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Part |
Generalizing continuity and
convergence

§1 Three Examples of Convergence

§1.1 Convergence in R

Let (z,,) be a sequence in R and = € R. We say (x,,) converges to x and write z,, — x if
Ve>0 IN Vn>N |z,—z|<e.

Useful fact: V a,b € R |a + b| < |a| + |b| (Triangle Inequality).

Bolzano-Weierstrass Theorem (BWT) A bounded sequence in R must have a convergent
subsequence (Proof by interval bisection).

Recall: A sequence (z,,) in R is Cauchy if

Ve>0 IN Vmn>N |z, —x,]<e.
Exercise 1.1 (Easy). Show convergent — Cauchy.

General Principle of Convergence (GPC) Any Cauchy sequence in R converges.

Outline. If (x,) Cauchy then (z,) bounded so by BWT has a convergent sub-
sequence, say =, — z. But as (x,,) Cauchy, z,, — =. O

§1.2 Convergence in R?

Remark 1. This all works in R™

Let (zy,) be a sequence in R? and z € R%. What should z, — z mean?
In R: “As n gets large, 2, gets arbitrarily close to z.”

What does ‘close’ mean in R??

In R: a,b close if |a — b| small. In R%: Replace | - | by |||

Recall: If z = (x,y) then ||z|| = /22 + 2.

Triangle Inequality If a, b € R? then ||a + b|| < ||a|| + ||b]-



Definition 1.1

Let (2,,) be a sequence in R? and » € R%. We say (z,,) converges to z and write
zn = 2ifVe>03INVn>N |z, — 2| <e.

Equivalently, z, — z iff ||z, — z|| = 0 (convergence in R).

Example 1.1
Let (z,), (wy,) be sequences in R? with 2z, — 2z, w, — w. Then z, + w, — z + w.
Proof.

1(zn + wn) = (z + w)|| < [l20 = 2] + [Jwn — w]|
— 0+ 0 = 0 (by results from IA).

In fact, given convergence in R, convergence in R? is easy:

Proposition 1.1

Let (2,) be a sequence in R? and let z € R2. Write 2,, = (7, y,) and z = (z,%). Then
zn — ziff z, — x and y, — ¥.

Proof. ( = ): |zp, — |, |lyn — y| < |20 — 2. Soif |2, — 2|| — O then |z, — 2| = 0
and |y, —y| — 0.

(<=):If |z, —x| - 0and |y, —y| — Othen ||z, — z|| = /(zn — )2 + (yn —y)2 = 0
by results in R. O

Definition 1.2 (Bounded Sequence)
A sequence (2,,) in R? is bounded if 3 M € Rs.t. Vn ||z,] < M.

Theorem 1.2 (BWT in R?)
A bounded sequence in R? must have a convergent subsequence.

Theorem 1.3 (GPC for R?)

Any Cauchy sequence in R? converges.



Proof. Let (2,) be a Cauchy sequence in R?. Write z,, = (2, y»). For all m, n, |z, —
Zn| < ||2m — 2nl| sO (z,,) is a Cauchy sequence in R, so converges by GPC. Similarly,
(yn) converges in R. So by 1.1, (z,,) converges. O

Thought for the day What about continuity? Let f : R? — R. What does it mean for f
to be continuous? (Simple modification of defn for R — R).

What can we do with it?

Big theorem in IA: If f : R — R is a continuous function on a closed bounded interval
then f is bounded and attains its bounds.

Is there a similar theorem for R? — R. What do we replace ‘closed bounded interval’
by? We proved the theorem using BWT. Why did it work? Why did we need a closed
bounded interval to make it work? What can we do in R??

§1.3 Convergence of Functions
Let X c R',let f, : X = R (n > 1) andlet f : X — R. What does it mean for f, to
converge to f.

Obvious idea:

Definition 1.3 (Pointwise convergence)

Say (fn) converges pointwise to f and write f,, — f pointwiseif Vx € X f,(z) —
f(x)asn — oo.

