11. NORMAL FAMILIES

Definition 11.1. The functions in a family § are said to be equicon-
tinuous on a set E C U if for every e > 0 there exists a 0 > 0 such
that d(f(2), f(z0)) < € for all |z — zo| < 0, 2, 2o in E, simultaneously
forall f €F.

Recall:

Definition 11.2. A family § is said to be mormal on U if every
sequence of functions f, has a subsequence which converges uniformly
on every compact subset of U.

Definition 11.3. We say that an increasing sequence of compacts sub-

sets By exhausts U if
U=|JE
k

Example 11.4. [t is easy to write down a sequence of subsets which
ezhausts U. For example, for each k let

Er={z€Ul|z| <k and |z — 2| > 1/k for all z € C—U }.
We can make the set of functions from U to X into a metric space
as follows. First replace the distance function d on X by
_d(a,b)
~ 1+d(a,b)’

It is easy to check that ¢ satisfies the triangle inequality and it is clear
that ¢ is bounded. Given f and g, let

ok(f,9) = sup 0(f(2),9(2))-

zeFy,

d(a,b)

Finally let
p(f.9) = olf 927"
k=1
Clearly p is finite and it is easy to check that with the definition of
distance the space of all functions becomes a metric space.

Lemma 11.5. A sequence of functions f, converges uniformly to f on
compact subsets if and only if it converges to f with respect to p.

Proof. Suppose that f, converges to f with respect to p. Pick a com-
pact subset B and € > 0. Then we can find k such that B C Ejy. By
assumption we can find ngy such that

5(f, f) < 2—2 forall 0> ng.
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In this case
(f, fn) <€ for all n > ny,

so that
(f(z), fulz)) <€ for all n>ng, € B.

Conversely suppose that f tends to f,, uniformly on compact subsets.
Pick € > 0. Then we may find ky such that

S
2k " 97

k=ko
Since f,, tends uniformly to f on Ej,, we may find ng such that

I f(x), fulz)) < g forall ~ n>mngy, x€ Ey,.

But then

o(f, fn) < for all kE <k

N

so that

ko
0(f, fu) =D 2780k (f, f) + D> 2756k(f, fa)
k=1

k>ko
<e. O

Recall that a metric space is compact if and only if every sequence
has a convergent subsequence.

Theorem 11.6. A family § is normal if and only if its closure with
respect to p 1s compact.

Proof. We may suppose that § is closed, and the result follows from
(TL.5). O

Recall some more notions from the theory of metric spaces:

Definition 11.7. We say that a metric space X is totally bounded
if for every € > 0 there are points x1, 2o, ..., x, € X such that for every
x € X we may find 1 <i<n such that d(z,z;) < €.

Lemma 11.8. Y C X is totally bounded if and only if its closure Z is
totally bounded.

Proof. One direction is clear; if Y is totally bounded then so is Z. Now
suppose that Z is totally bounded. Pick ¢ > 0. Then we may find
xr1,%a,...,T, € Z such that for any x € Z we may find x; such that
d(z,z;) < €/2. Pick y; € Y such that d(x;,y;) < €/2. Then giveny € Y
we may find x; such that d(z;,y) < ¢/2. But then
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Lemma 11.9. If X is totally bounded then every sequence has a Cauchy
subsequence.

Proof. Let y1, 1o, ... be an infinite sequence in X. We will inductively
construct for each k a subsequence x,,, of x,,_1. Given k we may find
T1,Ta, ..., T, such that if € X then d(z,x;) < 1/2k. Therefore we
may pick ¢ such that

{7 1d(y;, i) <1/2k}
is infinite. Therefore we may find a subsequence x,,;, such that d(x,x, z;) <
1/2k. 1t follows by the triangle inequality that d(z,, zn,) < 1/k. This
finishes the construction of the subsequences.
The diagonal subsequence is the subsequence we are looking for. [

Lemma 11.10. The set of functions from U to X is complete if and
only if X is complete.

Proof. Clear. O
Putting all of this together, we get:

Lemma 11.11. If X is complete then § is normal if and only if it is
totally bounded.

