SOLVKORN 13
Cauchy completions

Rasmus Sylvester Bryder

Searching for notes on how to complete inner product spaces, I came up short. Hence this li’l nugget.

1 Metric spaces

First a relevant definition.

Definition 1. Let M be a non-empty set. A pseudometric on M is a function d : M x M — R such
that

1. d(z,y) >0 and d(z,z) =0,
2. d(z,y) = d(y,x) and
9. d(z,y) <d(z,2) +d(z,y)

forall x,y,z € M. If d is a pseudometric on M, then (M,d) is called a pseudometric space.

Of course metrics are pseudometrics. The only thing that pseudometrics cannot guarantee is that
x =y whenever d(z,y) = 0 for z,y € M, and in some cases we might want a pseudometric space to
allow a construction of a metric space from what is given. In fact this is always allowed. Here is how
we overcome the problem.

Lemma 2. The relation on a pseudometric space (M,d) defined by © ~ y iff d(z,y) = 0 is an
equivalence relation.

Proof. Clearly, © ~ x from the definition. If = ~ y, then d(y,x) = d(x,y) = 0 so y ~ x. Finally, if
x~yandy ~ z, then 0 < d(x, 2) < d(z,y) +d(y,z) =0, so d(z,z) =0 and = ~ z. O

Definition 3. The relation on the pseudometric space (M,d) as defined in Lemma 2 is called the
metric identification.

Here comes the construction. If (M,d) is a pseudometric space, then define M. to be the set
of equivalence classes under the metric identification and define a map d. : M. x M. — R by
d([z], [y]) = d(z,y) for x,y € M.

Theorem 4. d.. is well-defined and a metric on M., making (M.,d.) a metric space.

Proof. Assume that z ~ z’ and y ~ y'. Then since ' ~ x and 3’ ~ y, we obtain
d(z,y) < d(z,2') +d(2,y) +d(y',y) = d(z',y")
and
d(z',y") < d(2,z) +d(z,y) +d(y,y') = d(z,y),
so that d(z,y) = d(z’,y’); hence d.. is well-defined. For z,y,z € M, note that
1 do([a], [y]) = d(x,y) < d(z, 2) + d(z,y) = d([z], [2]) + d~([2]; [4]),

y
2. d([], [y]) = d(z,y) = d(y,z) = d-([y], [z]) and
3. d([z], [y]) = d(z,y) > 0.

Finally, assume that d~([z], [y]) = 0. Then d(z,y) = 0 so  ~ y and [z] = [y]. Since M is non-empty,
M., is non-empty, so d. is a metric on M. O

vl
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This construction proves quite helpful in cases when we do not immediately have a metric space at
hand.

In the following, let (M, d) be a metric space with metric d and let Fo (M) denote the set of Cauchy
sequences in M. The title of this note may lead one into thinking that it can make (M, d) complete,
but to do so, it needs to be a metric space itself. To be on the safe side, we will define a pseudometric

on Fo(M). Here we essentially just take the most obvious construction we can think of and prove
that it works. Define a function D : Fo(M) X Fo(M) — R by

D(z,y) = nlgrolo d(Zn,Yn)

for Cauchy sequences © = (2,)22 1, y = (yn)22, with x,,y, € M for all n € N. Jackpot!
Theorem 5. D is a pseudometric on Fo(M).

Proof. First and foremost, D is well-defined. Indeed, let x = (z,,), v = (yn) € Fo(M) and € > 0.
We claim that the sequence (d(z,,yn)) in R (equipped with the usual metric) is Cauchy. Indeed,
there exists N € N such that d(z,, zm) < £/2 0g d(Yn, ym) < /2 for m,n > N, z and y being Cauchy
sequences (we pick one for each sequence and let our N be the largest of the two). Then for m,n > N
we have

d(xma ym) - d(xn, yn) S d(l’m, xn) =+ d(xna ym) - d(mna yn)
< d(@m, ) + d(Yn, ym) < 242 = ¢,
since
d(Zn, Ym) < d(@n, Yn) + d(Yn, Ym)-
Similarly,

d(l‘na yn) - d(l‘m, ym) d(xn; Z‘m) =+ d(l‘m, yn) - d(xmy ym)
d(

<
<A@, Tm) +d(ym,yn) < f2+92 = e

Hence |d(zn,yn) — d(@m,Ym)| < € for m,n > N. Since (d(xn,yn)) is Cauchy in R, it converges,
proving that D is well-defined.

