Complete Metric Space

The aim of this chapter is to study one of the properties of metric space. The notion of distance
between points of an abstract set leads naturally to the discussion of convergence of sequences
and Cauchy sequences in the set. Unlike the situation of real numbers, where each Cauchy
sequence is convergent, there are metric spaces in which Cauchy sequences fail to converge. A
metric space in which every Cauchy sequence converges is called a ‘complete metric space’. This
property plays a vital role in analysis when one wishes to make an existence statement. We shall
see that a metric space need not be complete and hence we shall find conditions under which
such a property can be ensured.

1 Sequence

Let (X,d) be a metric space. A sequence of points in X is a function z : N — X. In other
words, a sequence assigns to each n € N a uniquely determined element of X. If f(n) = x,, it is
customary to denote the sequence by the symbol (z,,), or by x1,x9, -, zp, -

(i) Let (xy) be a sequence in the set X. If there exists ng € N such that x,, = a for all n > ny,
then the sequence (x,,) is called eventually constant.

(ii) If x,, = n for all n € N, then the sequence (z,) is called constant sequence. Obviously, a
constant sequence is a special case (ng = 1) of an eventually constant sequence.

(iii) A sequence (zy,) is said be frequently in a set S if for each positive integer m € N, there
exists a positive integer n > m such that x, € S.

(iv) Suppose X is a non-empty set and x = (x,) is a sequence in X. For each m € N, the set
{z, :n € N,n > .m} is called the m'® tail of the sequence (x,).

1.1 Convergent Sequence

The concept of a convergent sequence plays an important role to investigate the closedness
of a set, the continuity of a function and several other properties. In this section, we give
an introduction to the convergence of sequences and the properties under which a sequence is
convergent in arbitrary metric spaces.

Definition 1 [Convergence of a Sequence| Let (X, d) be a metric space and A be a non-
empty subset of X. A sequence (z,) in X is said to be convergent if there is a point a € X
such that for each real € > 0, 3 a k € N such that d(z,,a) < ¢ V n > k. Equivalently for each
open sphere S(a, ) centred at a, 3 a positive integer k such that

xn € S(a,e); Vn > k. (1)

Here a is called the limit of the sequence (x,) and we write lim z, = a.
n—oo
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(i)

(i)

(iii)

(iv)

Therefore a sequence (x,) in a matric space (X,d) converges to a if and only if the
(d(zp,a))) in R, converges to zero.

A singleton set in a metric space is, of course, included in every ball centred at its only
point. A sequence that has a singleton set for a tail is said to be eventually constant; such
sequences must converge in any metric space to which they belong. Thus, an eventually
constant sequence, and hence a constant sequence, is convergent.

A constant sequence, in which all terms are the same, is a special case of an eventually
constant sequence and converges to its single value in any metric space to which it belongs.

In a discrete metric space X, it is very difficult for a sequence to converge. Let (X, d) be a
discrete metric space, and (z,) be a sequence in X, which converges to a in X. Let ¢ = 1/2.
Since (x,) converges to a, 3m € N such that d(z,,) < ¢ = 1/2 for all n > m. This means
that x, = a for n > m, i.e., the sequence is of the form (z1,z2, - ,zm-1,0a,a,---). Each
singleton set {a} is open and the only way that {a} can include a tail of a sequence (x,)
is if the sequence is eventually constant with x,, = a for all sufficiently large n € N. Thus
in a discrete metric space, a sequence can converge to a point only if it is an eventually
constant sequence.

The sequence (1/n) of inverses of the natural numbers converges to 0 because for each
r € RT there exists k¥ € N such that 1/k < 7 and then the ball B[0;7) includes the k" tail
of the sequence (1/n).

Let X denote the space of all sequences of numbers with metric d defined by

o0

1z —
d =Y T a=(x)y=(y) €X.
(x,y) P 27 1 4 ’wj _ yj‘7 x <$J>7y <y]>

Let (z(") = <<x(n)>) be a sequence in X which converges to, say, x € X. In other words,

J
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d(z™,0) ="

j=1

This means that, for £ > 0, there exists an integer ng(e) € N such that

1 ol
— ——————— < g, whenever n > ng(¢)

Jj=1 J
1 |¢U§n) — ] .
= —.T<5, whenever n > ng(e);7=1,2,--- .
2 1+ |JJ - $j|
J
Since € > 0 is arbitrary, it follows that lim xg»n) = x; for each j. Consider any £ > 0.

n—oo

0 .
There exists an integer m such that . 1/27 < /2. Consequently,

j=m+1
m (n) o0 (n)
1 Ty — T 1 Ty —x;
d(x(m,x) _ Z%’J(n)ﬂ‘jL 3 yw
e e e | R i ]
<yl o~ el e
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As the first sum contains only finitely many terms and lim 2 = x;j for each j, there

n—oo J
exists ng(e) € N such that

1
25 ]

Jj=1

(n)

|xj - zj|
@
j

‘ < /2, whenever n > ny(g).
—

Hence, d(z(™), ) < & whenever n > ng(¢). Thus, convergence in the space of all sequences
is co-ordinatewise convergence. The metric space is known as Frechet space.

RESULT 1 (Criteria for Convergence): Suppose X is a metric space, a € X and (z,) is a
sequence in X. Then following are some equivalent statements, any one of which might be used
in a definition of convergence in metric spaces:

(i) (closure criterion I): ﬂ <<xn ‘n € S>\ SCN,S= inﬁnite> = (a).
(ii) (closure criterion II): x € ﬂ <<azn in € S>| SCN,S= inﬁnite>.

(iii) (distance criterion) : dist (a, {zn, :n € S}) = 0 for every infinite subset S of N.

(iv) (ball criterion): Every open ball centred at a includes a tail of (x,,).

(v) (open set criterion): Every open subset of X that contains a includes a tail of (x,,).
THEOREM 1 In a metric space, every convergent sequence has an unique limit.

Proof: Let (X,d) be a metric space and (x,) be a convergent sequence in X. If possible, let
a and b be two limits of (z,,), i.e., a # b, so d(a,b) > 0. Since li_}m xn, = a and li_}m ZTn = b, SO

corresponding to an € > 0, 3 n1,ny € N such that
d(xpn,a) < e/2, for n > ny and d(z,,b) < /2, for n > no.
Using the triangle inequality, we have

d(xp, xn) < d(zy,a) +d(a,b) + d(zn, b)
or, d(xp, ) — d(a,b) < d(zp,b) + d(xy,, a). (2)

Also, interchanging x,,a and x,,b in Eq.(2), we obtain
d(a,b) — d(zp, xn) < d(zp,b) + d(xn, a). (3)
Combining (2) and (3), we get
— [d(mn, b) + d(a, xn)} < — [d(wn, xn) —d(a,b)| < d(zp,b) + d(xy,,a)

= ‘d(:cn,a:n) — d(a,b)

< d(zp,b) + d(zy,a)

= 0<|d(zp,xn) — d(a, b)‘ <eg, for n > m = max{ni,na}
=  0=d(zp,z,) — d(a,b).

~.d(a,b) =0 and so a = b. Thus the limit of the sequence (x,) is unique.
Note: A sequence (x,) which is not convergent is called divergent.
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1.2 Convergence of Subsequences

Every subsequence of a convergent sequence converges to the same limit as the parent sequence.
A sequence that does not converge, however, may have many convergent subsequences with
various limits. We discover in this section what those limits are.

Definition 2 Suppose X is a metric space, x € X and (x,) is a sequence in X that converges
to x. Suppose (x,,,) is a subsequence of (x,). Then the sequence (x,,,) also converges to x.

THEOREM 2 Let (z,) be a convergent sequence in a metric space (X,d) such that
xn — x as n — oo. If (z,,) is any subsequence of (z,) then z,, — a as k — oo.

Proof: Since (z,,) converges to a for any € > 0,3 a natural number m such that
d(xpn,a) < e Y n>m.

Since (ny) is a strictly monotonically sequence of natural number so 3 a k1 € N such that
ng > m,V k > k1. Form these, we get

d(zp,,a) < d(zp,, zn) + d(zp,a) < ¢, V k> k.

.. The sub-sequence (z,,) converges to a. Thus every subsequence of a convergent sequence is
convergent.

REsULT 2 If a subsequence in a metric space (X, d) is convergent, then the sequence itself need
not be convergent. for example

Consider (x, = (—1)";n € N) in R,. Let the subsequence (za,) of the sequence (x,) as
Zon = 1;Vn € N, then x5, — 1 as n = oo in R,. However (x,,) is not convergent sequence.

1.3 Bounded Sequence
Definition 3 In a matric space a sequence is said to be bounded if the range of the sequence
forms a bounded set.

THEOREM 3 In a matric space every convergent sequence is bounded.

Proof: Let (x,) be a convergent sequence to a. Then fore = 1,3 a natural number k such
that
d(xn,a) <1,¥Yn>k.

Let r = max{1l,d(x,,z) : 1 <n < k}, then d(z,,z) <r,Vn € N. Now

d(Tpm, x) + d(x, xy)
r+r=2r

d(Tm, xy) <
<

ie., d(xm,zy) < 2r,¥V m,n € N. The diameter of the range set of the sequence is bounded by
2r. Thus (z,,) is bounded.

RESULT 3 The property of convergence of a sequence in a metric space (X, d) depends on the
set X as well as the metric d.
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(i) When different metrics are placed on a given set, the sequences that converge may differ
and limits may differ too. For example, when R is endowed with the discrete metric, the
sequence (1/n) does not converge. However, the formal definition of convergence (unlike
the distance criterion and the ball criterion) does not rely on a fixed metric but only on the
open sets produced by the metric. It follows that, on any given set, metrics that produce
the same topology produce also the same convergent sequences with the same limits.

(ii) Convergence depends on set X: Let (z,) be a sequence in the usual metric space R,,

1
where =, = —, V n € N. Then (x,) converges to 0 in R,,. However if we take X = (0, 1]

n
with usual matric, then the same sequence does not converge in X, as ‘0’ does not belongs
to X.

(iii) Convergence depends on the metric d: We know the set C|0, 1] of all continuous
function over [0, 1] forms a matric space with respect to d; as well as d where

(z,y) / lz(t) — y(t)|dt

and  doo(x,y) = sup |z(t) — y(t)] z,y €10,1].
t€[0,1]

Let us consider the sequence (x,,) in the space C[0, 1], where z,,(t) = e~™, t € [0,1], n € N.
Then the sequence (z,,) converges to zero in C|0, 1] with respect to the metric d;, since

di(zp,0) = /|xn ) — 0ldt = /|e _oldt

_ —nt n
= —Ee”]o n(l—e ) — 0.

On the other hand the same sequence does not converge to zero, with respect to the metric

do, since
do(2,y) = sup |z,(t) — 0] = sup |e™" — 0]
t€[0,1] t€[0,1]
= supe™=1-»0 as n — 0o
tel0,1]

THEOREM 4 (Characterization of limit points of a set in terms of convergent sequence)
: Let (X,d) be a metric space, A C X and a € X.

(i) Then « is a limit point of A if and only if 3 a sequence (z,) of points of A,
none of which equals to a such that lim z, = a.
n—o0

(ii) The set A is closed if and only if every convergent sequence of points of A has
its limit in A.

Proof: Let (X,d) be a metric space, A C X.

(i) Suppose a € X is a limit point of A. Then [S(:):, r) — {a}} N A # ¢ for each r > 0. Let us
construct a sequence (z,) where,

I € [{S(a, %) ~{a}} n A}; for cach n € N.

Dr.Prasun Kumar Nayak & Dr.Himadri Shekhar Mondol Home Study Materiel
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Then z, # a; Vn € N. We now prove that (z,,) converges to a. Let € > 0 be given by
Archimidean property 3 a natural number k£ € N such that % < g. Then for n > k,

1 1 1
d(z:n,a)<g<%<e; as anS(a,E)

ie, d(zp,a)<e VneN
Thus {x,} converges to a.

Conversely, suppose 3 a sequence (x,) in A none of which equals to a such that z,, — a
as n — oo. We shall prove that a is a limit point of A. Let r > 0 be arbitrary. Since (z,,)
converges to a, 3 a natural number k such that d(z,,a) <r,V n >k ie.,

d(zg,a) <r = z1 € S(a,r).
Since zp # a and x € A,, so

z € [(S(a,r) — {a}) N 4]
= (S(a,r) — {a}) NA#o.

