Metric Spaces Lecture 3

Examples of metric spaces

(1) Let S=C"={(r1,22,...,2,) | & € C}, and let p > 1. For z = (x1,z2,...,2y)
and y = (y1,Y2,...,Yn) in C" define

" 1/p
dy(x,y) = (O ox — yk|p) :
k=1

Then d, is a metric.

To prove this one must check the axioms. First, since |z — yx| = |yx — x| > 0, it is
obvious that dy,(x,y) = d,(y,z) > 0 for all z and y. Furthermore, since >, |xr —yx|? =0
if and only if all the terms |z, —yx|P are zero, we see that dp(z,y) = 0 if and only if z = y.
To verify the remaining axiom we use Minkowski’s Inequality.

Let x, y, z € C", and define ar = yx — xx and by = x — 2, where xi, yi and 2 are
the k-th coordinates of x, y and z respectively. Then aj + by = yr — 2k, and so

4p(w.2) = (Y low )
k=1

S( ‘ak‘p>1/p+ ( n ‘bk’p>1/p
k=1
d

as required.

Note that we could have used R™ rather than C", and everything would have worked
in the same way.

Two particular cases should be singled out. If p = 2 we get the usual Euclidean
metric,

d(@,y) = Vl]z1 — 2 + w2 — 922+ -+ |70 — yn|?

If p=1 we get
d(z,y) = [v1 —y1| + 22 — y2| + -+ - + |20 — Ynl,

which is the distance from x to y if you can only move parallel to the coordinate axes.

(2) Let S be any set. For z, y € S, define
_JO ifx=y
d(z,y) = { 1 ifx#y.
This is easily shown to be a metric; it is known as the standard discrete metric on S.

(3) Let d be the Euclidean metric on R?, and for z, y € R? define

d(z,y) = d(z,y) if x = sy or y = sz for some s € R
Y= d(z,0)+d(0,y) otherwise.

This says that d; (x,y) is the distance from z to y if you can only travel along rays through
the origin. Then d; is a metric.
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(4) Let S =C" and d,, as in the first example above. We considered the case p = 1; so
it is natural to ask about the case ¢ = 1, where p and ¢ are related as in our discussion
of Holder’s Inequality. The relationship is 1/p+ 1/g = 1, and if ¢ = 1 this gives 1/p = 0,
which is nonsense of course. However, since 1/p — 0 as p — oo, perhaps it makes sense
to define

doo (x7 y) = pll)H;o dp<w7 y)

and perhaps d., will be a metric.
Let z = (x1,22,...,%n), y = (Y1,Y2, - - -, Yn) € C,, and define

s = max{ 21 — yl, |72 — v, -, [ — yal }.
Then for all p > 1,
sP <oy — P+ |re — 2P 4+ -+ |zn — ynl? < ns?,
and so taking p-th roots we obtain
s < (lvr =y’ + 2o — gol” + - + |20 — yal )P < /s,

That is, s < d,(z,y) < n'/Ps, for all p > 1. But lim,_ . n'/? = 1; so by the squeeze law
we deduce that lim, o dp(z,y) = s.

Anyway, it is easy to check directly that d, defined by do(z,y) = max; |z; — y;| is
a metric on C”.

More background

Recall that a subset X of R is said to be bounded above if there exists a B € R such
that x < B for all z € X. It is an axiom of the real number system that every subset X
of R which is bounded above has a least upper bound, or supremum, sup X. Thus if X is
bounded above the supremum of X has the following two properties:

(i) for all z € X, z < sup X;
(ii) if B € R satisfied x < B for all z € X then sup X < B.

More examples

Let p > 1, and define ¢ to be the set of all infinite sequences (x)32; in R such that
S ore i |zk|P converges. If a = (ay)32,; and b = (by)32, are any elements of /7, then for
each positive integer n Minkowski’s Inequality gives

i 1/p " 1/p ~ 1/p
(Y lae—=bu?) < (M laul) "+ (Y Ibelr) T < AV Y
k=1 k=1 k=1

where A = 377 | |ax|P and B = > 77 | |bg[P. Thus S__, |ax — by|P < (AYP + BYP)P for
all n, and so the series Y 7- | |ay — bg|P is convergent. Defining

d(a,b) = (3 lay. — b ?) s
k=1
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makes ¢P into a metric space. The only nontrivial thing to prove is the triangle inequality,
and this is quite easy also: if (x), (yx), (zk) € ¢P then by Minkowski’s Inequality

() (- at)” s (Sl ar)
k=1 P
< (f: o)+ (Sl )
k=1
=d(z,y) + d(z, 2)

for all n, and taking the limit as n — oo gives d(y, z) < d(z,y) + d(z, z).

Let [a, 8] be any finite closed interval in R, and C|o, 5] the set of all continuous
real-valued functions on [a, §]. Let p > 1, and for f, g € C[a, 8] define

d(f.g) = dy(f. ) / f() — g dz) .