It is then routine to check that D is a pseudo-metric. For Cauchy sequences x = (), y = (y,) and
z = (z,) in Fo(M) we have d(x,,y,) > 0 for all n € N; hence

Since d(zy,x,) = 0 for all n € N we also have D(z,x) = lim,,_ 0 = 0. Also, d(xn,yn) = d(Yn, Tn)
for all n € N, so
D(x7y) = h_>m d(xnvyn> = lim d(yruwn) = D(y,x).
n o0 n—oo

Finally, since d(2n, Yn) < d(Zn, 2n) + d(2n, yn) for all n € N, we have

D(z,y) = lim d(zn,yn) < lim (d(zn, 2n) + d(zn, yn))
= lim d(zpn, 2,) + lim d(z,,y,) = D(z,2)+ D(z,y).
n—oo n—oo

Since F¢ (M) is non-empty (M is non-empty so there exists a constant sequence in M which is
Cauchy), D is a pseudo-metric. O

Three things are worth noting. We cannot be sure that D is a metric; if M contains two distinct
elements a and b, then letting z,, = a and y,+1 = a for all n € N along with y; = b, then (z,) and
(yn) are Cauchy sequences and D((x,), (yn)) = 0 but (z,) # (yn)-

The proof above also does not use that d is actually a metric. Hence the construction can be used
for pseudometric spaces as well.

The proof above also uses completeness of R to conclude that the pseudometric is well-defined; this
is the only extraneous fact we are going to take for granted. Hence we cannot use this construction
to prove that the completion of Q is actually what we know as R; nonetheless, this can be proved in
a similar way using Cauchy sequences in Q. We will omit the proof for now.

Theorems 5 and 4 then yield the following corollary:
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Corollary 6. (Fco(M), D) yields a metric space (Fo(M)~, D) with Fo(M).. denoting the set of
equivalence classes under the relation x ~ y iff D(z,y) = 0 and D.([z],[y]) = D(z,y) for z,y €
Fo(M).

By now, our construction seems far away from what we started with. We shall prove that it is not
so. Not at all, in fact.

Lemma 7. Defining p : (M,d) — (Fe(M)~,D.) by p(x) = [£], & denoting the sequence in M with
x as all its terms, p is an isometry and p(M) is dense in Fo(M)~.

Proof. p is clearly an isometry; for all z,y € M, we have
Dn(p(x), p(y)) = D(#,9) = lim d(z,y) = d(z,y).

Let [z] € Fe(M)~, = (2,)52, € Fe(M). Since z is a Cauchy sequence, there exists N € N such

that d(z,,7,,) < § for m,n > N. Hence for all k > N, d(xy,zn) < §, SO

D[« p(en)) = D(w,x) = lim d(zr,an) < 5 <.

Hence [z] € p(M), p(M) is dense in Fo(M)~. O
Hence Fo(M)., contains a copy of M, and now the face of God shows itself.

Theorem 8. The metric space (Fo(M)~,D.) is complete.

Before we prove this, some preparation is in order.

Lemma 9. If a metric space (M,d) contains a dense subset A for which it holds that all Cauchy
sequences in A converge in M, then (M,d) is complete.

Proof. Let (z,) be a Cauchy sequence in M, let ¢ > 0 and for each n € N pick a,, € A such that
d(xn,an) < §. Since (z,) is a Cauchy sequence, there exists N € N such that d(z,,z,) < § for all
m,n > N. Hence

d(an,am) < d(an, xn) + d(@n, Tm) + d(@Tm, am) < g + % + % <e
for n,m > N. Hence (a,) is a Cauchy sequence in A; let x = lim, o a,. Let N’ € N such that
d(an,z) < § for all n > N’; then

d(xpn, z) < d(Tp,an) + d(ap, x) < % + % <e

for all n > N’. Hence xz,, converges to z in M, so (M,d) is complete. O
We are ready.

Proof of Theorem 8. By Lemmas 7 and 9, it suffices to prove that all Cauchy sequences in p(M)
converge in Fo(M).~.. Let ([x"]) be a Cauchy sequence in p(M), i.e. [z"] = p(x,) for some z,, € M.
Since

A(@ns o) = 1m0 d(@n,7m) = D(@n, ) = Dea(pln), plm)

k—oc0

for all n,m € N, = (x,) is a Cauchy sequence in M. Consider now [z] € Fo(M).~ and let € > 0.
Pick N € N such that d(zy,z,,) < § for n,m > N; then

k—oc0

D" o)) = D(&F. ) = lim d(ws,21) < 5 <
for all n > N, so [z"] converges to [z] in Fo(M)~. Hence (Fo(M)~.,D.) is a complete metric
space. O

Hence we can embed any metric space (M, d) isometrically in a complete metric space (M’',d’) such
that the original metric space has dense image. This procedure has a name:
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Definition 10. Let (M,d) be a metric space. If there is a complete metric space (M',d') and an
isometry p' : (M,d) — (M’,d") satisfying p/(M) = M’, then the triple (M',d’,p') is called a Cauchy
completion of (M, d).