Since r > 0 is arbitrary, a is a limit point of A.

(ii) Suppose that A is closed and (z,) is a sequence of points of A which converges to a point
a € X. We have to show that a € A.

(a) If the range set of the sequence (x,,) is infinite, then it follows from part (i) that a is
a limit point of this set. Since A is closed, we have a € A.
(b) If the range set of the sequence () is finite, then x,, = a for all n > ng, since (z,)
is a convergent sequence. Since each term of the sequence (z,,) belongs to A, so is a.
Conversely, assume that every convergent sequence of points of A converges to a point of
A. We are to show that A is closed by showing that it contains all its limit points.

Let a be a limit point of A. Then by part (i), there is a sequence (z,) of points of A, none
of which equals to a, such that x,, — a. By hypothesis a € A, so A is closed.

THEOREM 5 Let (z,) be a sequence in a matric space (X, d) which converges to z in
X and A be the range of (z,)

(i) If A is a finite set then z,, = z for infinitely many n.

(ii) If A is an infinite set then z is a limit point of A.

Proof:

(i) Suppose range of A is finite and A = {y1,y2, -, Ym }. We first show that a € A. If possible
let @ ¢ A, then x # y; for i = 1,2,3,--- ,;m. Then d(y;,a) >0 for i =1,2,3,--- ,m. Let
r =min{d(y;,a) : 1 <i < m}. Then y; & S(a,r) for all 1 <i < m = d(x,,a) > r for all
n, which is a contradiction, as sequence (z,) converges to a.

. a € A. With out loss of generality suppose a = y;. Then d(y1,y;) > 0 for 2 <i < m.
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7 Small Overview On Complete Metric Space

Suppose r1 = min{d(y1,v;); 2 <i <m}.So,y; € S(y1,7r1) fori =1,2,3,--- ,m;d(y1,v;) >
r1. Then 7 > 0. Again since (z,) converges to x = yi, for r; > 0, 3 a natural number k

such that
d(xn,a) <ry; Yn>k
=  d(zp,a)=0; Vn>k [Since d(zp,a) = d(y;,y1) either =0 or > rq]
= Tp=a; Yn>k
ie. Tn=a for infinitely many values of n.

(ii) Suppose A is an infinite set. Let r > 0. Since (x,,) converges to a for » > 0, 3 a natural
number k such that

d(xn,a) >r =z, € S(a,r), Vn>k.
Since A is an infinite set, d a natural number m > k such that z,, # a. So

Tm € (S(a,'r) - {a})
=  xp e (Sa,r)—{a})nA
= (S(a,r) —{a})NA#¢

Since r > 0 is arbitrary, so x is a limit point of A.

THEOREM 6 If (z,,) and (y,) are two sequences in a metric space (X, d) such that (x,)
converges to a and (y,) converges to b then d(z,,y,) — d(a,b) as n — oco.

Proof: Since (z,) and (y,) converge to a and b respectively, for any € > 0, 3 natural numbers
k1 and k9 such that

d(xn,a) <e/2; ¥ n>ki; and d(yn,b) <e/2; ¥V n> k.
Let k = max{k1, k2} € N, then

d(xn,yn) —d(a,b)| < d(zn,a)~+ d(yn,b)
e €
4 — > k.
< 5 + 5 g Yn>k
Thus d(zp, yn) — d(a,b) as n — co.
1.4 Convergence in Product Spaces

Let us turn now to convergence in product spaces.

THEOREM 7 Let (X,d;) and (Y,d2) be two metric spaces. A sequence ((z,,y,)) in
the product metric space X x Y converges to (a,b) if and only if the sequence (z,)
converges to a in X and (y,) converges to b in Y.

Proof: Consider the product metric d : X x Y — R given by

A((@1, 1), (22,92) ) = da (w1, 22) + daln, 92); (@1, 31), (w2, 92) € X X Y,
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Clearly, (X x Y,d) is a metric space. Assume that first ,, - a in X and y, — b in Y. Then,
for each € > 0, d positive integers n1,no € N such that

dy(zn,a) <e/2,Yn > ny and dy(yn,b) < £/2,Yn > no.

Let ng = max{ni,n2} € N. Then

A((#na)s (@) = di(wn,a) + da(yn,b)
< g/24¢/2=¢€, Vn >ny.

Thus (zn,yn) — (a,b). Conversely, let (zn,yn) — (a,b) in X x Y. Then, for each ¢ > 0, 3 a
positive integer ng € N such that
d((xn,yn), (a, b)) <e, Vn>ng
dy(zy,a) + da2(yn,b) < e, Vn >ny
di(Tn,a) < e,da(yn,b) < e, Vn >ng
= T, — a and y, — b.

vl

1.5 Cauchy Sequence

In real analysis, we must have come across the concept of a Cauchy sequence where it is proved
that a sequence is a Cauchy sequence if and only if it is convergent. Such an equivalence is
no longer true when these notions are extended to metric spaces. Nevertheless, the notion of
Cauchy sequence is important in metric spaces. For an arbitrary topological space, the concept
of Cauchy sequence does not exist.

Definition 4 Let (X, d) be a metric space. A sequence (z,) of elements of X is said to be a
fundamental or Cauchy sequence if for any € > 0, 3 k € N such that

(T, xy) < € YV m,n > k. (4)
Equivalently, let (z,,) be a sequence and let T,, = {z : Kk > n},n € N. Then (x,) is a Cauchy

sequence if and only if ILm d(T,) = 0, where 0(7},) is the diameter of T}, in the real line R.

A sequence (x,) in K (R or C) is a Cauchy sequence in the sense familiar from elementary
analysis if and only if it is a Cauchy sequence according to definition (4) in the sense of the
usual metric on K (R or C).

EXAMPLE 1 A sequence (z,) C R is a Cauchy sequence in R. Examine whether the
sequence ((z,,sinr,)) is a Cauchy sequence in R2.

Solution: Let z,y € R, with z # y. By Lagrange mean value theorem,
|sinz —siny| = |x — y|| cos |, min{z,y} < £ < max{zx,y}
= |sinz —siny| <|z—y|, Yz,yeR.

Since (x,,) is a Cauchy sequence in R for any € > 0 3 a natural number k such that |z, —z,| <
6/\/§V m,n > k. Now

V(T — )2 + (sinx,, — sinx,)2

< \/(xm _xn)2+(xm _xn)2
= \/§|xm—xn|<\/§-%:5;Vm,nZk.

Thus ((x,,sinz,)) is a Cauchy sequence in R2.
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9 Small Overview On Complete Metric Space

ExXAMPLE 2 Let X = C[0,1] be a metric space with the metric d, defined by

deo(f,9) = sup |f(t) —g(t)|, for all f,g € X.
t€(0,1]

t
Prove that (z,) in X given by x,(t) = %,Vt € [0,1] is a Cauchy sequence.
n

Solution: For m > n, the function

mt nt  (m—n)t?
m+t n+t  (m+t)(n+t)

9(t) = o (t) —an(t) =

being continuous on [0, 1], assumes its maximum at some point ¢y € [0, 1]. So

(m — n)tg
doo (T, T =  sup |zm(t) —zn(t)| =
w0 (&m; ) te[0,1]| it} — (B (m +to)(n + to)
t3 1
< < — — 0, for large m,n.

n+ty  n

Moreover, the sequence (x,) converges to some limit. Indeed, let z(¢) = ¢, then

nt t2
—‘: < ——=0, asn — oo.
n-+t n-+t n

2a(t) = 2(8)] = |
Therefore, (z,,) converges to the limit x, where x(t) = ¢ for all ¢ € [0, 1].

THEOREM 8 In a metric space every convergent sequence is a Cauchy sequence.

Proof: Let (X, d) be a metric space. Suppose (z,,) be a convergent sequence in X converging
to a. Then for any € > 0, 3 a natural number k such that d(z,,a) < e/2,V n > k. Now, by
triangle inequality

AT, n) < d(xm,a) + d(a,zm)

3 €
<§+§:5,Vm,n2k

Thus (z,) is a Cauchy Sequence.
REsuLT 4 A Cauchy sequence may not be convergent as may be seen in the following examples:

(i) Let X = Q be the set of all rational numbers and d(z,y) = |x — y|, for all z,y € X be the
usual metric on X. Consider the sequence (x,) represented in decimal system, such that
Tn = l.ajas - - - ay is the largest rational number satisfying xi < /2. Then we have the
following sequence of rational numbers

r1=14,20 =141, 23 =1.414, x4 = 1.4142, - - - .

1
ATy ) = T — 2p] = 0.00- - 0apt1 - - ap < w—m;Vn > m.

Therefore, d(x,, z,) — 0 as m — oco. Hence the sequence (z,) is a Cauchy sequence and
converges to the irrational number v/2 ¢ Q.
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(ii) Let X = (0, 1] be a metric space with the usual metric and z,, be the sequence in X where
Ty = % where n € N. Then (z,,) is a Cauchy sequence, since for each ¢ > 0

1 1 1
|Tm — | =|— — —| <e Vm,n>[-]+1
m n £

But (z,,) does not converge to any point in X as 0 does not belongs to X. Since (1/n)
tends to 0 in R and 0 is the unique limit of the sequence (1/n) in R, no point of (0, 1] can
be the limit of (1/n).

THEOREM 9 Let (z,) be a Cauchy sequence in a metric space (X,d). Then (z,) is
convergent iff it has a convergent sub-sequence.

Proof: If (z,) is a convergent then, by Theorem 2 every sub-sequence of (x,) is convergent.
Conversely: Suppose (z,,) ba a convergent sub-sequence of (z,) such that (x,,) — a as
k — oco. Let € > 0 be given. Since (z,) is a Cauchy sequence 3 a natural number N such that

d(Tm, Tp) < g Y m,n > N;

Let N = max{Ny,ng, } and k2 be a natural number such that ng, > N. So

d(zn,a) < d(zn, xm@) + d(xnkQ ,a)

e €
-+ = Vn > N
< 2—|—2 n >

ie. d(zp,a) < ¢ ¥Yn>N.
Hence the sequence (x,) is a convergent.

ExAaMPLE 3 If (z,) and (y,) are two Cauchy sequences in a metric space (X, d), Show
that (d(x,,y,)) is an convergence sequence of reals.

Solution: Since (z,) and (y,) are Cauchy sequence in (X, d) for ¢ > 0 3 natural number ki, k2
such that

A(Tpm, Tn) < g;Vm,n > k1 and d(ym, yn) < Y m,n > ko.

<
2
Let k = max{k1, k2} € N. Then Then

< %—Fg:s, VYm,n > k.
So, (d(xn,yn)) is a Cauchy Sequence of real numbers. Since every Cauchy sequence in R is

convergent, (d(zy,yy)) is a convergent sequence in R.

THEOREM 10 Let (X,d) and (Y,p) be metric spaces and f : X — Y be a uniformly
continuous function. If (z,) is a Cauchy sequence in X, then (f(z,)) is a Cauchy
sequence in Y.
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Proof: Since f is uniformly continuous, corresponding to an € > 0, 3 a § > 0 such that
d(z,2") < §;z,2' € X = p(f(a:),f(x/)) <e.
In particular, we have

A@m,7) < 8= p(f@m); f(2n)) < e (5)
Since (z,) is a Cauchy sequence in X, given ¢ > 0, Ing € N, such that
d(XTpm, ) < 0, Vm,n > ng. (6)

Therefore, from Egs. (5) and (6), it follows that

p(F@m). f(@a)) < ¥m,n > mo. (™)
Hence (f(xy)) is a Cauchy sequence in Y.

EXAMPLE 4 Let (z,) and (y,) be sequences in a metric space (X,d) such that (y,) is
Cauchy and d(x,,y,) — 0 as n — co. Prove that

(i) (z,) is a Cauchy sequence in X

(ii) (zn) converges to a € X if and only if (y,) converges to a.