Pros

e Simple

e Easy to check

e Defined in terms of convergence in R
Cons

e Doesn’t preserve ‘nice’ properties.

e ‘Doesn’t feel right'”.

In all three examples, have X = [0, 1], f,, — f pointwise.

Example 1.2 (Every f,, continuous but f not)

1Mos’cly can think of X = R or some interval
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Clearly f, continuous for all n but f not. If x = 0, V n f,(0) = 0 = f(0). If z > 0,
for sufficiently large n f,,(x) =1 = f(z) so fn(z) = f(z).

Example 1.3 (Every f,, integrable but f not)

1 z€Q
ra={; Zea.

This is a non integrable” function so now we want to find f,, such that they converge
pointwise to this. Enumerate the rationals in [0, 1] as ¢1, g2, . .. Forn > 1, set f,,(z) =
14,,...qn- fn integrable as it is nonzero at finitely many points.

"N.B. As in IA ‘integrable” means ‘Riemann integrable’

Example 1.4 (Every f, and f integrable but fol fn 7 fol f)
Let f(x) = 0 for all z, so fol f = 0. Define f, s.t. fol fn = 1forall n.



0 otherwise

1
fn(x):{n 0<£L'<E

Better definition:

Definition 1.4 (Uniform convergence)

Let XCR, f, : X >R (n>1), f: X - R. Wesay (f,) converges uniformly to f
and write f,, — f uniformly ifVe >03NVz e X Vn >N |[f,(x) — f(z)| <e.

cf f, = fpointwise: Ve >0Vae e X3INVn>N|fylx)— f(z)] < e (Wehave
swapped the V z € x and 3 N). Pointwise convergence allows for N to be a function
of x whilst uniform convergence requires N to work for all x even the worst case. In
particular, f,, — f uniformly = f,, — f pointwise.

Equivalently, f,, — f uniformly if for sufficiently large n f, — f is bounded and
Supgex |fn — fl = 0.



Theorem 1.4 (A uniform limit of cts functions is cts)

Let X C R, let f, : X — Rbe continuous (n > 1) and let f,, = f : X — Runiformly.
Then f is cts.

Proof. Letx € X. Lete > 0. As f,, — f uniformly, wecanfind Nst. Vn> NVy €
X |fuly) — f(y)] < e. Inparticular, Vy € X |fn(y) — f(y)] < e. As fn is cts, we can

findd >0st. Vye X, l[y—z|<d = |[fnv(y) — fv(x)] < e. Now let y € X with
ly — x| < d. Then

1fy) = F@)] < |fly) = fn@)I + [In() = In@)] + [fn(z) = fl@)]
<e+te+te=3e.

Hence f is cts. 0

“The core of this proof is this inequality.

Remark 2. This is often called a ‘3¢ proof’ (or an § proof).

Theorem 1.5

Let f,, : [a,b] = R (n > 1) be integrable and let f, — f : [a, b] — R uniformly. Then
f is integrable and f; fn — fff asn — oo.

Proof. As f,, — f uniformly, we can pick n suff. larges.t. f,, — f isbounded. Also f,
is bounded (as integrable). So by triangle inequality, f = (f — f,) + fn is bounded.
Lete > 0. As f, — f uniformly there is some N s.t. Vn > N V z € [a,b] we have
|fulz) = f(2)] <e.

In particular, V x € [a,b] | fn(z) — f(x)] <e.

By Riemann'’s criterion, there is some dissection D of [a, b] for which S(f,,D) —
s(fn,D) < e. Let D = {xg,x1,x2,...,25} wherea = xo < 1 < -+ < 2, = b. Now
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= S(fn,D)+ (b—a)e.
Thatis S(f,D) < S(fn, D)+ (b—a)e. Similarly s(f, D) > s(fn,D)—(b—a)e. Hence

S(f,D) = s(f,D) < S(fn,D) — s(fn, D) +2(b — a)e
<(2(b—a)+1)e

But 2(b—a) + 1 is a constant so (2(b — a) + 1)e can be made arbitrarily small. Hence
by Riemann’s criterion, f is integrable over [a, b].

