) < — + ¢,

1
n
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m—0o0

Rt - SR FHFIEN lim sup @ E1FE)

lim sup 6 (aun, ) < e.
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®|i; (M) 18 an isometry,

Va,y € M, Sa(p(ir (), plin(y))) = b2(ia(2), ia(y)) = d(w,y) = d1(i1 (), i1 (y))-

Therefore, ¢ is uniformly continuous on i1(M). Since i;(M) C Mj is a dense subset and M, is
copmlete, it follows from Exercise 3.23 that there exists a unique uniform continuation of ¢ on M,
that we still call ¢ by abuse of notation. Moreover, due to the fact that ¢ is isometric on i1(M) and
i1(M) is dense in M, the continuity of ¢ shows that ¢ is isometric on M. In particular, this also
shows that ¢ is injective.

To show that ¢ is surjective, we are given y € My and we need to construct its preimage under ¢.
We use the fact that i5(M) is dense in M to find a sequence (y,, = ia(2y))n>1, where x,, € M for all
n > 1, and such that y, — Y For any p, ¢ > 1, we have

A A A

01(i1(xp),i1(xq)) = d(wp, xq) = d2(i2(7p), i2(2q)) = 02(Yp, Yq),

we see that the sequence (i1(2y))n>1 is Cauchy in M. Since M, is complete, it converges to a limit
o := limy,_yo0 71 (). Then, by the continuity of ¢, we find

pla) = lim @(ir(zn)) = lim iz(zn) = lim y, =y.

This concludes that ¢ is surjective. (]

3.3.2 Completion of a normed space

Now, we discuss another construction in the special case of a normed space. We note that a finite dimen-
sional normed vector space is always complete, so the interesting cases concern infinite dimensional normed
vector spaces, such as spaces of sequences /F(K) for p = 1, 2, 0o, or functional spaces such as C([0, 1], K) or
B([0,1],K). The construction is quite simple, but involves a theorem from functional analysis, whose proof
will be omitted here.

Let (V. ||-||) be a normed vector space over K = R or C. Write V* = L.(V,K) for the dual space of V,
which is the space of the continuous linear forms on V, that we equip with the operator norm

VieV™ Iflllye =supf{lf(z)] : z € V,[lzf] <1}.

We also consider the double dual space V** := (V*)* = L.(V*, K), that we equip with the operator norm
Vo e V™, I1@flye = sup{|@(f)]: f e VLIl < 1)

It follows from Theorem 3.2.18 that both (V*, ||-||;/«) and (V**,[||-||l/«~) are Banach spaces.
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Then, we consider the map J : V' — V**, defined by
J(z)(f) = f(z), VexeVVfeV™

We first check that J is well defined, that is, for every x € V, we need to verify that J(z) € V**. Let
f,g € V*and A € K. Indeed, we have

J(@)(f+Ag) = (f + Ag)(x) = f(z) + Ag(x) = J(z)(f) + AJ(2)(g)-

Then, we check that J is a linear map. Let A € K and z,y € V. For any f € V*, we have

S+ M) (f) =[x+ y) = [(2) + M (y) = J(@)(f) + A (y)(f),

that is,
J(@+ Ay) = J(2) + AJ(y).

For every z € V, we have

7 (@)l = sup{|J () ()] = f € VAl < T}
= sup{[f(z)|: f € VI (I fllly. <1} <zl - (3.9)

By a theorem from functional analysis, called Hahn-Banach theorem, for any given x € V, we can actually
find a linear form f, € V* such that f,(z) = ||z|| and || fz |~ < 1. This gives us

T (@) llyee = sup{|J(x)(f)] = £ € VIl < 1}
> J(x)(fz) = fu(z) = ||2]| . (3.10)

The above Eq. (3.9) and Eq. (3.10) give us || J ()|« = ||z||, that is J is an isometry.

To conclude, we may take V := J(V) C V** which is a linear subspace of V**. It is obvious that J (V)
is dense in J(V'). Moreover, since V** is a complete normed vector space, the closed subset J(V) is also
complete by Proposition 3.2.1. This allows us to conclude that (V/, |||/« ) is a completion of the normed

vector space (‘/7 HH)
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