Solution: (i) Let € > 0 be chosen arbitrary. Since (y,) is a Cauchy sequence, 3 n; € N such
that d(ym,yn) < §; for all m,n > n;.
Since d(xy,yn) — 0 as n — 00, I ny € N such that ng > g, and

d(xn, yn) < €/3; for all n > na.
Let ng = max{ni,n2} d(zn,yn) < §; for all n > ny by the triangle inequality, we have

A(Tn,yn) < d(@m,Ym) + d(Yms Yn) + A(Yn, Tn)
< £ + d(Ym, Yn) +§ ; for all n,m > no

3
< §+f+§_€. forall n,m >n
3 3 3_ ) ) 2

Thus (z,) is a Cauchy Sequence.
(ii) By the triangle inequality, we have

d(Yn, a) < d(yn, zn) + d(zn, a)
. o .
i3l W @) = [0, At 2n) + 03, 0l 0)
<0+0=0.

Thus y,, — a as n — oo.
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12 Small Overview On Complete Metric Space

2 Equivalence of Metrices

There are many metrices on a given set. For example, we have three different metrices on
R2. Amoung these metrices, some of them have the same nature in relation to convergence of
sequences and continuity of function. This leads to the notion of equivalent metrices on a set.

Definition 5 [Equivalent metric space]: Let d and d* be two metrices on the set X such that
for every (x,) in X and z € X
lim z, =z in (X,d) iff lim z, = in (X,d").

n—oo n—o0

Then the two metrices d and d* on the same underlying set X are said to be equivalent.

Using the above definition, we have the following theorem giving the condition for two metrices
on a set X to be equivalent.

THEOREM 11 (Necessary condition) Let d and d* are two metrices on a nonempty
set X and if there exists a constant K such that

1
7@ (@y) < d(z,y) < Kd'(z,y); Va,y € X, (8)
then the metrices d and d* are equivalent.

Proof: Let (z,,) be a sequence in X such that z,, - z in (X,d). Using the left part of the
inequality Eq. (8), we have
1

?d*(mn,n) < d(zp,r) = 0asn— oo

shows that x, — x in (X,d*). Conversely, if z, — =z in (X, d"), then the right part of the
inequality (8), we have

d(zp,n) < K d*(zp,z) — 0 as n — oo

shows that x,, — x in (X, d). Hence, from the definition d and d* on X are equivalent.

d
EXAMPLE 5 Prove that the metric space (X,d) and (X, d*), where d*(z,y) = 1—1—(;6(7y))
T,y

are equivalent.

Solution: Let z, — x in the metric d so that d(z,,z) — 0 as n — oo. Then obviously,
d*(zy,z) — 0 as n — oo so that z,, — = in the metric d*.

Conversely, let z,, —  in the metric d* so that d*(z,,z) — 0 as n — oco. So corresponding
to an € > 0, dng € N such that

d*(zp,x) < e, forn > ng

= o) o >
— L <e¢g forn>n
1+ d(zp, ) ’ =0

=  d(zp,z) < %, for n > nyg.
—c
Choosing ¢ < 1, d*(zp,x) — 0 as n — oo implies d(x,,z) — 0 as n — oo. Therefore two

metrices d and d* are equivalent. On the other hand, we observe that there is no constant
K > 0 such that d(z,y)/K < d*(z,y);Vz,y € R.
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13 Small Overview On Complete Metric Space

EXAMPLE 6 Let c be the set of all convergent sequences with the following metrices
d and d*. If x = (z,,) and y = (y,,) are in ¢, let

(0.0
1 ‘xn_yn’

dlz,y) =suplen —yul; & (z,9) =) o 7

neN’ " " ;271 1+‘xn_yn’

Prove that d and d* on ¢ are not equivalent.

Solution: To prove that the two metrices d and d* on ¢ are not equivalent, we produce a
sequence which converges to a limit in one metric but does not converge in the other metric.
Consider the sequence (ey), in ¢ whose respective terms are sequences

61:(150505"')762:(071707"')7'” 7en:(050505"' 70)1>"')7

where 1 is in the n*” place. Let eg = (0,0,0,---,0). In the metric space c of convergent sequences

. 1 1 1
d(en,e0) = 1; d*(en,e0) = w11 2l — 0 as n — oo.

Thus the sequence (e,,) converges with respect to the metric d but not with respect to the metric
d*. Hence the metrices d and d* are not equivalent.

ExaMPLE 7 Let C[0,1] be a space of all continuous linear functionals defined on [0, 1].
Consider the metrices d and d* defined on C|0, 1] by

d(f,g) = sup |F(t) = g@®); d*(fg) = / () — g(t)]dt,

0<t<1

for all f,g € C[0,1]. Prove that they are not equivalent.

Solution: To prove that the two metrices d and d* on C[0, 1] are not equivalent, we produce
a sequence which converges to a limit in one metric but does not converge in the other metric.
Consider the sequence (f,(x)) in C[0,1], defined by

fn(z) =2"; for all z € [0, 1].
Also, let f(x) =0 for all x € [0,1]. Then

d(fn, ) = sup |fu(t) = f(H)| =1, Vn €N,
0<t<1

1
& (s f) :/0 i dt =

— 0 as n — oo.
n+1
Therefore, lim d(f,, f) # 0. Thus the sequence (f,(z)) converges to f with respect to the
n—oo
metric d* but not with respect to d. Therefore the metrices d and d* are not equivalent.
However, for any sequence (f,(z)) in C[0,1] and any f € C[0,1], d(fn, f) — 0 as n — oo, it
follows that d*(fn, f) — 0 as n — oo. Observe that

0 (fur f) / Fult) — F(B)]dE < sup [£() — ()] = d(fu f)-

0<t<1
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14 Small Overview On Complete Metric Space

3 Complete Metric Space

We now turn to some aspects of convergence in metric space. In our study of Cauchy sequences
in R, we have noted that every Cauchy sequence converges in the real line. In the general case
of metric spaces, this need not happen by following examples

(i) Let us consider X = (0, 1) as a subspace of R with usual metric. Then X is a metric space
in its own right. Then (1/n) is a Cauchy sequence in X but not convergent in X. Hence
(0,1) is not complete with respect this metric.

1 1 1
(ii) In the metric space (Q,d), the sequence defined by 1+ T + o1 oot whose elements
n

become closer and closer to each other without converging to an element of Q, even though
it is a Cauchy sequence.

That is there are metric spaces in which not all Cauchy sequences of points converge to a
point of the metric space. Hence, it is worthwhile to single out those spaces in which Cauchy
sequence converges to a point of the metric space.

Definition 6 A metric space (X, d) is said to be complete if and only if, every Cauchy sequence
of elements of X converges to some element of X in the space.

(i) The definition of complete metric space at once suggests that, if d(x,,, x,,,) — 0 as m,n —
00, then 3 a z¢p € X such that d(x,,x¢) — 0 as n — oc.

(ii) A metric space (X, d) is complete if and only if every Cauchy sequence in X has a conver-
gent subsequence.

Many metric spaces, with or without ordering, have this property. We define completeness as
universal closure. For example,

(i) the usual metric R, is a complete.
(ii) the usual metric C, is a complete.
(iii) Every finite-dimensional normed linear space is complete.
Below, we shall give several examples of complete metric space.
ExaMPLE 8 The set of integers Z with the usual metric is a complete metric space.

Solution: Let (z,) be a Cauchy sequence of integers, that is, each term of the sequence belongs
toZ ={--,-2,-1,0,1,2,---}. Then the sequence must be of the form {x1, x9, x5, -+ ,zn,z, 2,2, - }.
Indeed, if we choose € = 1/2, then

Ty Ty € Z and |y, — x| < 1/2 = 2 = Ty
Hence the sequence {x1,x9, 23, ,&pn,z, 2,2, -} converges to x.

EXAMPLE 9 Any set X with discrete metric forms a complete metric space.
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Solution: Let (X, d) be a discrete metric space and (z,) be a Cauchy sequence in (X, d). Thus
d(xm, ) = 0 if zp, = x,, and d(zp, T,) = 1 if 24, # ©p,. Then for e = 1/2,3 a natural number
k such that

d(Tm, ) < 1/2 Vm,n>k

= d(Tpm,xn) =0 vYm,n >k, since d is discrete metric
— T =Tkl = Thyo ="+ =1T (sa,y)
cod(xp, ) = 0,Yn > kie., (z,) is of the form {x1,x9, -, 2k, 2,2, }. Hence () converges

to x, i.e., every Cauchy sequence is convergent in a discrete metric space. Thus the discrete
metric space (X, d) is a complete. From this we see that a sequence in a discrete metric space
is Cauchy if and only if it is eventually constant.

In particular,, the set (0,1) with the discrete metric is a complete metric space.

ExaMPLE 10 A Euclidian n-space R” is a complete metric space with respect to usual
metric.

Solution: We know R™ is a metric space with respect to the metric d where, d(z,y) =

n 1/2
{Z (ai—bi)2} for all x = (ay,a2, -+ ,a,); y = (b1,b2, -+ ,b,) and z,y € R™. Let us
i=1

suppose the coordinate sequences (x,,) be Cauchy in R", where x,, = (agm), agm), e ,ag’”)> for

m=1,2,3,---.
. For each e > 03 ak € N such that

A(Tm, ) < o Vm,r >k

2
1
ie., {Z (agm)—bgm)f}rz <§ Vm,r >k
=1
) % (€2
> {a” -0y <(3) vmrzk

Since each term in the above inequality are positive so

{agm)—b(m)}2<<§)2 Vm,r>k fori=1,2,3,---,n

1
2
= ‘agm)—bgm)’<% Ym,r>k fori=1,2,3,--- n.
{agm)} or {agl), al(.z), e } is a Cauchy sequence in R for i = 1,2,--- ,n. Since R is complete,
<a§m)> converges to a; (say) in R for i =1,2,--- ,n. So,
lim ay):ai fori=1,2,---,n
r—00
Let z = (al, ag, - - - ,an), then x € R™. We now prove that (z,,,) converges to z.
2 S m) 2 S m) (2
m . m T
{dano)} = Y {a™ —ai}’ = lim > {a™ —a}
i=1 i=1
= (5)" ¥mxk
d(zm,z) < §<5 Vm>k
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16 Small Overview On Complete Metric Space

Hence the Cauchy sequence (x,,) converges to z € R™. Thus R" is a complete metric space.

RESULT 5 Since the completeness of the metric is not destroyed by replacing an equivalent
metric, the above is true for any one of the three equivalent metrices for R™.

THEOREM 12 The space Cla, b] of all continuous real-valued functions defined on [a, b]
with the metric d-(f,g) = max |f(t) — g(t)| is a complete metric space.

a7
Proof: Let (f,) be a Cauchy sequence of elements in C[a,b]. Then for each £ > 0, there exists
a k € N such that
doo(fm, fn) < ¢€; W m,n > k

= sup |fu(t) = fult)| <&V m,n>k
t€(a,b]

= |fm(t) = fa(t)| <&V m,n >k and for t € [a,b].
.. By Cauchy’s general principle of convergence, (f,) converges uniformly. Let f be the limit
function. Since each (f,) is a continuous function on [a, b] and (f;,) converges uniformly to f on

[a,b], f is a continuous function on [a,b] i.e., f € C[a,b]. Again since (f,) converges uniformly
to f on [a,b], for any € > 0, 3 a k € N such that

[t = )] < 5

= sup |fu(t) — f(t)] <
te(a,b]

= d(fn,f)§§<e Vo> k.

Thus (x,) converges to x on Cla,b]. Hence Cla,b] is a complete metric metric space and it is
defined as the space of continuous functions on I.

ExampLE 11 The Hilbert space (l,,d),p > 1 is complete.

Solution: The Hilbert space [,(1 < p < oo) of all sequences (xy) of real or complex numbers

o0
such that _ |zx|P < co with the metric given by
k=1

(e 9]

=1

& — N

» 1/p
] sz ={&},y = {m}.