Now, for any n suff. large that f,, — f is bounded,
b b b
[ f|= / (fn—f)|
b
< / |fn — [l
<

(b—a) sup |fn— fl|

z€[a,b]

— 0 as n — oo since f, — f uniformly.”

“Note we said that f, — f uniformly if sup |f, — f| — 0.

What about differentiation? Here even uniform convergence isn't enough.

Example 1.5
fn:(=1,1) = R, each f, differentiable, f,, — f uniformly, f not diff.

Let f(x) = |z| which is not differentiable at 0.

g(x)




;= {\xl | >

ar’ +br+c |z <

Sli= 3=

Weneed a(2)2 + 2 + ¢ = 1 for continuity. Thusb=0and ¢ =

S|

—
Also need 2a2 + b = 1 and 2a(—2) = —1 for differentiability so take a = %, ¢ =
1_ 1 _ 1

n_ 2n  2n°

If |z] > L then |f,,(z) — f(z)| = 0. If 2| < L:

|2, 1
@) = f@) = | 522 + 5 — |zl
<23:2+f+|x]
-2 2
n,1l, 1 1
< il 4
_2(n)+2n+n
1 1+1
2n 2n n
2
n

S0 supge(—1,1) [fu(z) — f(2)] < 2 0asn — 00. So f,, — f uniformly.
If fact we need uniform convergence of the derivatives.

Theorem 1.6

Let f,, : (u,v) - R (n > 1) with f,, — f : (u,v) — R pointwise. Suppose further
each f, is continuously differentiable and that f; — ¢ : (u,v) — R uniformly. Then
f is differentiable with f' = g.

Proof. Fix a € (u,v). Let z € (u,v), by FTIC we have each f, is integrable over [a, z]
and [ f}, = fu(z) — fu(a). But f;, — g uniformly so by theorem 1.5 g is integrable

over [a,z] and [ g = lim,, [ f1, = f(x) — f(a). So we have shown that for all
z € (u,v)

f@) =f@+ [ g

By theorem 1.4, g is cts so by FIC, f is differentiable with f’ = g. Ol

Remark 3. It would have sufficed to assume f,(z) — f(x) for a single value of x rather
than f, — f pointwise.
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GPC?

Definition 1.5 (Uniform Cauchy)

Let X C Randlet f, : X — R for each n > 1. We say ( f;,) is uniformly Cauchy if
Ve>03dINVmn>NVeeX|fmlz)— fulx) <e

Exercise 1.7. Show uniformly convergence = uniformly Cauchy.

Theorem 1.8 (General principle of Uniform Convergence (GPUC))

Let (fy,) be a uniformly Cauchy sequence of functions X — R (X C R). Then (f,)
is uniformly convergent.

Proof. Letz € X.Lete >0. Thena NVm,n>NVye X |fm(y) — fuly)] <e In
particular, V- m,n > N |f(x) — fn(z)| < e. So (fn(x)) is a Cauchy sequence in R so
by GPC it converges, say fn(x) — f(z) as n — oo.

We have now constructed f : X — Rs.t. f, = f pointwise.

Lete > 0. Thenwe can finda N s.t. Vm,n > NVy € X |fn(y) — fu(y)| < e. Fix
y € X, keep m > N fixed and let n — oo: |fn(y) — f(y)| < €. So we have shown
that V.m > N7 |fm(y) - f(y)‘ <e.

But y was arbitrary soV z € XV m > N |f,(z) — f(z)| < e. Thatis f,, — f
uniformly. O

BW?

Definition 1.6 (Pointwise bounded)

Let X C Rand let f,, : X — R for each n > 1. We say (f,,) is pointwise bounded if
Ve3dMVn|fn(z) <M.

Definition 1.7 (Uniformly bounded)

Let X C Rand let f,, : X — R for each n > 1. We say (f,) is uniformly bounded if
AMYxVn|fu(lx) <M

?Again we have just swapped V x 3 M as in convergence.