Hence we obtain the following corollary from Lemma 7 and Theorem 8:
Corollary 11. Any metric space has a Cauchy completion.

Now, one may naturally ask whether it is possible for a metric space (M, d) with one Cauchy com-
pletion (M’,d") to find another Cauchy completion of (M, d) that is distinguishable from (M’,d’) as
a metric space; for instance, it might happen that one completion might be a “larger” metric space
than another completion. In fact, the answer is no, as the following theorem states.

Theorem 12. Let (M,d) be a metric space, and let (M',d’,p’) be a Cauchy completion of (M,d).
If (M",d",p") is another Cauchy completion of (M,d), then there exists a bijective isometry T :
(M',d")y — (M",d") such that 7o p’ = p".

Using the theorem, the bijection and isometry 7 tells us that (M’,d’) and (M",d") are essentially
the same metric space. The question is, how do we prove this? The answer comes in the following
seemingly extraneous theorem.

Theorem 13. Let (M,d) be a metric space and let A C M. Furthermore, let (M’ ,d') be a complete
metric space. If f : (A,d) — (M',d') is a uniformly continuous map, then f extends uniquely to a
uniformly continuous map f: (A,d) — (M',d’).

Recall that a map of metric spaces f : (M,d) — (M',d’) is uniformly continuous if there for all € > 0
exists a § > 0 such that d(z,y) < ¢ implies d'(f(z), f(y)) < € for all z,y € M. Uniformly continuous
maps are of course continuous; it is clear from well-known counter-examples that the converse does
not hold. Clearly, all isometries of metric spaces are uniformly continuous.

Before we prove Theorem 13, two lemmas are in order.

Lemma 14. Let (M,d) and (M’,d') be metric spaces and let f : (M,d) — (M’,d") be uniformly
continuous. If (x,,) is a Cauchy sequence of M, then (f(xy)) is a Cauchy sequence in M’.

Proof. Let ¢ > 0. By uniform continuity of f, there is § > 0 such that d(z,y) < § implies
d(f(x), f(y)) < e for all z,y € M. Because (z,) is Cauchy, there exists N € N such that
d(zp, xm) < 0 for all n,m > N. Hence n,m > N implies d'(f(z,), f(zm)) < e. O

Lemma 15. Let (M,d) be a metric space. Then the metric d is continuous.
Proof. Let z,y € M and let (x,) and (y,) be sequences in M such that z,, — x and y,, — y. Then
d(xna yn) - d($7 y) < d($nv iE) + d(.’E, y) + d(yv yn) - d(l‘, y) = d(xnv 1‘) + d(ya yn)
and
yielding |d(2n, yn) — d(x,y)| < d(zpn,x) + d(y,yn). Letting n — oo yields
d(l‘, y) = nh_>H010 d(x'm yn)a
so d is continuous. O

Proof of Theorem 13. Uniqueness of the extension is clear: if f1 and f, are continuous extensions of
f:+A— M to A, then fi|a = f|la = f2|a. For any x € A, then picking a sequence (z,) C A such
that x, — x, then by continuity of f; and fs, we obtain

fix) = lim fi(z,) = lim fo(z,) = fa(z).
n—oo n—oo
Note that we did not use the assumptions of uniform continuity and completeness.

Now that uniqueness has been taken care of, how can we define f? Since we used in the uniqueness
part that the closure of A can be characterized in terms of sequences in A that converge, and we want
f to be continuous, we may try to define

f(x) = lim f(xn)

n—oQ
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where (x,,) is a sequence of A converging to x, but it is not at all clear that it is well-defined: if there
is a limit at all, is it then independent of the choice of sequence? Is there a limit? We will prove that
the answer is yes to both questions.