Let (t,), where t,, = (z]")?2,, be a Cauchy sequence in [,. Let ¢ > 0 be a real number. Then
there exists an ng € N such that

d(tn, tm) < e, for all n,m > ny. 9)

This shows that |2 — 2| < ¢ for all n,m > ng and consequently (z')2°, is Cauchy in K ( R or
C). Since these spaces are complete, (z]')?°, converges to a point z; € K. Also for each k € N,
the statement (9) gives

k
Z |z — | < &P for all n,m > ng
i=1
k
= Z |z} — x;| < P for all n > ng, as m — oo. (10)
i=1
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17 Small Overview On Complete Metric Space

We need to prove that ¢ = (z1,x2,---) is in [,. The inequalities (10) above and Minkowski’s
inequality show that

k 1/p r ok 1/p
P P P
[g ;i ] < g {x?o — x| + |z }]
i=1 Li=1
r ok 1/p k 1/p
P P
< g x0 —x; + E z;° ]
Li=1 =1

<

k » 1/p
no
€, .
=1

k
Since tp, = (x;°)$°, is in [,, the above inequality shows that < [Z
i=1

1/
p} p> is bounded and it

i L

p

is monotonically increasing, is convergent. Thus, ¢ is in [,,. Also, it

i=1
is obvious from (10) that (¢,) converges to ¢, and the completeness of [,-space is now established.

ExXAMPLE 12 Let (X,d) be a metric space and d* be the standard bounded metric
on X defined by d*(z,y) = min{1,d(z,y)}. Show that (X,d) is complete if and only if
(X,d*) is complete.

Solution: First assume that (X, d) is complete and (z,) is a Cauchy sequence in (X, d*). Let
e > 0 be a real number. Therefore, for 0 < ¢’ < min{e, 1}, there exists a p € N such that

d*(zp, ) <& for allm,m >p
= d(zp,zm) <& <e forall n,m > p. (11)

Thus, (z,) is a Cauchy sequence in (X, d). Since (X, d) is complete, (z,) converges to a point
x € X. Letting m tend to infinity in Eq. (11), it follows that

d(xn,z) <e foralln>p.
Now the completeness d(X, d*) follows from the inequalities
d*(Tp, Tm) < d(zp,x) <e forall n > p.

Conversely, let (x,) is a Cauchy sequence in (X,d). Let ¢ > 0 be a real number, and
0 < ¢/ < min{e, 1}. Then there exists a p € N such that

d(Tn, Tm) <& forall n,m >p
= d*(Tn, zm) <& <e for all n,m > p. (12)

Thus, (x,) is a Cauchy sequence in (X, d*). Since (X, d*) is complete, (z,,) converges to a point
x € X. Letting m tend to infinity in Eq. (12), it follows that
x)

d*(zy,z) <e' <e foralln>p
d(xn,z) <e foraln>p

and the complete is complete.
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ExAMPLE 13 Let X be the set of all convergent real (or complex ) sequences with
the function d: X x X — R is defined by

d@,y) = sup {|rn —ynl b @ = {2a}iy = {un} € X.
n
Prove that (X,d) is a complete metric space.

Solution: In Example (??), we see that (X,d) is a metric space. Let (t,), where t, =
(Tn1, Tn2y -+, Tpk,--+) for all » € N is an element of X be a Cauchy sequence in X. Let
¢ > 0 be a real number. Then 3 a p € N such that

d(tn,tm) <& Yn,m>p
= sSup |xnk - xmk’ <ég Vn,m>p. (13)
keN
Therefore, for each k € N, the sequence (z,x)2° ; is a Cauchy sequence in R( or C), and using
the completeness of R( or C), the sequence (zpx)o2 converges to a point z; € R (or C). Thus
we get a sequence t = (x1,x2,---). When we get m — oo in Eq. (13), it follows that

|zp — x| < €, for all n > p. (14)
Now, by inequalities
lzk| < |ok — xpr| + |2pk|, forallk € N
= sup x| < sup g — Tpr| + sup [k
keN keN keN
<

e + sup{|zpi|}-
keN

Since ¢, is bounded, it follows that ¢ € X. Taking supremum over k in Eq. (14), shows that
(t,,) converges to t, and (X, d) is complete.

EXAMPLE 14 Let DJa, b] denote the set of all functions f on [a, b] which have continuous
derivatives at all points of I = [a,b]. For f,g € Dla,b], define

d(f,9) = |f(a) = g(b)| + sup{|f'(z) — ¢ ()| : x € T}.
Show that d is a metric for D|a,b] and that the space (Dla,b],d) is complete.

Solution: Let (f,,) be a Cauchy sequence in Dla, b]. Then for a given € > 0, there exists mg € N
such that
d(fm>fn) <& m,n = mg
= |fm(a) = fu(®)| +sup{| [, (z) = fr(2)| € T} <,
= |fr(x) — fl(x)] <& m,n>mgandall z € 1.

Hence (f}) is an uniformly convergent sequence of continuous functions and must therefore
converge to the continuous function ¢, say. Then by a well known theorem on analysis, the
sequence (f,) converges uniformly to f such that

Jim f1(@) = f/@) = (@) a<w<b

Thus (f,) converges to a continuously differentiable function f so that f € D[a,b]]. It follows
that the space, D[a, b], is complete.

Dr.Prasun Kumar Nayak & Dr.Himadri Shekhar Mondol Home Study Materiel



19 Small Overview On Complete Metric Space

THEOREM 13 [Cantor intersection theorem] : Let (X,d) be a metric space. A nec-
essary and sufficient condition that the metric space X be complete is that every
nested sequence (F},) of non-empty closed subsets of X with §(F,) — 0 as n — oo be

[ee]
such that F' = [\ F; contains exactly one point.
i=1

Proof: Let the metric space (X, d) be complete. Consider a sequences of closed intervals (F},)
such that

Fy D Fy,D - and 0(F,) — 0 as n — oo.

Let us construct a sequence (a,) in ag by selecting a point a, € F,, V¥ n € N (since each F}, is
non-empty). Since d(F,,) — 0, for every € > 0, 3 a positive integer mg € N such that §(F,,) < €.
Again since sequence (F),) is nested (monotone decreasing), for every positive integer, we have

n,n+p=>mo= Frip, Fn C Fing = n, angp € Fing
= d(an,antp) < 0(Fpy) <€
= d(an,an+p) = 0 as n — oo.

*. {ay) is a Cauchy sequence in (X,d). Since the metric space (X,d) is complete, a,, — ag for
some ag € X.

(0.0
We now prove that ag € [ F,. Now the sub-sequence <an, Apt1, pt2, - > of (ay) is contained
n=1

in F,, and still converges to ag. But Fj, being a closed sub-space of (X,d), ag € F,. Since this

o
is true for each n € N, a9 € [ F,.

n=1

o
Suppose afy € () F,. Then ag, aj € F, for each n € N, so

n=1

0 < d(ap,ay) < d(F,) — 0asn — oo

d(ap,ap) =0 = ap = ag.
Conversely, let F' consists of a single point for every nested sequence (F,,) of non empty closed
subsets F,, of X such that 6(F,) — 0. We are to show that X is complete.

Let (ay) be any Cauchy sequence in X. Let H,, = <xn, T, Tntay - > Since () is Cauchy,
for a given € > 0, 3 a mg € N such that

d(xpn, ) < € for n,m > my.
It follows that 0(H,) < e for n > mg and consequently, 6(H,) — 0 as n — oo. Also,
HiDHyD---=H DHyD---

and 0(H,) = 6(H,). Hence

0(Hyp) < e forn>my= d(H,) = 0asn— oo.

Hence (H,) is a nested sequence of closed subsets of non empty sets in X whose diameters tend

o0 —
to zero. Then by hypothesis, 3 a unique point g such that g € (| H,.

n=1
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We claim that the Cauchy sequence (x,) converges to zg. Since 6(H,) — 0 for a given £ > 0,

3 a mo € N such that §(H,,,) < € and so
T, 20 € Hpypy = d(zp,20) < € for n > my.

This implies that (z,) converges to xy. Thus every Cauchy sequence in X converges to a point
in X. Hence X is complete.

ExaMPLE 15 The real line R is a complete metric space, with respect to usual metric
for R.

Solution: Let (x,) be a Cauchy sequence of real numbers R. We define the sequence (ng) of
positive integers by induction as follows: ny.q is the smallest integer greater than ny such that

Ty, — xm’ < 1728 nom > ny.
Let I be the closed interval [mnk A 3 Ty T+ 2_’“}. Then we have, I, C I;. For we have

< 1/2k+1 .

Lng = Tngqq

o0

Also, the length of I, — 0 as k — oo. Hence by nested interval theorem, () I; contains exactly
k=1

one point, say a € R. Thus a € I}, for all £ € N so that

‘a ~zn| <1/2% VkeN.
Again for n > ng, we have
T, — | < 172801 < 1/2F,
Hence for all n > ny, we have
la —x,| = ‘a—xnk+$nk—xn
< ‘a_«xnk + |ZTn, — Tn
111
S oR TR T gET

. lim x, = a. Thus every Cauchy sequence in R converges to a point in R and consequently
n—oo

R is complete. The Euclidean metric on R is derived from the absolute-value function, which
in turn depends on the ordering of R. The fact that the ordering of R is complete is crucial in
establishing that R is universally closed.

o0
EXAMPLE 16 Show by an example that is (X,p) is not complete then () F,, may be
1
(Fn) — 0 as

n
empty where {F,} is a sequence of non-empty closed sets in X with
n — 00.
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Solution: Let X = (0,2]. Then with respect to usual metric X is not a complete metric space,
Since {%} is a Cauchy sequence in X but it is not convergent in X. Let F,, = (0, %]
Then (F},) is a monotonically decreasing sequence of non-empty closed set with §(F,,) = % -0
o
asn — oo. But () F, = ¢.

n=1
THEOREM 14 Let (X,d) be a metric space. If for any monotonically decreasing se-

o0

quence (F,) of non-empty closed sets-with §(F,,) — 0 as n — oo imply [\ F),, contains
n=1

exactly one point. Then (X, d) is complete.

Proof: Let {z,} be a Cauchy sequence in (X,d). Suppose G,, = {xn, Tt 1y Tty }, then

G12G;2G2G32- =G 2G,2G32---.

Suppose F,, = G,V n. Since closure of a set is closed set, F,, is a closed set for all n. So, (F,)
is a monotonically decreasing sequence of non-empty closed set. We now prove that d(F,,) — 0
as n — o0o. Let € > 0 be given. Since (z,) is a Cauchy sequence, for the above chosen ¢ 3 a
natural number k such that

d($m7xn) < g; W m,n > k
= sup {d(zpm,xy) : m,n >k} < g

= 5@@§%<5$5@D§&as&@z6@)
ie, 0(Fy) <e.
Since (F},) is monotonically decreasing, §(F,) < €V n > k. This implies 6(F,,) — 0 as n — oo.
So by given condition 3 a point z € X such that z € ﬁ F,,ie., x € F,;¥V n. We shall prove
() converges to x. i

Since 0(F,,) — 0 as n — oo for any given € > 0, 3 a natural number mg such that 6(F),) <
g,V n > myp. In particular, 0(F,,) < €, so

d(zp,x) < 8(Fmy) < &,Y n>mg
as Tp € Fiy, Vn2>mp and x € Fyy,.
Thus {z,,} converges to z. Hence (X, d) is complete.

EXAMPLE 17 Let (X,d;) and (Y,d2) be two complete metric spaces. Prove that the
product space Z = X x Y with metric

d(z,y) = \/d%(ﬂ?hm) + d3 (w2, y2)

is complete, where x = (z1,z2) and y = (y1,y2)-

Solution: From Example 7?7, we see that d is a metric for Z. Let (z,) be a Cauchy sequence
in Z. Then for given € > 0, 3 a no(¢) € N such that

d(zm, zn) < €, whenever m,n > ng(c)

d?(2m, 2n) < €%, whenever m,n > ng(e)

T, flfn) + dg(@/m’ yn) < 527 whenever m,n > nO(E)

R

2
i
2 (xm, 1) < € and d3(ym, yn) < €2, whenever m,n > ng(e)
(

dy(zm, xn) < € and do(Ym,yn) < €, whenever m,n > ng(e).
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It follows that (x,) and (y,) are Cauchy sequence in the space X and Y respectively. Since
these spaces are complete, the sequences (z,,) and (y,) converge respectively to points x € X
and y € Y. It follows that (z,) converges to z = (z,y) € Z and consequently the product metric
space Z = X x Y is complete.

REsuULT 6 The Cantor’s intersection theorem may not valid if any any of the following two
conditions is not satisfied:

(i) (Fy) is a sequence of closed sets
(ii) o(Fn) — 0 as n — oo.