What would uniform BW say? ‘If (f,,) is a uniformly bounded sequence of functions
that it has a uniformly convergent subsequence’. But this is not true.

11



Example 1.6 (Counterexample of BW)

fn:R—=R
1 x=n
fn(x):{() x #n.

Obviously (f,,) uniformly bounded (by 1). However, if m # n then f,,,(m) = 1 and
fa(m) =050 |fm(m) — fn(m)| = 1 so no subsequence can be uniformly Cauchy so
no subsequence can be uniformly convergent.

Application to power series Recall that if 3 a,,2" is a real power series with r.o.c R > 0
then we can differentiate/ integrate it term-by-term within (- R, R).

Definition 1.8

Let f, : X — R (X C R) for each n > 0. We say the series > 72 f, uniformly
converges if the sequence of partial sums (F,) does, where F;, = >"" _ fi.

We can apply theorems 1.4 to 1.6 to gete.g. if conditions hold with f,, cts diff and uniform
convergence then ) f,, has derivative ) f}.

Hope Prove } a,z" converges uniformly on (— R, R) then hit it with earlier theorems.

Not quite true:

Example 1.7

Yoo ™ r.o.c 1. This does not converge uniformly on (—1,1). Let f(z) = > 72, z"
and F,(r) = Y _,2™. Note f(z) = = — ocoasz — 1. However, V z €

1—x
(—1,1) |Fy(a)| <n+ L.

Fix any n. We can find a pointz € (—1, 1) where f(z) > n+2andso | f(z)—F,(z)| >
1. So we don’t have uniform convergence.

Back-up plan: It does work if we look at a smaller interval.

New plan: show if 0 < < R then we do have uniform convergence on (—r,r).
Given z € (—R, R) there’s some r with |z| < r < R: use uniform convergence on (—,)
to check everything is nice at x. “‘Local uniform convergence of power series’.

Aside

InR z, — 0if

12



1.Ve>03INVn>N |z, <e.

2. Equivalently: Ve >03NVn > N |z,| <e.

Proof. i = ii: obvious

ii = ii: Lete > 0. Pick Ns.t. Vn > N |z,| < 1e. ThenV n > N [z,| < e. O
Also: fp, f: X = R, f,, = f uniformly.

1.Ve>03dINVzeXVn>N|fulz)— flx) <e

2. Fornsufflarge f,— fisboundedandV e > 03 NV n > N sup,cy |fn(z)—f(z)] <
€.

Proof. ii = i: obvious

i = ii: if i holds then sup,cx | fn(z) — f(z)| < e. But OK by same argument as

previously. O

Lemma 1.1

Let )" a,2™ be a real power series with r.o.c R > 0. Let 0 < r < R. Then }_ a,2"
converges uniformly on (—r, ).

Proof. Define f, f,, : (—r,r) — Rby f(z) = > rpanz™ and f,(z) = Yoy apa™.
Recall that } a,,z™ converges absolutely for all  with |z| < R.

Letz € (—r,r). Then f

0o

Z anxT”
n=m+1

o)
< 3 lagllal”
n=m-+1
0o

< Z |an|r"

n=m+1

1f (@) = fm ()] =

which converges by absolute convergence at ». Hence if m suff large, f — f, is
bounded and

sup |f(2) = fm(@)| £ D lanl™ =0
z€(—rr) n=m+1
as m — oo by absolute convergence of r. O

13



Theorem 1.9

Let > a,x" be a real power series with r.o.c R > 0. Define f : (—R,R) — R by
f(x) =32 apz™. Then

1. fis continuous;

2. forany z € (—R, R) f is integrable over [0, z] with

/ Zn—i—l

Proof. Let x € (—R, R). Pickr s.it. || < r < R. By lemma 1.1, 3" a,,y" converges
uniformly on (—r,r). But the partial sum functions y — > 1" a,y™ (m > 0) are all
cts functions on ( ,7) (as they are polynomials). Hence by theorem 1.4, f | _

is cts. Hence f is cts at x, but  was arbitrary so f is a cts fcn on (—R, R).