Let € A and let (z,,) and (y,) be sequences in A that converge to x. First and foremost, (z,)
is Cauchy, so (f(z,)) is Cauchy by Lemma 14 and hence converges. To prove that the limit is
independent of the choice of sequence, define 2o, 1 = x,, and z3, = y, for n € N. Then z,, — z: for
e >0, pick N € N such that d(z,,z) < £ and d(y,,x) < € for n > N. Then

d(anH,x) for n odd
d(y=,x) for n even

d(zn,z) = {

< ¢

for n > 2N. Since (z,) is Cauchy, (f(z,)) is Cauchy by Lemma 14 and hence converges to some
y € M’ by the assumption of M’ being complete. Since (f(z,)) and (f(yn)) are subsequences of
(f(zn)), they must both converge to y. This proves that

1. for any sequence (z,,) in A converging to x € A, (f(x,)) converges, and
2. for any two sequences (z,,) and (y,,) in A converging to x € A, then

lim f(r,) = lim f(ya).

n—oo

Hence f is well-defined. It is also clearly an extension of f: for any z € A, then letting z,, = z for all
n € N, we see that

f(z) = lim f(zn) = lim f(z) = f(z),

n—oo n—oo

It only remains to prove that f is uniformly continuous. Let ¢ > 0 and pick 6 > 0 such that d(z,y) < &
implies d'(f(z), f(y)) < 5 forall 2,y € A. Assume that z,y € A satisfy d(z,y) < 6. Picking sequences
() and (y,) in A such that z,, — z and y,, — y, then d(x,,y,) — d(z,y) by Lemma 15, so there
exists NV € N such that

|d(xn>yn) - d(.l?, y)| <o— d(x,y)

for n > N, implying d(2,,yn) < d for n > N. Hence d'(f(x,), f(yn)) < § for n > N, so
<

- - ) €
&(F(@), (o) = Jim d'(f(wn). o) < 5 <=
by Lemma 15. Hence f is uniformly continuous. O

We also prove the case where f is an isometry. What could possibly happen, he said snickeringly.

Theorem 16. Let (M,d) be a metric space and let A C M. Furthermore, let (M',d') be a complete

metric space. If f : (A,d) — (M’',d') is an isometry, then f extends uniquely to an isometry
f:(Ad) — (M, d).

Proof. We define f as in the proof of Theorem 13; uniqueness and well-definedness is then clear and
f is a continuous extension of f. Let x,y € A and let (z,) and (y,) be sequences in A such that
r, — x and y, — y. Then

d'(f(2), f(y) = lim d'(f(zn), f(ya)) = lim d(zn,yn) = d(z,y),

n—o0
so f is an isometry. O

We can now prove Theorem 12.

Proof of Theorem 12. Note that p’ is a bijection onto its image and allows for an isometry p'~! :
P (M) — M. As

p// Op/71 . (pl(M)7d/) N (M//,d”)

is an isometric map and isometries are uniformly continuous, it follows from Theorem 16 that p” o p'~
extends to an isometry 7 : (M’,d') — (M",d") satisfying 7(x) = p" o p’~1(z) or 7(p(z)) = p"(x) for

1
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all x € M, since p/(M) = M'. Analoguously, we obtain an isometry p”~!: p”(M) — M, yielding an
isometry
p/ opl/—l . (p”(M),d//) N (M/7d/),

and finally, using Theorem 16, an isometry ¢ : (M”,d") — (M’',d’) satistying ¥ (p"(x)) = p’'(x) for
all z € M.

By substitution, ¥ oo p’ = p’ and T o) o p” = p”. Since p'(M) is dense in M’ and p” (M) likewise
in M", then by the maps in the equations being continuous, we obtain that 1) o 7 is the identity on
M’ and 7 o1 is the identity on M”. Hence 7 is a bijection and an isometry, with 77! = ). O

Hence Corollary 11 and Theorem 12 combine into the following theorem:

Theorem 17. Any metric space (M,d) has a Cauchy completion (M',d',p'), i.e. there exists a
complete metric space (M',d’) and an isometry p’ : (M,d) — (M’,d") with dense image. Furthermore,
the Cauchy completion is unique up to isometry, i.e. if (M",d", p") is another Cauchy completion of
(M, d), then there is a bijective isometry (M',d") — (M",d").

Whenever we speak of completing a metric space, it is the Cauchy completion of the metric space
that we use.

2 Normed spaces

When passing from metric spaces to normed spaces, one might ask if the Cauchy completion actually
possesses the structure of a vector space so that it might become a Banach space. One should be
optimistic.

Theorem 18. Let (X, - ||) be a normed space over F, F denoting R or C, and consider the Cauchy
completion (Fo(X)~, D~, p) from Corollary 6 and Lemmma 7. Then Fo (%)~ can be made into a vector
space over F such that p is linear and D.. is induced by a norm on Fo(X)~. Under this norm p is
an isometry, and hence the completion becomes a Banach space containing the dense subspace p(X)
that is isometrically isomorphic to X.