The following examples cite that no condition in the Cantor’s intersection theorem can be
dropped without losing the conclusion of the theorem.

(i) Let X = R be a complete metric space. Consider the sequence of open intervals F,, =
1
(0, f), for all n € N. Obviously
n

(a) F1 D Fy D F3 D -+, ie., (F,) is a nest of open intervals

(b) 5(Fn):‘%—0‘:%—>0asn%oo.

o
But the intersection ﬂ F, = ¢.

n=1
.. . . . 11
(ii) In the real line R, let us consider the sequence of open intervals F,, = ( - -, —), for all
n'n
n € N. Obviously
(a) F1 D F; D F3D -+, ie., (F,) is a nest of open intervals
(b) 8(F,) = ‘%— (—%)‘ =25 0asn— oo.
o0
But the intersection m F,, = {0}, which contains exactly one point.
n=1
. . . 1 1
(iii) In the real line R, let us consider the sequence of closed intervals F,, = [ —-1—-——,1+4+ —} ,
n n
for all n € N. Obviously
(a) F1 D F; D F3D -+, ie., (F),) is a nest of closed intervals
1 1 2
(b) §(F,) = ](1+f) - (—1_f)] =242 5 2(£0) asn— oo.
n n n
o0
But the intersection ﬂ F, = [-1,1], which contains uncountably infinite number of

n=1
points.

1 1
(iv) In the real line R, let us consider the sequence of sets F,, = [— 1——, —1} U [1, 1+ —},
n n

for all n € N. Obviously
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(a) Since union of a finite number of closed sets in closed, it follows that each F, are
closed in the real line R

(b) §(F,) = sup{|la — B|;a, 8 € F,,} = ‘(14—%) - (—1—%)’ :2+% — 2(# 0) as
n — oo.

[e.e]
But the intersection m F,, = {—1,1}, which is not a singleton set.

n=1

(v) In the discrete metric space (R,d) let us define F,, = {x € R : x > n}; for all n € N.
Obviously,

(a) (F,) is a nested sequence of non-empty close sets in (R, d)
(b) 0(F,) = 1( 0) for each n.

o
But the intersection ﬂ F, = ¢.

n=1
(vi) Let @ be the set of rational numbers, and d the usual metric on Q and (Q,d) is not
1
complete. Let F,, = {:z: eQt:2<a?<2+ —}; for all n € N.
n

(a) (F,) is a sequence of non-empty closed sets in Q
(b) §(F,) — 0.

o
But the intersection m F, = ¢.

n=1

1
(vii) Consider the two dimensional Euclidean plane R?. Let F, = S ((O, 0), ﬁ> —{(0,0)}, for

all n € N.

(a) (F),) is a nested sequence of non-empty
(b) §(F,) — 0 as n — 0.

o
The point (0, 0) is a limit point of F,, and it is not in F,,. Thus the intersection m F, = ¢.

n=1

THEOREM 15 (Completeness and continuity) Suppose that (X,dy) and (Y, dy) are met-
ric spaces and that (X,dx) is complete. Suppose there exists a bijective function
f: X — Y such that f is continuous and f~! is uniformly continuous. Then Y is
complete.

Proof: Suppose (a,) is a Cauchy sequence in Y . Then f~!(a,) is Cauchy in X by and so
converges in X because X is complete. Therefore (a,), being the image of f~!(a,) under the
continuous function f, also converges. Since (a,) is an arbitrary Cauchy sequence in Y , Y is
complete.

(i) When the closed interval [1, 00| is endowed with its usual metric, it is a complete metric
space. Now endow it with the inverse metric (a,b) — |a=! — b~!| ; this space is not
complete because the sequence (n) is Cauchy but does not converge. Notice, however,
that the identity map from [1,00] with the Euclidean metric to [1, 00| with the inverse
metric is continuous and has continuous inverse.
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(ii) Let d denote the usual metric on R*. and m denote the exponential metric (a, b) — |e®—e?|.
(R*,d) is complete, being a closed subspace of R with its usual metric. The identity map
from (R*,d) to (R, m) is bijective; it is easily verified that continuity of the exponential
function implies continuity of this identity map, and the identity function from (R*,m)
to (R, d) is a Lipschitz map because |a — b| < |e® — ¢ for all a,b € RT. So RT with the
exponential metric is complete.

3.1 Complete Subsets

We will notice that the property of universal closure, unlike that of closure, is independent of
any particular enveloping metric space. So whether or not a metric space is being considered as
a space in its own right or as a subspace of some larger space is irrelevant when we are talking
about completeness.

Definition 7 Suppose (X,d) is a metric space and Y is a subset of X. We say that YV is a
complete subset of X if, and only if, the metric subspace (Y,d) of (X,d) is a complete metric
space. For example,

(i) Because R is complete, the complete subsets of R are its closed subsets; that is, precisely
those that have the nearest-point property. In particular, every closed interval of R is
complete, and, despite its obvious fragmentation, the Cantor set C' is also complete.

(ii) An open subset of a complete metric space is not complete unless it is also closed. However,
open subsets can be made into complete spaces by judiciously altering the metric.

THEOREM 16 Let (X,d) be a metric space, and let Y be a subset of X. Then Y,
considered as a metric space, is complete if and only if Y is closed.

Proof: Let Y be a complete subspace of X, we are to show that it is closed in X. Let y € Y
be a limit point of Y, then for any positive integer n, S(y,1/n) must contain a point y, of Y.
Then (y,) is a Cauchy sequence.

Since Y is complete, the (y,) converges to some element of Y. But nlgrolo yp =y andsoy €Y.

Thus we see that Y contains all the accumulation points and consequently Y is closed.

Conversely, let Y be closed and we shall show that Y is complete. Let (y,) be any Cauchy
sequence of elements of Y. Since Y C X, (y,,) is also a Cauchy sequence in X, and so converge
to a point yp € X. We now show that yg € Y, for this we consider the following two cases :

(i) If the range set of (y,) consists of finite number of distinct points, then y,, = yo for infinitely
many values of n. Since (y,) is in Y, it follows that yp € Y.

(ii) If the range set of (y,) has infinitely many distinct points, then yp is a limit point of the
range set of (y,) and so yp is also a limit point of Y. Since Y is closed, yo € Y.

Thus we have shown that every Cauchy sequence in Y converges to a point in Y. Hence Y is
complete.

Deduction 3.1 Let y be a limit point of Y. Then 3 a sequence (y,,) in Y where y,, # y ¥V n
such that y, — y as n — oo.
(yn) is a convergent sequence in (X, d).
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Since every convergent sequence is Cauchy, (y,) is a Cauchy sequence in (X, d). Also y, € Y
Vn, (yn) is a Cauchy sequence in (Y,d,).Thus y € Y. Hence Y is a closed set.

Therefore, if (Y, d,) be a sub-space of a metric space (X, d) and if Y is complete then Y is a
closed sub-set of X.

THEOREM 17 (Unions of complete subsets) Let (X,d) is a complete metric space.
Prove that if £} and E; are complete sub-sets of (X,d) then F; U F5 is also com-
plete.

Proof: Let (x,,) be a Cauchy sequence in F1UFE,. Then at least one of E1, F5 contains infinitely
many members of (z,). Without loss of generality suppose E; contains infinitely many members
of (xy). Then 3 a sub-sequence (x,, ) of (z,) such that z,, € E1V k € N. Since (z,) is Cauchy
sequence, (z,, ) is a Cauchy sequence in Ej. Since Ej is complete, (z,, ) converges to some point
T € Fq.

Thus (zy) is a Cauchy sequence and a sub-sequence (x,, ) of (z,) converges to x in £y U Es.
This implies (x,) converges to x in E1 U Ey. Hence Eq U Ej is complete.

Note: Union of a finite number of complete subsets of a metric space is complete.

THEOREM 18 (Intersections of complete subsets) Intersection of any number of com-
plete sub-sets of a metric space is complete.

Proof: Let (X,d) be a metric space and {F,, : « € A} be an arbitrary collection of complete

sub-sets of X. Suppose F'= () F,. Since every complete sub-set is closed, for each « € A, F,
acA
is a closed sub-set of X and so F is a closed sub-set of X (as intersection of arbitrary collection

of closed set is a closed set).
For a fixed oy € A, F,, is a complete metric space and F is a closed sub-set of F,,,. Since a
closed sub-set of a complete metric space in complete, F' is complete.

THEOREM 19 Let (X,d) be a complete metric space and (Y,dy) be a sub-space of
(X,d). Then Y is closed implies Y is complete.

Proof: Let (z,,) be a Cauchy sequence in Y. Then (z,) is a Cauchy sequence in (X, d) (since
Y C X). But (X,d) being complete, (x,) converges to some point = in X. Let A be the range
of the sequence ().

Case I: If A is finite then x, = z for infinitely many values of n. Since z, € Y Vn,z € Y.

Case II: If A is an infinite set then z is a limit point of A. Also since A C Y, s a limit point
of Y. Since Y is closed, z € Y.

.. From the both cases we have (x,) converges to x in Y. Hence (Y, dy) is a complete metric
space.

THEOREM 20 Completeness is preserved under isometries.

Proof: Let (X,d) and (Y, p) be metric spaces. Let T': X — Y be an isometry from (X, d) onto
(Y, p) and also let (X, d) be complete. Since every isometry is a one-one onto mapping, hence
for each n € N, Jx,, € X such that f(x,) = y,. Since f is isometry, we obtain

d(Tp, xm) = p(T(2n), T(2m)) = p(Yn, Ym); ¥n,m € N. (15)

Since < y, > is a cauchy sequence, hence for giving € > 0, 3 ng € N such that
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p(ynaym) <e ;y m,n 2 no
= d(Tp,Tm) < €5 myn > ng.

= (xy) is a Cauchy Sequence in X.

Since (X, d) is complete and (x,) is a Cauchy Sequence, then (z,) is a convergent sequence.
Hence there exists € X such that z,, — 2. Hence corresponding to e > 0, 3ny € N such that d(z,,z) <
€, VYn > ny. Since T is an isometry, we have

A(n, 7) = (T (), T(2)) = plym, £(2)) < & for n > ny.
= yp— f(x): n— .

Thus every Cauchy Sequence in y is a convergent sequence and hence (y, p) is complete.

RESULT 7 We know the real line is complete and space X = (0,1) with usual metric is not
complete. Now, the homeomorphic image of R in X. But R is complete whereas X is incomplete.
Thus homeomorphism need not presence completeness.

4 Completeness and Contraction Mapping

Strong contractions on a metric space, when iterated, tend to pull all the points of the space
together into a single point. Banach’s Theorem, also called the Banach Contraction Principle,
is that such a fixed point must exist if the space is complete and can, in that case, be computed
by iteration. This theorem is invaluable for developing algorithmic procedures and generally for
computing solutions to equations.

Definition 8 Suppose X is a non-empty set and f : X — X. A point z € X is called a fized
point for f if and only if f(z) = z. For example,

(i) Let X = R be a nonempty set and 7' : X — X be a mapping defined by T'(z) = x + a, for
some fixed number a # 0. Then the translation 7" has no fixed point.

(ii) A rotation of the plane has a single fixed point. Indeed, the centre of rotation is the only
fixed point.

(iii) The mapping T : X — X defined by T'(x) = /2. Then = = 0 is the only fixed point of 7T'.

(iv) The mapping T : X — X defined by T'(z) = 2. Then x = 0 and = = 1 are two fixed
points of T'.

(v) The mapping T : X — X defined by T'(z) = . Then T has infinitely many fixed points.
In fact, every point of X is a fixed point.

(vi) The projection (x,y) — x of R? onto the z-axis has infinitely many fixed points. In fact,
all points of the z-axis are fixed points.

(vii) Every continuous function from [0, 1] to [0, 1] has at least one fixed point, though it may
have many. At least, the following assertion is intuitively true: suppose f : [0,1] — [0, 1]
is continuous, f(0) = o € (0,1] and f(1) = 8 € [0,1). Then the graph of f joins (0, )
continuously to (1, 3) and must cross the line {z € R? : z; = x5} somewhere along the
way (Fig. 1).
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Figure 1: The graph z; = 2.

The examples show that a mapping may not have any fixed point, it may have unique fixed
point, it may have more than one or even infinitely many fixed points.