Proof. If X is complete then the space of functions from U to X is

complete by (11.10). By (11.8) we may assume that § is closed, so
that § is a complete totally bounded metric space. But then § is

compact by (11.9)), so that it is normal by (11.6]). O

We can restate some of this in terms of the space X, as opposed to
S

Proposition 11.12. The family § s totally bounded if and only if for
every compact subset E C U and every e > 0 it is possible to find
fi, fo, ..o, fu € such that every f € § satisfies 6(f(x), fj(x)) <€, for

some j, and every x € F.

Proof. Suppose that § is totally bounded. Pick € > 0. By assumption
we may find fi, fo,..., f, such that for every f € §, we may find j
such that p(f, f;) <e.

Pick a compact subset E. Then we may find k such that £ C FEj.
Then we may find j such that §(f(z), f;(z)) < 5 for every z € Ej.
But then 6(f(z), fj(z)) < € for every x € E C Ej.

Now consider the reverse direction. Pick € > 0. Then we may find
ko such that

2k < £

2
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Pick j such that
6(f(z), fi(z)) <

for every x € By,.
Then
p(f: 1) = 0u(f 1))
k

= Gl S+ D Sl )

k<ko k>ko
< €. O

Theorem 11.13 (Ascoli-Arzola). A family of continuous functions §
with values in a complete metric space X is normal in the region U C C
if and only iof
(1) § is equicontinuous on every compact subset E C U, and
(2) for any z € U the values f(2), f € § lie in a compact subset of
X.

Proof. Suppose that § is normal. We give two proofs that (1) must
hold.

For the first proof, pick € > 0. By , we may find fi, fo,..., fn
such that for every f € § we may find j such that §(f(2), f;(2)) < 3
for every z € E. As each f; is uniformly continuous on E, we can
find § > 0 such that for every j and z, zy € E with |z — 29| < 9,
6(f;(2), fi(20)) < 5. But then

0(f(2), f(20)) < 0(f(2), [5(2)) + 6(f;(2), fi(20)) + 6(f;(20), f(20)) <€

For the second proof, suppose that § is not equicontinuous on F.
Then there is an € > 0, a sequence of pairs of points z,, 2/, with
|zn — 21| = 0, and functions f,, such that §(f,(z), fu(2')) > €. As E is
compact, possibly replacing z, by a subsequence, we may assume that
the points z,, and 2], converge to a point z € E. As § is normal, possibly
passing to a subsequence, we may also assume that the functions f,
converge to a function f uniformly on E. f is continuous on F, whence
uniformly continuous on F.

Pick ng such that

S () <5 and 6(f(a), f(21) <

for all z € £ and n > ng. Then

0(fn(zn); fu(2n)) < 0(fn(zn), f(20))+0(f (z0), f(20))+6(f(20), ful(20)) <€,

a contradiction.



We now turn to the proof of (2). Pick z € U. We will show that the

closure of the set
{f)fes},

is compact. Let w, be a sequence in the closure. For each n, pick
fn € § such that 6(f,(2),w,) < 1/n. As § is a normal family, passing
to a subsequence, we may assume that f, converges to a continuous
function f. But then w, converges to f(z).

Now suppose that (1) and (2) holds. We want to show that § is
normal. Enumerate (,, the points with rational coordinates. Then the
points (,, are everywhere dense. Let f,, be a sequence of functions in
§. We are going to iteratively construct subsequences n;, for each k.
ni will be a subsequence of n;,—y such that f,. () converges. The
existence of these subsequences is immediate from (2). Let f, be the
sequence obtained by taking the diagonal sequence. Then the sequence
fn(Cx) converges for all k.

Suppose that £ C U is a compact subset. We will show that f,
converges uniformly on E. Pick € > 0. As § is equicontinuous we may
find 6 > 0 such that

6(f(2), f(2) < g whenever z—2| <4, fET.

As E is compact, it is covered by finitely many balls of radius 6/2. Pick
one (j from each such ball. Then we may find an index ng such that

S(Fa(Ch), Fin(C)) < % forall  n,m > no.
Pick z € E. Then |z — ;| < ¢ for at least one k. But then

< €.
As the values f,(z) belong to a compact subset, and X is complete,

the pointwise limit f of the f,, exists, and f is a uniform limit of the
fnon E. O
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