Proof. We will first define natural vector space operations on the set Fo(X). For all Cauchy sequences
x=(2,)52 and y = (yn)52; in X as well as A € F, then

(@0 +yn) = (@m + ym) | < 20 = 2mll + [1yn = yml

and
[Azn — Azl = [All|zn — 2z,

proving that the sequences (z, + y,) and (Az,) are Cauchy. Hence, we can define vector space
operations on F¢(X) by
T+y = (Tn+Un)ners A= (Azy)ne

for x = (2n)5%1, ¥ = (yn)22; € Feo(X) and A € F. That Fo(X) satisfies the vector space axioms
follows from the fact that X is a vector space, and the neutral element is the zero sequence. The
pseudometric D on F¢(X) from Theorem 5 is now defined by

D(z,y) = lim |zn —yal, == (2n), y= (yn) € Fe(X).
Let x = (zy,), 2’ = (2,), y = (yn), y =" (y},) and X € F, assume that z ~ 2’ and y ~ ¢/, i.e.
Tim [z 2l = lim [lyn gl = 0.
Then
/

D(x+y,2' +y) = lm [[(zn +yn) — (25 — yp) | < Hm [lzy — 2 )| + Hm [lyn — ypll =0
n—oo n— oo n—oo

and
DAz, \2’) = lim [[Az,, — Azl || = |A| lim ||@, — 2| =0,
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proving that z +y ~ 2’ + 3 and Az ~ Az’. Hence we can define vector space operations on F¢(X)~
by
[#]+ [yl =[x +yl, Alz]:=[A], z,y€Fe(X), AeF.

That Fo(X)~ is a vector space now follows from the fact that Fo(X) is, and the neutral element is
the equivalence class of the zero sequence.

p is linear; indeed, it is clear that for all z,y € X and A € C we have
plo+y) = [+ = &+ 3] = [3] + [3] = p(@) + p(v)

and .
pumzpﬂzpﬂznﬁzmmy

Hence p(X) is a subspace of F¢(X).~ and dense by Lemma 7, and X is isomorphic to p(X) since p is
surjective onto p(X) and p is injective by construction. Once we construct the norm on F¢(X)~, we
shall see that p(X) is isometrically isomorphic to X.

We define a norm Fe(X). — R by first defining a map f : p(X) = R by f(p(z)) = ||z||. Tt is
well-defined, since if p(z) = p(y) for =,y € X, then & ~ ¢ implying

e —yll = tim [l — || = D(@.5) = 0

so that = y and hence ||z|| = |ly||. In fact, f is uniformly continuous; it follows from the fact that
for all z,y € X,

[f(p(x)) = ey = llzll = llylll < llz = yll = D(2,9) = D~(p(2), p(y))-

Since p(X) is dense in Fo(X)~ and R is complete, then Theorem 13 yields a unique uniformly
continuous extension f : Fo(X). — R of f.

We claim that f is the norm we seek, and the proof of this requires some very symbol-heavy work.
Let = (zp), y = (yn) € Fo(X) and A € F. Since p(X) is dense in F¢(X).~, there exist sequences
(x1,), (y},) € X such that p(z]) — [z] and p(y},) — [y]. Note that the proof of Theorem 13 yields that

the sequences (f(p(z),)) = (llz},|) and (f(p(y,,)) = (lly,|l) converge. As
D(p(a, +yp) e +y]) = lm (@, +y5) = (2x + i)
< lim [|a], — @] + lim [jy), — vk
k— oo k—oco

D(p(y,), [#]) + D(p(yn), [y]) — 0

and
Do(Ap(xy,),Alz]) = D(p(Axy,), [Az])
= lim ||Az], — Azg]|
k—o0
= A lim [la}, — 2|
k— o0
= AID~(p(z7,), [2]) = 0,
A

we have p(a!, +y/) — [ +y] and p(Ax]) — [Ax] (hence (||z], + ., 1) and (|A]||z,]]) converge as well).
Therefore

flal+ W) = fz+y)
Jim f(p(ar, +y))

: / /
Jim [, + 5l

IN

Tim ||| + lim [y,
lim f(p(ar,)) + lim f(p(y,))
F(la]) + F(D)
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and

FO)) = F(a)) = T f(p()) = T [\ | = A] Tim [l ]| = 7] Tim f(p(a)) = A F(]).