Definition 9 Let (X, d) be a complete metric space and 7' : X — X be a mapping ( or called
an operator). Then T is said to be

(i) non-expansive, if

d(T(x), T(y)) < d(z,y), Vo,y € X. (16)

(ii) contractive or weak contraction mapping or contractible or contractive or shrinking map
if

d(T(z), T(y)) < d(z,y), Yo,y e X,z #y. (17)

(iii) a contraction mapping or contraction on X if there exists a real number o with 0 < o < 1
such that

A(T(@). T(y)) < @ dle,y) < d(@,y);  Va,y€ X,z #y. (18)

The number « is usually referred as Lipschitz constant of T.

It is stressed that « in this definition (18) is independent of z,y in X. Thus in a contraction
mapping, the distance between the images of any two points is less than the distance between
the points. Hence the application of T to each of two points ‘contracts’ the distance between
them. Every contraction mapping is uniformly continuous.

THEOREM 21 (Banach fixed point theorem) Every contraction mapping on a com-
plete metric space has a unique fixed point.

Proof: Existence: Let (X,d) be a complete metric space and x,y be any two points in X.
Let T: X — X is a contraction on X, there exists a o € R with 0 < o < 1 such that

d(T(x),T(y)) <ad(ry); Ve,yeX

d(TQ(a:),TQ(y)) < d(T(m),T(y)) <a?d(z,y); Yo,y e X

d(T”(x), T”(y)) < d(TH(x),TH(y)) < o™ d(z,y); Yo,y € X. (19)
Now let 29 be any point of X and inductively construct the sequence (z,) of points in X as:

21 =T(xg), 20 =T(x1) = Tz(xo), oy T (1) = =T"(xg), - .

Dr.Prasun Kumar Nayak & Dr.Himadri Shekhar Mondol Home Study Materiel



28 Small Overview On Complete Metric Space

Clearly, (x,) is the sequence of images of xp under repeated application of T'. We claim that (z,,)
is a Cauchy sequence. For, let m,n be any positive integers such that m > n. Write m = n + p,
where p is any positive integers greater than or equal to 1. Using triangle inequality, we have

A@n ) = d(n, Tusp)
< d(wp, Tpg1) + d(@Tng1, Tage) + oo+ d(Tpgp1, Tnop)
< d(T"(mo),T”(azl)> —|—d(T"+1(a:0),T”+1(9c1)>
Foet d(T"“”l(aﬁo),T"“”l(xl)>; Eq. (19)
< a"d(zg,z1) + " d(zo, z1) + - - + TP (g, 1)
< old(wxo, x1) [1 +a+o++ ap—l} = lcinad(.%'o,ﬂfl). (20)

Since0 < a < 1, s0 hm o™ =0, it follows that d(xy,, ,,) can be made less than any pre-assigned

positive number ¢ by taklng n (and hence m) sufficiently large. Thus (z,,) is a Cauchy sequence.
But by hypothesis X is complete, so that there exists x € X such that x, — x as n — oco. It
follows that

lim T'(x,) = T(z). (21)

n—oo

Now T'(zy,) = xn+1 so that (T'(z,)) is a subsequence of (x,,) and consequently (7'(z,)) must also
converge to z, i.e., lim T'(z,) = z. Using Eq. (21), we have
n—oo

lim T(x,) =T (z) = =. (22)

n—o0

This shows that x is a fixed point.
Uniqueness : All that remain to show is that if y € X,y # z, then y cannot be a fixed point.
Suppose, if possible, y is a fixed point. Then T'(y) = y. Since, T'(x) = =, we have

d(z,y) = d(T(x),T(y)) < a d(z,y)
=  ad(r,y) >d(x,y)>0; asd(z,y)#0
= a>1
which is a contradiction. Hence T'(y) # y and the proof is complete.

(i) This theorem is often stated as ‘ T' has precisely one fixed point’.

(ii) Let T : (X, d) — itself be a contraction, and € > 0 be given. Let us take a § > 0 to satisfy
d < &g/2a. Now, if d(x,y) < 0, we have

d(T(z), T(y)) < ad(z,y) <ad <e/2<e.

Hence T is uniformly continuous over (X, d).

(iii) If the condition of completeness in Banach fixed point theorem be dropped, then 7" may
not have a fixed point. For example, let X = (0,1) and the mapping 7" : X — X defined
by T'(xz) = x/2, then T(0) = 0 ¢ X. Here X is not a complete metric space with the usual
metric and T does not have any fixed point.
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(iv)

(vii)

(viii)

Let X = {x € R: 2 > 1} be a complete metric space with usual metric of reals and the

1
functionT:X—>Xbedeﬁnedas,T(a:):g—i-—forxeX. Let x,y € X, then
T
1 vy 1)_‘1 ) — l_l‘
‘2+ 2Tyl T Y ( )
I R et | B P (LLM
B ’2(3: y) $y ‘—‘(37 v) 2 xy

2 ayl
Since x > 1 and y > 1, we have 1/zy < 1. So 1/zy lies either between 0 and 1/2 or
between 1/2 and 1 and in each of these cases
1
‘ <=
2 a:y 2
So T is a contraction and Banach contraction principle says that 7" has unique fixed point
a:glvenbyx—Q—i- or ¥ =2 or z* = /2.

T(z) =Ty =

= T(a) ~T()| < 5 o~y

If T is not contraction in Banach fixed point theorem, then it may not have a fixed point.
For example, consider the metric space X = [1,00) with the usual metric and the mapping
T:X — X given by T'(z) = = + % Now, X is a complete metric space but T is not a
contraction mapping. In fact

1
T() =T = o ~yl[1 = -] <lo—yl; VoyeX
and so T is contractive. Of course, T' does not have any fixed point.

Consider the complete metric space X = [0, 00) equipped with the metric of absolute value
and consider the mapping T : X — X given by T(z) = 1/(1 + 2?). Then

(a) the mapping T satisfies d(T'(x),T(y)) < d(x,y) and hence T is a contractive map,
while 7" is not a contraction.

(b) T has no fixed point.

The mapping T : (0, 3] — (0, 3] defined by T'(x) = 2? is a contraction, but it has no fixed
point in (0, 1].

Let X = R be the real number space and for x € R, let T : X — X be defined as
T(x)=x+ 5= tan~! z, then 7 is not a contraction mapping.

THEOREM 22 Let (X,d) be a compact metric space and 7' : X — X a contractive map
(not necessarily contraction). Then, 7' has a unique fixed point in X.

Proof: Existance : Define a mapping f : X — R by f(x) = d(x,T(x)). We first show that f
is continuous. Let € > 0 be chosen arbitrary. Then

@) = fW)] = |d@,T(@) - dy, T())|

< i@, T@) - d(T@),9)| + [d(T@).y) - dy, T(w)

( by triangle inequality )
< d(z,y) +d(T(x), T(y)) < 2d(x,y),"." T is contractive
< €, provided d(z,y) < § < e/2.
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Since f is continuous and X is compact, 3z € X such that f(z) < f(y), Vy € X, i.e., f attains
minimum at z. We, now, show that z is a fixed point of T.

Let, if possible, x be not a fixed point of T. Then Tz # z. Since f(z) < f(y), Vy € X, taking
y =T (x), we have

f(z) < f(T(x))
= d(z,T(x)) <d(T(z), T(T(x))) < d(xz,T(x)),". T is contractive and x # T'(x).

which is impossible. Hence z is a fixed point of T'.
Uniqueness : Let, if possible, z and y be two fixed points of 7" in X. Then T'(z) = x and
T(y) =y. Now,

d(z,y) = d(T(z),T(y)) < o d(z,y)
= dz,y)=0=>zx=y.

This completes the proof of this theorem.

THEOREM 23 Let (X,d) be a complete metric space and T': X — X be a mapping.
If T™ is a contraction on X for some positive integer m, then 7" has a unique fixed
point.

Proof: Let S = T™. Under the hypothesis, S is a contraction. By Banach Contraction
Theorem, the mapping S has unique fixed point, say z*. Thus

S(z*) =a* = S"(z%) = z*.

Again, in view of Banach Contraction Theorem, we have
lim S"(z*) =%, Voe X.
n—oo

In particular, taking x = T'(x), we get

= nangoS (x )ZHILH;OS (T'(z"))
= nh_{roloT(S (z*)) = nh_)rgoT(x ) =T(x").

This shows that «* is a fixed point of 7. Also, since every fixed point of T is a fixed point of
S =T™, it follows that T cannot have more than one fixed point and uniqueness follows.
Banach fixed point theorem has many applications in analysis.

(i) Suppose f : R — R is a differentiable function and there exists k € [0,1) such that
|f'(z)| < a for all x € R. Then, for each z,y € R with z < y, it follows from the Mean
Value Theorem that there exists ¢ € (z,y) with f(y) — f(z) = (y — 2) f'(c). From this we
get |f(y) — f(x)| < aly — =, so that f is a strong contraction. Then Banach’s Theorem
tells us that f has a unique fixed point.

(ii) The graph of the cosine function clearly crosses the line y = x somewhere between z = 0
and z = w/2, (Fig. 2) and it does so exactly once. In other words, the cosine function
restricted to [0,7/2] has a unique fixed point. It turns out that we can apply Banach’s
Theorem to discover it despite the fact that the cosine function is not a strong contraction
on [0,7/2].
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)

Figure 2: The graph y = x and y = cos .

(iii) Let [a,b] be a closed interval, which is a complete metric space with usual metric of reals
and ¢ : [a,b] — [a,b] be a function with ¢'(x) satisfying |¢'(z)| < a <1lina <z <b. If
x1,x2 € [a,b] with x; < x9 we have by Mean-value theorem of differential calculus

9(z2) = g(z1) = (z2 — 21) ¢'(§); 71 <& <22
= |g(z2) —g(z1)| = (@2 —2)| |§() S alzs —z1]; 0<a<l

So ¢ is a contraction and Banach Contraction Principle says that there is exactly one
member z* € [a, b] satisfying g(z*) = z* or g(z*) — 2" = 0 or g(z) — 2 = 0 has exactly one
root in [a, b].

(iv) The Cantor set is an example of a fractal. On the Fig. 3 of fractal, Sierpi Lnski’s triangle,

/

Figure 3: Sierpi Lnski’s triangle.
this time in R? rather than R. The picture was obtained by iterating the function

A {(.5@1 Yo, B5as+ ) ae Aee {(1,1),(1,50), (50,50)}}

on the space of non-empty closed bounded subsets of R? starting at a single point.

4.1 Applications of Banach’s Fixed Point Theorem
Banach’s fixed point theorem has wide and important applications in diversified fields of study.

(i) The most interesting applications of fixed point theorem arise when the underlying metric
space is a function space. Here we discuss the existence and uniqueness of the Volterra
and Fredehelom integral equations.

(ii) We give an application of Banach fixed point theorem to prove a theorem of Picard on the
existence and uniqueness of solutions of a certain class of first order ordinary differential
equations.

THEOREM 24 Let ¢ be a function in C[a, b], and K be a continuous real-valued mapping
defined on the square [a,b] x [a,b] with subspace metric of R2. Then there exists a
real number A\ such that the Volterra equation

f(@) = () + A [ K(w) J(0) dys for all 2 € [a, ) (23)

has a unique solution in Cla, b].
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Proof: Let K be a continuous function on [a, b] X [a,b] and let ¢ be a continuous function on
[a,b]. For each parameter A € R, consider the Volterra equation (23). Let X = Cla,b] be the
set of all continuous real-valued functions defined on [a, b] with the uniform metric. Since K is
continuous, 3 a constant M > 0 such that

|K (z,y)] < M; for all z,y € [a, b].
Define the transformation 7' : f — T'(f) on X by
T(f(@)) = 6(0) 4 | K(wy) £0) dy. (24)
For all f,g € X, we have

() - Tl = | [ K 176) - )] ]
N M@ a) d(£.9); Vo < [o.b]

IN

Since T2(f) — T?(g) = T(T(f) — T(g)), we have
12(¢@) = Tg)] = 3 [ Klw) [T00) = Tlow)] b

< w/ “ K ()| 1A My — a)d(f. ) dy

IA

IA2K? /z(y — a)dy d(f,g)

IS N2
< PR =041 ).