With this definition of distance, C|a, 3] becomes a metric space.
Again, the proof of the triangle inequality uses Minkowski’s Inequality. By the defi-
nition of the Riemann integral, if ¢ is any element of Cl«, 5] then

/a " @) do = 1m. imo/n
where z; = a+ (i(f — «)/n). Hence
i (S wtem) = ([ owyn)”

Now let f, g, h be arbitrary elements of C|a, (], and let n € Z*. By Minkowski’s identity
applied with a; = (g(x;) — f(z;))/n'/? and b; = (f(x;) — h(x;))/nt/P,

(Z o) — (el /n) " (Z o) — Fla/n) (Z Fla) — b /n)

Taking limits as n — oo, we deduce that
(o)~ e ) " = 1 (Z o)~ (el fn) "
< lim (Z|f<xi>—g<xi>rp/n) + Jim (Z|f v~ hap/n) "
= ([ 1) —gwwas) "+ ([ 150 -y a) "
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so that d(g,h) < d(f,g) + d(f,h), as required.

The metric d in this example is called the LP metric on C[a, 5]. In both this example
and the previous one we can “put p = oc0”, obtaining a metric on the set of bounded
infinite sequences given by

deo(a,b) = SI;p |ar — bl

and a metric on C[a, (] given by

do(f,9) = sup [f(z) —g(z)|.
z€lo,f]
It is easy to check by direct verification of the axioms that these are metrics.
The following proof was not done in lectures, and is added here just for interest’s
sake. We show that lim d,(f,g) = doo(f,g) for all f, g € C[e, 8], provided that a < .
p—00

Let f, g € Cla, 8] and let
S=dx(f,9)= sup [f(z)—g(2)].

z€la,f]

Let € > 0 be arbitrary. There exists zo € [a, 3] such that |f(zg) — g(20)] > S — 5, and
by continuity of |f(x) — g(x)| it follows that |f(z) — g(z)| > S — § for all x close enough
to xg. That is, there exist x1, zo with a < 21 < w3 < 3 such that |f(z) — g(x)| > 5 — 5

for all x € [x1,x2]. Define ¢(z) on [a, 5] by

_JS8—5 ifxe|r, ]
() = {O otherwise,

and observe that ¢(x) < |f(x) — g(x)| < S for all z € [a, 5]. A typical example of this
situation is illustrated in the diagram below, in which the graphs of ¢(x), |f(x) — g(x)|
and the constant function S on the interval [«, 3] are shown.

Y

S e
S —gf2 [ A\

[0 r1 T2 ﬁ x

For all p > 1 we have ¢(2)? < |f(z) — g(x)|P < SP for all & € [, F], and so
(@ —a)S-5r= [ oty do
< / Ci@) — gl de
< /ﬁS”dm: (8 — a)SP.
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Taking p-th roots gives

(@2 =) s-5)< ([ @) - gt o) " < (8- s

and since the limit as p — oo of the pth root of any positive number is 1, the left hand
side approaches S — 5 and the right hand side approaches S as p — co. So there exists
P € R such that (zo — 21)Y/P(S —£) > S —¢c and (8 — a)/PS < S+¢ for all p > P.
Hence for all p > P,

S—e< (/aﬁ|f(:c)—g(x)\pdx>l/p<S—|—€7

1/p
and since € was arbitrary, this shows that lim ( J f |f(z)—g(x)P d:v) =S, as claimed.
p—00

Let (X, d) be any metric space and let Y be an arbitrary subset of X. We can define
a distance function dy:Y x Y — R by

dy (a,b) = d(a,b) foralla, beY.

In other words, dy is the restriction to Y x Y of the distance function d: X x X — R. It is
clear that dy satisfies the distance function axioms, since d does; thus (Y, dy ) is a metric
space. We say that (Y, dy) is a subspace of (X, d), and dy is called the metric induced on
Y by the metric d on X.

Topology

Let (X, d) be a metric space. Recall that if A C X then a point a € A is called an
interior point of A if there exists € > 0 such that B(a,e) C A. The set of all interior
points of A is Int(A), the interior of A. It is clear that Int(A) C A for all subsets A of X.

Lemma. Let A be an arbitrary subset of the metric space X. Then Int(Int(A)) = Int(A).

Proof. The inclusion Int(Int(A4)) C Int(A) is immediate from the comment preceding
the statement of the lemma; so we just have to prove the reverse inclusion.

Let a € Int(A) be arbitrary. Choose ¢ > 0 such that B(a,e) C A. We shall show that
in fact B(a,e) C Int(A). For, suppose that b € B(a,¢). Since B(a,¢) is open, there exists
d > 0 such that B(b,0) C B(a,e). Thus B(b,0) C A, which shows that b € Int(A). As
this holds for all b € B(a,¢), we have shown that B(a, ) C Int(A), as claimed. However,
this statement says that a is an interior point of Int(A), and since a was originally chosen
as an arbitrary point of Int(A), we have shown that all points of Int(A) are interior points,
as required. O



	Examples of metric spaces
	More background
	More examples
	Topology