Of course, f([z]) = lim, 00 f(p(z,)) > 0. Finally, if f([z]) = 0, then
Tim Do (p(a). p(0)) = Tim [l = Tim_ f(p(a)) = (la]) = 0.
Since

D(p(0), [2]) < D(p(0), pa)) + D (p(ar,), [2])
for all n € N, then letting n — oo, we obtain

D(p(0),[z]) < lim D (p(x7,), [z]) = 0.

n—oo

Hence [2] = p(0) = [0], so f is a norm. Hence p(X) is isometrically isomorphic to ¥ under this norm,
since f(p(z)) = f(p(x)) = ||z| for all z € X. Finally,

fzl =) = fz—y)
lim f(p(x;, —y,))

n—oo
_ : ro_
= lim 2l =y, |

_ . . 1o
= Jlim lim [z, — ||

= lim D(z,y.)

= lim D.(p(a,), p(yy,))
= D~ ([z], [y]),

by D~ being continuous (Lemma 15). Hence the metric induced by f is actually D, so (Fo(X)~, f)
is a Banach space.

From this theorem, we reach the following conclusion:
Theorem 19. Let (X, -||) be a normed space over F, F denoting R or C. Then:

(i) There exists a Banach space (X', || - ||") over F and a linear isometry p : (X,||- ) = (X', || - 1)
with dense image in X'.

(ii) Any Cauchy completion (M',d’,p’) of (X,]|-]]) as a metric space can be equipped with an F-vector
space structure and a norm that induces the metric d’, so that the completion becomes a Banach
space, and p' becomes a linear isometry of normed spaces. Furthermore, p'(X) is dense in the
completion, and X and p'(X) are isometrically isomorphic as normed spaces.

(iii) Let (X',|| - ||') be a Banach space over F such that there is a linear isometry p’' : (X, - ||) —
(X, || - II') with dense image in X'. If (X”,|| - ||") is another Banach space over F and there
is a linear isometry p" : (X,] - ||) = (X",|| - ||") with dense image in X", then there exists an
isometric isomorphism of Banach spaces ¥ : (X', - ||) — (X", - ||") such that ¢ o p’ = p".

Proof. The Banach space (Fc(X)~, f) as constructed in Theorem 18 as well as the linear isometry

pi (X)) = (Fe(X)~, f) yields (i).

We will now use the properties of the Banach space (F¢(X)~, f ) and the linear isometry p to prove
(ii). If (M’,d’,p") is a Cauchy completion of (X,]| - ||) as a metric space, then since f induces the
metric D and (F¢(X)~, D~, p) is a Cauchy completion of (X, ||-||), there exists an bijective isometry
7: (M, d) = (Fe(X)~,D~) with 70 p' = p by Theorem 12. We give M’ a vector space structure
by making 7 linear. Hence we define

4y =7 1)+ 7)), Ir:=71r\r())

for z,y € M’ and A € F. These operations are well-defined since 7 is bijective, and one easily proves
the vector space axioms by noting that the definitions imply

T(@+y) =7(@)+7(y), 7(Az)= ()
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for z,y € M" and A € F. The zero element in M’ is hence 7~(0). By defining ||z|’ = f((x)) for all
x € M', then || - ||’ is easily seen to be a norm on M’; non-negativity, the triangle equality and the
scalar law clearly hold, and if |||’ = 0, then f(r(z)) =0, so 7(z) = 0 and = = 7~'(0). Finally, | - |’
induces d'; indeed,

lz =yl = f(r(@ =) = f(r(2) = 7(y)) = Du(7(2),7(y)) = d'(z,y)

since 7 is an isometry. Hence (M’, || - ||') is a Banach space.

Finally, p’ is linear: indeed because p and 7=! are linear, then for all z,y € X and A € F,

plx+y)=7px+y) =7""p) +7 (p(y) =o' (=) + ' (y)

and p'(A\x) = A\p/(x) similarly. Since ||¢/(z)||" = f(7(p'(2))) = f(p(x)) = ||z|| for all z € X, p is an
isometry of normed spaces. Hence p/(X) is isometrically isomorphic to X and is dense in the metric
space (M’,d") by assumption. This proves (%i).

If the Banach space (X, || - ||"”) and the linear isometry p” satisfy the conditions in (i), then consid-
ering (X, | - ||) and (X”,] - |"”) as metric spaces with metrics d and d”, p” is an isometry of metric
spaces and since p’(X) = X", (X”,d"”) is a Cauchy completion of (X,d). Hence by Theorem 12, there
exists a bijective isometry of metric spaces ¢ : (¥',d") — (X”,d”) with ¢ o p' = p”, d’ denoting the
metric induced by the norm || - ||" on X’. 9 is linear: for 2’,y’ € X’ and A € F, then p'(x,) — 2’ and
p'(yn) — 3 for appropriately chosen sequences (), (y,) C X. Then