Moreover, [0,z] C (—r,r) so we also have ) a,y" converges uniformly on
[0,z]. Each partial sum function on [0,z] is a poly so can be integrated with
m

Jo g any™ dy = Yoo [ any™ dy = Spg 222" . Hence by theorem 1.5, f is
integrable over [0, z] with

/f— lgnoo/ Zany”dy
=0

. a
= lim E n_ gl
m—o0 ; n+1
n=

? f restricted to domain (—r, )

For differentiation, need technical lemma:

Lemma 1.2

Let > a,x" be a real power series with ro.c R > 0. Then the power series
> n>1 nanz™ ! has ro.c at least R.

Proof. Let x € Rwith 0 < z < R. Pick w with z < w < R. Then } a,w™ is
absolutely convergent, so a,w™ — 0 (terms of a convergent series) so 3 M s.t.
Vn, |lapw™ < M.

14



For each n,
z|™ 1
[na,z" ! = |law"| |=| —
||
Fix n. Leta = |2| < 1. Letc = %, a constant. Then |na,z""!| < cna™ By
comparison test, ETS (enough to show) Y na™ converges.
n+1
Note % =(1+ L)a — a < lasn — oo so done by ratio test. O

Theorem 1.10

Let " a,z" be a real power series with ro.c. R > 0. Let f : (—R,R) — R be
defined by f(z) = > 7>y anz™. Then f is differentiable and V = € (—R, R) f'(z) =
S0 napz™ L.

Proof. Letx € (—R, R). Pick r with |z| < r < R. Then }_ a,y" converges uniformly
on (—r,r). Moreover, the power series 3, - na,y" ! hasr.o.catleast R and so also
converges uniformly on (—r, ).

The partial sum functions f,(y) = > ,—;any" are polys so differentiable with
fr(y) = XM na,y™!. We now have f/, converging uniformly on (—r,7) to the
function g(y) = 3.5°, na,y™ L.

Hence by theorem 1.6, f |(_,.,) is differentiable and V y € (—r,7) f'(y) = g(y)-

In particular, f is differentiable at = with f'(z) = g(z). Hence f is a differentiable
function on (—R, R) with derivative g as desired. O

§1.4 Uniform Continuity

Let X C R. Let f: X — R. (May as well think of X =R or X = (a,b)).

Definition 1.9 (Continuous function)

f is continuous if

Ve>0VeeX3Ii>0VyeXz—y|<d = |f(z)— fly)| <e.

Definition 1.10 (Unifomly Continuous function)

f is uniformly continuous if

Ve>036>0VreXVyeX|z—yl<d = |f(z)— fly)| <e.

15



Remark 4. Clearly if f is uniformly cts then f is cts. We would suspect that f cts doesn’t
imply f uniformly cts.

Example 1.8
A function f : R — R that is cts but not uniformly cts.

51

We want some function that looks like this, a continuous function which gets steeper
as we go to infinity. So f(z) = 2% ought to work. We know f is cts (as it’s a poly).
Suppose § > 0. Then
flx+6) - f(z) = (z+6)? — 22
= 202 + 0% — oo as & — oo,

Soin particular,V o > 03 z,y € Rs.t. [x—y| < dbut |f(x)— f(y)| > 1. So conditions
for uniform cty fails for e = 1. So f not uniform cty.

Example 1.9
Make domain bounded. We can still fail, e.g. f : (0,1) — R cts but not uniform cts.

16



Let f(z) = 2, clearly cts. Proof that its not uniform continuity is left as an exercise
to the reader.

Theorem 1.11

A continuous real-valued function on a closed bounded interval is uniformly con-
tinuous.

Proof. Let f : [a,b] — R and suppose f is cts but not uniformly cts. Then we can
finde >0st. Vo >03z,y € [a,b] with |z —y| < dbut |f(x) — f(y)| > e

In particular, taking § = L we can find sequences (z,,), (y,) € [a, b] with, for each n,
|2 — yn| < L but |f(zs) — f(yn)| > e. The sequence (,) is bounded so by BW” it
has a convergent subsequence z,,;, — x. And [a, b] is a closed interval so = € [a, b].
Then z,,;, — yn; — 050 yp; — .