Continuing this iterative process, we obtain

(@) - T (gl < M= 45 ) v € fa ]

[AM (b — a)]"
n!

T"(f) = T"(9)| < d(f,9)

7,.,TL
Recalling that - = 0 as n — oo for any r € R, we conclude that there exists n such that T™ is
n!

a contraction mapping. Taking n sufficiently large to have W < 1. Hence there exists

an unique solution f € X satisfying T'(f) = f. Obviously, if T'(f) = f, then f solves Eq.(23).
THEOREM 25 (Picard’s theorem) Let D be a nonempty open subset of the Euclidean
plane R?, f : D — R, —f be continuous maps which satisfy the Lipschitz condition in

Jy

the second variable

|f(z,y1) = flzoy2)| < oy — 2, (25)
for all (z,y1), (z,y2) € D and for some a > 0, and let (x¢,y9) € D. Then the differential
equation

dy
W _ b 26
W _ fla.y) (26)

has an unique solution y = g(z) which passes through the point (zg,yo).
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Proof: Since f(z,y) and of are continuous in D and D is a compact subset of R?; f(z,y) and

Ay
a‘; are bounded, and so there exists real numbers M and N such that
of
7z y)] < M and [2| < N7 ¥(z,y) €D, (27)

Now, if (z,y1) and (z,y2) be any points in D, then by Lagrange’s mean value theorem of calculus

of
7 ) = T 9)| = iy =l |Gy + (= p)f); 0<0 <1,
= ’f(mvyl)—f(an)‘ < ’yl_yQ"N; (xayl)a(x7y2> eD. (28)
Now, if y = g(z) is the solution of the differential equation (26), then
g'(t) = f(t.9(t)); and g(z0) = yo. (29)

Then integrating Eq.(29) yields
o(a) — g(a0) = | " it o(t) di
= gla) = glao) + | " it (1)) dt. (30)

Conversely, if y = g(x) satisfies Eq. (30), then it follows that g(xo) = yo. Thus y = g(z)
such that yp = g(xo) is a solution of Eq. (26) if and only if it satisfies the integral equation, Eq.
(30). Therefore, it is sufficient to prove that Eq. (30) has a unique solution. Choose a positive
constant ¢ such that Nd < 1 and the closed rectangle

D = {(%y) €R?: |z — x| < and |y — yol gMd} cD.

Let X be the set of all real-valued functions y = g(x) which is defined and continuous in
|x — x| < 6, such that

d(g(x),yo) = |g(x) — yo| < M.

Let set X is a closed subspace of the complete metric space of continuous functions Clxg—d, xo+J]
with the sup metric d. Let ¢ in Clzg — §, 29 + d] be a limit point of X, then 3 a sequence (gy,)
in X which converges in C[zg — d, ¢ + 0] to ¢. So corresponding to a real number € > 0,3k € N
such that

d(gn, V) = |gn(z) —Y(z)| <e; VYn >k and = € [xg — J, 20 + 4]
Using Triangle inequality, we get
() = ol < [d(x) = gn(@)| + |gn(2) — yo| <+ M.
Since € > 0 is arbitrary, we have

|Y(z) —yo| < Mo; V€ xg— 6,20+ 0]
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Thus ¢ € X and 9 is a closed set. Thus X is complete. Consider a mapping T': X — X defined
by

o
T(g) = hi where h() =0+ [ Flt.g(0) dt.
Now h(z) is a continuous function on [xg — J, ¢ + 0] and

d(h(x), yo) = )) dt]| < Mz~ m) < M -5,

shows that h(z) € X and T is well-defined. Now
AT(6). Tle) = dlhtn) =sup| [ [£(t.906) = Ft.0n(0)]
< [ su|tt.oe) - £ (0)] e
o [ 9t~ ar(o)

< a-d(g,91)(z —wo) < add(g, g1)
< Bd(g.g1); 0<f=ad <.

AN

- d(T(9),T(g1))

Thus is contraction mapping on X into itself. Thus by Banach contraction theorem, the con-
traction mapping 7" has a unique fixed point g € X, i.e., T'(g) = g. This means that there is a
unique solution g € X as given in Eq. (30).

THEOREM 26 (Implicit Function) Let D be an open set in R? containing a point
(z0,40) and f: D — R be a mapping such that

(i) f(z,y) is continuous in D,

(ii) or and or are both continuous in D, and

ox oy

of

(iii) f(zo,y0) =0 and 8y

£ 0.

(z0,y0)

Then 3 a rectangle R = {(a:,y) s — ol < hyly —wo| < k} C D and a function
g:lxo—h,x0+ h] — [yo — k,yo + k] such that

(i) f(z,g9(x)) =0; Vz € [zg— h,zo+ h], and

R, : . / afry /(of
(ii) g is differentiable in [xo — h,z¢ + h| and ¢'(x) = <8m>/<8y>

(w9(x)

Proof: Let a—f

) 5
0z / (x0,y0)

) = ¢. Define a mapping F': D — R by
0y / (x0,0)

= p and

Fz,y)=y— ;f@c, y); Y(z.y) € D.
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oF
= 0. Since — is continuous in

F
Then F'(x,y) is continuous in D; F(xg, = yo and )
(z,y) (z0,%0) = Yo 95 ) o) 9y

D, Jh,k € R such that
1
0 <3 V(z,y) € R.
Since F'(z,y) is continuous and F(xq,yo) = yo, we can take smaller h if necessary such that
1
F(z,y0) — yo| < ok Vr € [zo — h,xo + hl.
Now, let X be the set of all continuous real valued functions
g [xo —hyzo +h] — [yo — k,yo + k]; with g(zo) = yo.
X is obviously non-empty. Let d: X x X — R be a mapping defined by
(g1, 92) = sup {|g1() = ga(w)| : Var € [ — o + 1] |
then (X, d) is a complete metric space. Now, we define a mapping 7' : X — X by
T(g) =, where Y(x) = f(z,g(x)); Ve € [so — b0+ h]}.

Then ¢ is continuous in [xo—h, zo+h], ¢(x0) = f(x0, 9(x0)) = yo and using Lagrange mean-value
theorem

[Y(x) —wol = [f(x,9(2)) — yol

< |f(z,g9(x)) = f(z,y0)| + | f(z,50) — ol
of 1
< By (M)\g(x) —yo| + §k’

for some ¢ between g(x) and yo. Therefore |h(x) — yo| < k. Thus T is induced a mapping from
X to itself. Also,

[1(2) = Yol@)| = |F(@,01(2)) = f(z, 92(2))
1
=L — < Z — .
5y 915) = 920 < 3lo1(@) = 92(2)]
This shows that T is a contraction marring. Therefore, T has a unique fixed point ¢ in X so
that T'(g) = g, that is, g(x) = F(x,g(z)). Thus f(x,g(z)) =0; Va € [x9g — h,zo + h].

Now it remains to prove that g is differentiable. Let x and x + Az be any two points in
[0 — h,zo + h]. Then f(z,g(x)) =0= f(z + Az, g(x + Ax)), and

= flz+ Az, gz + Ax)) — f(z+ Az, g(x)) + f(z + Az, g(x)) — f(z,g(x))
_ 9 l9(z + Az) — (x)]—i—%‘ Az
0y l(z+Lw.¢") g g 0z 1(n g())

for some ¢’ between g(z + Az) and g(z), and 7’ between = and x + Ax. Therefore,

(z + Az) — g(2) of of
Al Axx du :_<%)( 79(37))/(@)(#&,5')

oy o 9@+ Ax) —g(x)  Of jOf
g(z) = lim Az T oz 8y><m,g<w>)'
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ExXAMPLE 18 Let X = R” being the set of n-rowed column vectors of real numbers,
is a metric space with the metric d(z,y) = max |z; — y;|. Find the condition for the
i<n

system of equations

ail ai2 e A1n
a1 a2 e A2n

y = Az +b; where, A = . . . (31)
Gnl an2 te Gnn

and z = (z1 22---x,)7; b= (b1 by---b,)T to have precisely one solution.

Proof: Let us consider the space R", with the metric is given by du(z,y) = max |zi — vil.
<i<n

On R™, let us define T': R® — R"™ given by y = T(2) = Az + b. Let u = (ug uz---u,)’ and
v =(vy va---v,)T be any two elements of X. Then

doo(T(u), T(v)) = max

1<i<n

aij(ui — vj)‘

< max |u; —v;| max

s
1<i<n 1<i<n | 9

< dy(u,v) a; a= max

ax |ai;
1<i<n

Assume that o = max
1<i<n

Theorem, there is a unique fixed point x € X of T. Then the system of linear equations
x = Az + b and the system of linear equations (31) has an unique solution z.
Consider the following system of n linear equations with n unknowns:

a;;| <1, then T is a contraction mapping, and so Banach Contraction

a1121 + a2 + - - + anTy = by
a91x1 + agos + -+ - + a2y = by

(32)

Ap1T1 + Ap2T2 + -+ AppTp = by

Taking, * = (v1 22+ 2,)T and b = (b by---b,)T, then in matrix notation, Eq.(32) can be
written as Az = b, where A is given in Eq. (31). This system (32) can be written as

z1 = (1 —an)r1 —ajpxe — -+ — aip®y + by
o = —ag1x1 + (1 — ag)ra — -+ — agnTy + b2

) ) ) (33)
Tpn = —Ap1T1 — Ap2T2 — * - (1 - ann)xn + bn

5 Incomplete Metric Space

A metric space (X,d) is called incomplete if it is not complete. If (X,d) is an incomplete
metric space, then we say that d is an incomplete metric on X. To justify the motivation and
meaningfulness of the above definition, we must cite examples of incomplete metric spaces:
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(i) Let the P[a,b] be the set of all polynomials defined on [a,b] ( a subspace of the metric
space Cla, b]) with the uniform metric do, defined in it as

doo(f,9) = max |f(t) —g(t)|; f,g € Pla,b].

t€la,b]
Let us take a = 0 and b = 1. Consider the following sequence

t 2 n

fn<t>:§nj(2)'“:1+++...+t

;i 1].
ot vt €[0,1]

Clearly, f,(t) € P[0,1] for each n € N. Taking m < n and observe that

oo(fnyfm) = max |fn() fm(t)|

te[0,1]

n

GRS N OREFID WO

k=0 k=0
n
1\ 1
< A .
nmx'%;(Q)‘ on

This difference is arbitrarily small for large enough m and n, which implies that (f,) is
a Cauchy sequence in P[0, 1]. However, this sequence does not converge in (P[0, 1], d),
because

2

n—oo

is not a polynomial. Thus (P[0, 1], d) is not complete. Also, in view of the Weierstrass
polynomial approximation theorem, the uniform limit of a sequence of polynomials need
not be a polynomial and so (Pla, b], d~) is not a complete metric space.

(ii) Consider the sequence (x,) of rational numbers in the usual metric space Q,, as follows
r1 = 1.7,20=173, 23 =1.732, 24 = 1.73205- - -

The sequence (z,,) converges to v/3. Hence the sequence (z,) is a Cauchy sequence.
However, it does not converge to any point of Q, so QQ is not complete.

(iii) Consider the space X = (0, 1], with the metric

1(z,y) /!w ()] dt; =,y € [0,1]

then we know (X, d;) is a metric space. Consider (x,) in X, where

0; o0<t<i-1
1 . 1 1 1
1; Let<t

which can be represented graphically as in Fig. 4. Now we are to show that (z,) is a
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T (t)

1/2 1%

N[ =
S|

Figure 4: Graph of x,(t)

Cauchys sequence.

1
dy (T, Tn) = /Oyg;m(t)—a:n(mdt

1/2 1,1 1
/ em(t) di +/ n(t) dt = f(— + —)
1/2—1/m 1/2—1/n 2\m n

< &g;Vm,n > ng, where ng = [2/e]+1 € N.