Y@ +y) = lim p"(zn +yn) = Tim (0" (@n) + 0" (yn)) = (@) + ()

and Y (Ax') = Mp(z') similarly, simply because p” is linear and ¢ is continuous. Finally, for any
x’ € X', then p'(x,,) — «’ for a sequence (z,) € X, so that

AN/ 7 no__ 7. 1 / /I _ A
[o@OI" = Tim {|p"(zn)[|” = lim fJzall = lim {[p"(za)]" = [|2”]]

by continuity of p’ and v, so we conclude that 1) is an isometric isomorphism of Banach spaces, hence

(iii). O
For a normed space (X, || - ||), a Banach space (X', || - ||') over F and a linear isometry p: (X, - ||) —
(X', ]]-]|) with dense image in X’ may be called a Banach completion of (X, ||-||). By the above theorem,
it always exists, and any Cauchy completion of (X, ||-||) can be made into a Banach completion. Thus

when completing a normed space, we can obtain a Banach completion, and it will be unique up to
isometric isomorphism, as any two Banach completions are isometrically isomorphic. Hence it makes
sense to speak of the Banach completion of a normed space.

3 Inner product spaces

We may now consider inner product spaces and ask the same questions. Since inner product spaces
are also normed spaces, we can use the theorems for normed spaces. Recall that the metric of an
inner product space is induced by the norm given by the inner product.

Theorem 20. Let (H,(:,-)) be an inner product space over F, F denoting R or C, and consider a
Banach completion (H', | -1’,p’) of (H,(,-)). Then H' can be made into an inner product space over
F such that || - || is induced by the inner product. Hence the Banach completion becomes a Hilbert
space containing a dense subspace that is isometrically isomorphic to H.

Proof. We need only find the inner product and prove that it induces the norm on || - ||’; the rest
follows from the properties of the Banach completion proved in Theorem 1g.

The question is, how do we define this inner product? The most obvious way to do it is by defining
T:H xH = Rby

T(2,y) = (T, Yn)

im
n—oo
for x,y € H' where (z,) and (y,,) are sequences in H such that p'(z,) — = and p'(y,) — y. It is not
clear that this is well-defined, however. We will show this.
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First of all, the limit does exist. Indeed, since

(Tn, Yn) — (T Ym) |

(Zrs Yn = Ym) + (Tn — T, Ym)|

[znlllyn = ymll + 20 = m [ lyml

16" @) Il () = o' @) II" + 116" (@) = o' (@) 10 ()N

IN

for m,n € N, by p’ being a linear isometry, then because the sequences (||p'(z,)|") and (||p'(ym)|’)
are bounded it follows that the sequence ((x,,¥y,)) is Cauchy and thus has a limit in F. Next, the
limit does not depend on the choice of sequence: for another two sequences () and (y),) in H such
that p/(z],) — x and p'(y),) — vy, then p'(z, — 2})) — 0 and p'(y, — y},) — 0, and thus

(@ Yn) — (T, Yn)|

(s Yn = Yn) + (Tn — T35 Up)|

lznlllyn = ynll + llzn — 27,1y,

16 @) INl0" @ =y I" + 10" (@ — 2l 0" ()l

IN

proving that |(z,, yn) — (), ¥, — 0, so the limits of ({(x,,yn)) and ({(x},,y,,)) are the same. Hence
7 is well-defined.

We now prove that 7 is actually an inner product on H’. For z,y,z € H', pick sequences (z,), (yn)
and (z,) in H such that p'(z,) — z, p'(yn) — y and p'(z,,) = 2. Then p'(z, + yn) = =+ y, s0

T(x4+y,2) = Um (@ + yn, 2n) = lm (@4, 2,) + Um (yp, 2,) = 7(2,2) + 7(y, 2).
n—00 n—00 n—r00
For A € F, note that p'(Az,,) = Az, so
T(Az, 2) = nILH;o<A$"’ Zn) = Anlin;0<xn, Zn) = A1(x, 2).

Additionally,

7'(3'}, Z) = nlgngo<$n; Zn> = nhan;o <Znaxn> = nlgngo<znaxn> = T(Za ‘T)

by continuity of complex conjugation. Note that T actually induces the norm on #H'; indeed

2 2 _ 1172
| = [|2"]|

— 15 . 2 7 / _ . /
r(ea) = lim (o, 20) = lim o] = Jim [l ea)]|” = || Him o' ()

n—oo
by continuity of || - || and the product in F. Hence 7(z,x) = 0 implies ||z||" = 0 and thus = 0. Thus
7 is an inner product on H’ that also induces the norm on H’. Since H’ is complete with respect to
this norm, it becomes a Hilbert space. O

Before we go on, two lemmas are in order:

Lemma 21. Let (H,(-,-)) be an inner product space. If v, — x and y, — y in H, then {(x,,y,) —
(z,y).
Proof. Let ¢ > 0 and pick N; € Nsuch that ||z, —z| < 1for n > Nj. Then |ly,| < [Jy||+1 for n > Nj.