But fisctsatzso3 6 > 0s.t. Vy € [a,b] [y —2| <d = |[f(y) — f(z)] < 5.
Take such a 0. As x,; — = we can find J; s.t. j > J1 = |z, — | < d. Similarly
we can find Jy st. j > Jo = |y, — x| < 0. Now let j = max(Jy,.J2) then
|Tn; — |, |yn; — x| < & so we have |f(zn;) — f(z)],|f(yn;) — f(x)| < &/2. Then

[f(@n;) = f(yn;)| < [f(2n;) = F(@)] + [f(yn;) — f2)] <€ . O

"Bolzano Weierstrass

Corollary 1.1

A continuous real-valued function on a closed bounded interval is bounded.

Proof. Let f : [a,b] — R be a continuous function, and so uniformly continuous
by theorem 1.11. Then we can find § > Os.t. V z,y € [a,b] |z —y| < § =

[f(z) = fly)l < L.

Let M = [5%]. Letz € [a,b]. Wecanfinda = 29 < 21 < -+ < 2y = x with
|x; — x;—1| < ¢ for each i. Hence

M
|f(@)| = |f(a) + Zf(ﬂfi) — f(zia)
gy
<|f(@) + D 1f (i) = flziy)]
i=1

M
<|fla)|+>_1
i=1

= |f(a)| + M.

17



O]

Remark 5. Referring back to example 1.9, starting at + = 1 and going towards z = 0 we
can that § gets smaller and smaller s.t. you require an infinite number of steps to get 0.
So M = oo essentially.

Corollary 1.2

A continuous real-valued function on a closed bounded interval is integrable.

Proof. Let f : [a,b] — R be a continuous function, and so uniformly continuous by
theorem 1.11. Lete > 0. Then we can find § > 0s.t. Vz,y € [a,b] [z —y| < § =
|f(z) — f(y)] <e. LetD = {9 < x1 < --- < z,,} be a dissection s.t. for each i we
have x; — z;_1 < 0.

Leti € {1,...,n}. Thenforany u,v € [z;_1,z;] we have [u—v| < dso |f(u)— f(v)| <
e. Hence

sup  f(x)— inf f(z) <e.

TE€[wi_1,73) T€[zi—1,24]

S(f,D)—s(f,D) = zn:(anZ — xi_1)< sup  f(x)— inf f(a:))

1'6[-'51'—1#51’] we[xi—lvfi]

But £(b — a) can be made arbitrarily small by taking ¢ small. So by Riemann’s cri-
terion f is integrable over [a, b]. O

18



§2 Metric Spaces

§2.1 Definitions and Examples

Question

Can we think about convergence in a more general setting? Convergence seemed
similar in our 3 settings.

What do we really need?

Answer

We need a notion of distance.

In R: distance = to y is |z — y|.

In R?: its ||z — y||.

For functions: distance f to g is sup,cx |f(x) — g(z)| (where this exists, i.e. if f — g
bounded).

The triangle inequality was often important (see the proof of uniqueness of limits).

Definition 2.1 (Metric)
A metric d is a function d : X? — R satisfying:

e d(z,y) > 0forall z,y € X with equality iff x = y;
e d(z,y) =d(y,z) forall z,y € X.
o d(z,z) <d(xz,y)+d(y,z)forall z,y,z € X.

Definition 2.2 (Metric Space)

A metric space is a set X endowed with a metric d.

We could also define a metric space as an ordered pair (X, d). If it is obvious what d is,
we sometimes write “The metric space X ...".

Example 2.1
X =R, d(z,y) = |x — y| “The usual metric on R".

Example 2.2

19



X = R" with the Euclidean metric, d(z,y) = ||z — y|| = />orq (xi — y:)2.