IA

This shows that (z,,) is a Cauchy sequence. Geometrically, the measure d; (%, x,) repre-

xn(t)

Figure 5:

sents the area of the triangle as shown in the Fig. 5. Suppose that there is a function z(t)
such that di(x,,z) — 0. But

1/2—1/n 1/2 1
dy(zp,x) = / |z (t)|dt —I—/ |z (t) — x(t)|dt +/ |1 — z(t)|dt. (34)
0 1/2—1/n 1/2

Since the integrands are non-negative, so is the each integral on the right hand side of Eq.
(34). Since dy(zy,z) — 0 as n — oo, we have

1/2—1/n 1
lim o(t)|dt = 0 and / 11— 2(8)|dt = 0. (35)
Since f is continuous, we have
Rk ifo<t<1/2
z(t) = { 1, if1/2<t<1 (36)

Therefore, = is not continuous which contradicts to our supposition that x is a continuous
function. Hence C|0, 1] is not complete.
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(iv) Consider the space of all natural numbers N with the metric d(z,y) = ’f - =

L1\ for all

Ty
z,y € N. Let (n),>1 be a sequence in N. Let ¢ > 0 and ng be the least integer greater
than 1/e. If m,n > ng, then

1 1 11 1
d(m,n) = )———‘ gmax{—,—} < —<e.
m n m’'n no

Thus, the sequence (n),>1 is Cauchy. Suppose contrary that the sequence (n),>1 converges
to some point p € N. Let n; be any integer greater than 2p. Then n > n; implies that

1 1 1 1.1 1 1 1 1
> > =S
p nl p n~—p ny p 2p 2p

This shows that the sequence (n),>1 cannot converge to p, a contradiction to our suppo-
sition. Hence (N, d) is not a complete metric space.

EXAMPLE 19 Let X =R and d: X x X — R be defined by

|z —y
VIt a? /142

, for all z,y € X.

d(m,y) =

Show that (X,d) is a metric space but not complete.

Solution:

(i) By the definition of absolute value of a real number, it follows that

|z =y
d(z,y) = > 0; Vz,y € R.
(@) V1422 \/1+ 2 ’

Thus d is non-negative.

(ii) Now d(z,y) = 0= |r —y| = 0. A necessary and sufficient condition for |z — y| = 0 is that

x =y. Thus
d(z,y) =0z =y; Vz,y € R.
(iii) Since |p| = | — p|, it follows that
x—y —(y—=
oy - —lzmil _ 1=-o)
VitaZ J1+y2  V1i+22/1+92
ly — x|

- \/1+$2 \/1—|—y2:d(y’x); anyGR.

Thus d is symmetric.

(iv) Finally, Vz,y,z € R, we have

oy = =il =2+
’ VI+a2 1+y2  V1I+a2 /142
|z — 2| 12—yl

IN

VI+a2 V1i+22 V1422 /1+y2
=d(z,z) +d(z,y).

So, d satisfies the triangle inequality.
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Combining the above conditions, (R,d) is a metric space. Consider the sequence (n)p>1 of
natural numbers. Observe that

|n —m)| 11

— n m
2 2
\/1+n \/1+m \/14_71172\/1_’_#

1 1 1 1
< ‘———’S——k——ﬂ)asn,m—)oo.
n m m n

d(n,m) =

Thus (n),>1 is a Cauchy sequence in (X, d). Suppose contrary that the sequence (n),>; con-
verges to some point p € R. Then

d(n p) — \n—p| B |1_£|
VI+n2 /14p? \/1+# V1+p2
1
— ————= #0asn — oc.

V14 p?

This shows that the sequence (n),>1 does not converge to p € R, a contradiction. Hence (X, d)
is not a complete metric space.

6 Separable Metric Space

It is well known that the rational numbers or irrational numbers are densely packed along the
real line. This phenomenon can be characterized interms of distance by saying that every point
of R is zero distance from the set of rational numbers Q or from the set of irrational numbers
R/Q. The concept of closure embled us to write this density property by the formula Q = R or
R]Q = R. In this section, we extend the idea of density to an arbitrary metric space.

Definition 10 A metric space (X, d) is said to be separable if there exists a countable, every-
where dense set in X. Thus, 3 a subset A of X such that

1. A is countable.
2. A=X.

In other words, X is said to be separable if there exists in X a sequence (1,2, ) such that
for every x € X, some sequence in the range of (x1,x9, ) converges to x.

If the space is not separable, it is called inseparable. For example

(i) The real line usual metric space R, is a separable metric space as Q C R is a countable
dense subset of R. The set of rationals Q is a dense subset of R (usual metric) and so is
the set of irrationals. Note that the former is countable whereas the latter is not.

(ii) A finite metric space is separable. Any countable metric space is separable.

(iii) The usual metric space C is separable, since the set A = {a +ib € C: a,b € Q} is dense
in C.

(iv) The Euclidean space R™ is separable since the set Q" = Q x Q x - -- x Q is countable and
dense in R"”.
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(v)

(vi)

(vii)

(viii)

The metric space Cla, b] is separable since the set P|a, b] of all polynomials defined on [a, b]
with rational coefficients is countable and dense in Cla, b].

Let (X,d) be a discrete metric space. Since every subset is closed, the only dense subset
is X itself, so, X is countable and as such the space is separable.

Let X be the uncountable set and d be the discrete metric on X then (X, d) is not separable
as no proper subset of X in the discrete metric space (X, d) can be dense subset of X.

Consider the set A of elements x = {x1, 29, -} of X for which each z; is either 0 or 1.
Let E be any countable subset of A, then the elements of F¥ can be arranged in a sequence
1,59, -- . We construct a sequence s as follows: If the m!" element of s,, is 1, then the
m*" element of s is 0, and vice versa. Then the element s of X differs from each s,, in
the mt" place and is therefore equal to none of them. So, s ¢ E although s € A. This
shows that any countable subset of A must be a proper subset of A. It follows that A is
uncountable, for if it were to be countable, then it would have to be a proper subset of
itself, which is absurd. We proceed to use the uncountability of the subset A to argue that
X must be inseparable.

The distance between two distinct elements © = {z1, 22, -+ } and y = {y1,y2,--- } of A is
d(z,y) =sup{|lz; —yi| :1=1,2,3,--- } = 1.

Suppose, if possible, that Eg is a countable, everywhere dense subset of X. Consider the
balls of radii 1/3 whose centres are the points of Fy. Their union is the entire space X,
because Ej is everywhere dense, and in particular contains A. Since the balls are countable
in number while A is not, in at least one ball there must be two distinct elements xz and
y of A. Let xy denote the centre of such a ball. Then

1 1
1= d($7y) < d(l’,.ﬁU()) +d($0,y) < § + g < 17

which is, however, impossible. Consequently, (X, d) cannot be separable.

Consider [, space. Consider a subset A = {z = (z,) C loo : & = 0 or 1} of Io. With =
we associate a real number z* such that the binary expansion of x* is

¥ = 0.xyx9ms - -+ € [0, 1].

Since each real number in [0, 1] has a unique binary expansion, distinct real numbers in
[0, 1] give rise to distinct sequences of zeros and ones. Since [0, 1] is uncountable, the set of
sequences consisting of zeros and ones in [, is uncountable. Also, the metric of [, shows

that the distance between two distinct elements z and y of Ais d(z,y) = sup |zn—yn| =
1<n<oo

1.. If we let each of these sequences to be the centre xy of an open sphere of radius 1/3,
then

1 1
1 =d(z,y) < d(z,z0) + d(zo,y) < 3 + 3< 1
and there will be uncountable non-intersecting open spheres. If E be the dense set in [,
then it will be intersecting with each of these open spheres. Therefore, F is uncountable.
Since F is arbitrary set, lo can not be separable.
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THEOREM 27 Let (X,d) be a metric space and Y C X. If X is separable, then Y with
the induced metric is separable, too.

Proof: Let E = {z; : i = 1,2,---} be a countable dense subset of X. If E is contained
in Y, then there is nothing to prove. Otherwise, we construct a countable dense subset of
Y whose points are arbitrarily close to those of E. For n,m € N, let S, ., = S(zp,1/m)
and choose ynm € Spm NY whenever this set is nonempty. We show that the countable set
{Yn,m : n and m positive integers} of Y is dense in Y.

For this purpose, let y € Y and € > 0. Let m be so large that 1/m < ¢/2 and find z,, €
S(y,1/m). Then y € S, NY and
_|_

1 1
d(y7yn,m) < d(xa xn) + d(xnv yn,m) < E + — < =E&.

€ €
m 2 2
Thus, ynm € S(y,€). Since y € Y and € > 0 are arbitrary, the assertion is proved.
THEOREM 28 A metric space (X, d) is separable if and only if it is second countable.

Proof: Suppose (X,d) is separable. Then X has a countable dense sub-set A (say). Let
A={an:neN}, so A=X.
Let us construct B = {S 1(a;):a; € A, neN } . Here B is a countable collection of countable
set. So B is countable. We now prove that B is a base of (X, d).
Let G be any open set in (X, d) and z € G. Since G is open, x is an interior point of G. So,

3 r > 0 such that S,(x) C G. Now by Archimidian property 3 a natural number m such that

1
— < Z. Since
n 2

reEX=A S1iNA#¢

so 3 a; € A such that a; € S1 (z), ie., d(z,a;) < L. Let y € S1(a;). Then d(y,a;) < L. Now

1 1 2
d < dzya) +d(y,a) < —+ —=—
(09) < dwa)+dwa) <+ =2
< 7 ausi<I
om0 2
ie., yeSi(a;) = yeS(x).

So, S1(a;) C Sp(z) C G, e,z € Si(a;) CG. So, Bis a base of (X,d). Hence (X,d) is second
countable. "

Conversely suppose (X, d) is second countable and B = {B,, : n € N}, be a countable base of
(X,d). We take a point b, € B, for each n € N and construct A = {b, : n € N}. So, Ais a
countable sub-set of X. We shall prove that A = X.

Let z € X and r > 0. Since B is a base, 3 By € B such that, z € By C S, (x). Now

b € B, C Sy(z) and b, € A
so  bpeS(r)NA= Sp(x)NA#¢

Since 7 > 0 is arbitrary, S, () N A # ¢ for each r > 0 = x € A. So x C A consequently A = X.
Hence (X, d) is separable.
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ExXAMPLE 20 Prove that the space [,, 1 < p < oo is separable.

Solution: Let [,(p > 1) consists of all those sequences z = (z,,) of real or complex numbers,

o0
such that > |z,|P is convergent. We define a function d : [, x [, — R given by
n=1

Tn — Yn ) $:<$n>7y:<yn> Elp‘

p] 1/p

d(z,y) = [i
n=1

Let us construct a set A containing those elements of [,, the first n components of which are
rational numbers and the rest are all zeros, i.e.,

A={(8i.B2-B,0.0,- )i i € Q1< i <),

Then A = (J,—; Ak, where for k € N,

Ak = {(ﬂlaﬁ?)' "Bk70705" ))/BZ S Q)l S 1 S k;}
Each Ay is countable. For (81, 82, 8n) € Q", the mapping

(ﬁl?ﬂ%"'ﬁn) — (ﬁl)ﬁ?a"'/ﬁnaovov"')

is a one-to-one correspondence between Q™ and A,, and Q" is a countable set. Thus, A, being
a countable union of countable sets, is a countable set.

Now, we show that A is dense in l,. Let z = (a;) be an arbitrary element of /,. Then
Yooy ‘an}p is convergent, and so corresponding to an € > 0, 3m € N, such that

eP
‘ Z o] < o
=m-+1
Since Q is dense in R, for each real number «;(i = 1,2, -- ,m) 3 a natural number £3; such that

fi P
|oz- - ﬁ“p <Z.
izl (2 7 2

Let y = {p1, B2, 5n,0,0,---} then y € A. Now
d(z,y) = {Z!ai—ﬁi‘p}
i=1
= {Z!ai—ﬁi‘p+ > ‘ai}p}

i=1 i=m+1
P P

< —4+ —==¢

3=

2
So, y € Sc(x). Since € > 0 is arbitrary, S.(z) N A # ¢ for each € > 0.
s.x €A SolP C A= A=][P. Hence [P is separable.

EXAMPLE 21 Let (X,d) be a metric space and Y be a subset of X. If Y is separable
and Y = X, then prove that X is separable.
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Solution: Let A be a countable dense subset of Y. Let x € X and € > 0 be given arbitrary.
Since Y = X, there exists y € Y such that d(z,y) < €/2. Also, since A is dense in Y, there
exists z € A such that d(y, z) < £/2. By the triangle inequality, we have

dla,2) < d(a,y) +d(y,2) < 5 +5 =<

It follows that A is dense in X and hence X is separable.
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