Pick N3 € N such that ||z, — x| < ¢/2(|y|+1) for n > N3 and N3 € N such that ||y, — y|| < &/2(|=+1)
for n > N3. Then for n > max{Ny, N3, N3}, Cauchy-Schwarz’ inequality yields

(@ns yn) — (@, 9)] (Tn — 2, yn) + (T, yn — Y)|

< len = z|lynll + 2]y — vl
13 13
< Uyl + 1) + 2l 57—
2([lyll +1) 2(||z[] + 1)
< S4f_,
2 2 7
SO (Tp, Yn) — (2, 9). O

Lemma 22. If ¢ : (H,(-,-)) = (H',{-,-)') is a linear map satisfying || (z)|" = ||z|| for all z € H,
then (¢ (x), ¥ (y)) = (z,y) for all z,y € H.

10
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Proof. This follows from the polarisation identity. O
We summarize our results in the manner of Theorem 19:
Theorem 23. Let (H,{-,-)) be an inner product space over F, F denoting R or C. Then:

(i) There is a Hilbert space (H',(-,-)") over F and a linear map p : (H,{-,-)) — (H',(-,-)) with
dense image in H' such that (x,y) = (p(z), p(y)) for all z,y € H.

(i1)) Any Cauchy completion (M',d',p') of (H,{-,-)) as a metric space can be equipped with an
F-vector space structure and an inner product that induces the metric d' so that the completion
becomes a Hilbert space and p’ becomes a linear map that preserves inner products. Furthermore,
p'(H) is dense in the completion, and H and p'(H) are unitary as inner product spaces.

(111) Let (H',{-,-)') be a Hilbert space over F with a linear isometry p’ : (H, (")) — (H', ("))
with dense image in H'. If (H",{-,-)") is another Hilbert space over F with a linear isometry
i

Pl (H, () = (H', (")) with dense image in H", then there exists a unitary operator
¥ (M () = (HY,(-)") such that ¢ o p’ = p".

Proof. (i) follows from Theorem 20 and Lemma 22, since there is a Banach completion of (H, (-, "))
as a normed space by Theorem 19(i).

f (M',d',p') is a Cauchy completion of (#,(-,-)), then per Theorem 19, we can equip it with
an F-vector space structure and a norm || - || such that (M’ - ||') becomes a Banach space and
P (H, () = (M',]] - ]|') is a linear isometry of normed spaces. Additionally, p'(H) and H are
isometrically isomorphic normed spaces and p’(H) is dense in M’. Theorem 20 then yields that we
can equip M’ with an inner product that induces || - ||, making it a Hilbert space. Lemma 22 yields
that p’ preserves inner products, and hence we obtain (ii).

Finally, if (K", (-,-)"") is a Hilbert space satisfying the conditions of (%), then (H”,||-|"") is a Banach
space where || - ||” is the norm induced by (-, -)”". Hence Theorem 19 yields an isometric isomorphism
(H', |- 1) = (H”, | - II") (where || - ||" is the norm induced by (-,-)") such that 1 o p = p”. For
x,y € H', there are sequences (x,,) and (y,) of H such that p(x,) — = and p(y,) — y, yielding
(), ()" = lim (p(xn)), ¥(p(yn)))”
) )"
= te)

= lim (p(zn), p(yn))’
= <$,y>

= lim

(
lim
(
n

by Lemmas 21 and 22. Hence % is unitary. O

In the same manner as in Section 2, then for an inner product space (H,(-,-)), a Hilbert space
(H',(-,-)') over F and a linear map p’' : (H,(-,-)) — (H',(-,-)’) that preserves inner products and
has dense image in H' may be called a Hilbert completion of an inner product space (in fact, p’ need
only be a linear isometry by Lemma 22). By the above theorem, it always exists, and any Cauchy
completion of (#, (-,-)) can be made into a Hilbert completion. Therefore, by completing an inner
product space we can obtain a Hilbert space. Finally, since any two Hilbert completions are unitary,
it makes sense to speak of the Hilbert completion of (H,(-,-)); all Hilbert space properties of two
Hilbert completions of the same inner product space are the same.
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