Uniform convergence of functions doesn’t quite work: we want d(f,g) = sup|f — g|
but this might not exist if f — g is unbounded. However, we can do something with
appropriate sets of functions.

Example 2.3
LetY C R. Take X = B(Y) = {f : Y — R | f bounded} with the uniform metric
d(f,9) = supzey |f —gl-

Checking triangle inequality:

Proof. Let f,g,h € B(Y). Letz € Y. Then

|f(x) — h(z)| < |f(z) — g(2)] + |g(x) — h(x)]
<d(f,g)+d(g,h)

Taking sup over all z € Y

d(f,h) < d(f,g)+d(g,h).

Definition 2.3 (Subspace)

Suppose (X, d) a metric space and Y C X. Then d |y= is a metricon Y. We say V'
with this metric is a subspace of X.

Example 2.4
Subspaces of R: any of Q,Z, N, [0, 1],... with the usual metric d(z,y) = |z — y|.

Example 2.5

Recall that a cts function on a closed bounded interval is bounded. Define C([a, b]) =
{f : [a,b] = R | f cts}. This is a subspace of B([a, b]), example 2.3. That is C([a, b]
is a metric space with the uniform metric £(f, g) = sup,c(o 4 | f(2) — g(z)]

Example 2.6
The empty metric space X = @ with the empty metric.

20



Could maybe define different metrics on the same set:
Example 2.7

The ¢; metricon R™: d(x,y) = >°i; |zi — vil-

Example 2.8
The {+, metric on R™: d(x,y) = max; |z; — y;|."

"Proof of triangle inequality similar to example 2.3

Example 2.9
On C([a, b]) we can define the L; metric: d(f,g) = f;’ lf — gl

Example 2.10
X = C with

0 Z=w

2| 4+ |w| 2z #w.

d(z,w) = {

First two conditions of a metric hold obviously, for triangle inequality we need
d(u,w) < d(u,v) + d(v,w).

1. fu=w,LHS=0Vv
2. Ifu=vorv=wthen LHS = RHS v

3. If u, v, w distinct:

LHS = |u| + |w]|
RHS = |u| + |w| + 2|v|v’

This metric is often called the British Rail metric or SNCF metric, you can think of
it as for distinct points you have to travel through the origin.
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London/ Paris

Example 2.11 (Discrete metric)
Let X be any set. Define a metric d on X by

0 z=y

d@,y) = {1 T #y.

Easy to check this works. This is called the discrete metric on X.

Example 2.12 (p-adic metric)
Let X = Z. Let p be a prime. The p-adic metric on Z is the metric d defined by:

0 =1y
p~® ifx#yand z —y = p®m with ptm.

d(.T,y) = {

“Two numbers are close if difference is divisible by a large power of p".

Only thing we need to check is triangle inequality
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Proof. STP: d(z, z) < d(z,y) + d(y, 2)
1. fz=2LHS=0V
2. If z =yory = zthen LHS = RHS v

So easy if any two of z, y, z the same so assume z, y, z all distinct. Let z — y =
p®m and y — z = p’n where p { m,p { n and wlog a < b. So d(x,y) = p~% and

d(y,z) =p~°.

Now:
r—z=(r—-y) ={y—2
= p%m + p’n
=p?(m+p° %) asa < b.
e —|
integer
Sop® |z —zsod(z,z) <p ® Butd(z,y) +d(y, z) > d(z,y) =p~°. O

p® is the largest as.t. p* |z — y

Definition 2.4 (Convergence)

Let (X, d) be a metric space, let (z,,) be a sequence in X and let z € X. We say (zy,)
converges to x and write ‘x,, — 2’ or “z,, - x as n — oo’ if

Ve>03aNVn>Nd,zx) <e.

Equivalently x,, — x iff d(z,,z) — 0in R.

Proposition 2.1
Limits are unique. That is, if (X, d) is a metric space, (x,) a sequencein X, z,y € X
with x,, — z and z,, — y then z = y.

Proof. For each n,

d(z,y) < d(z,z,) + d(xy, y) by triangle inequality
< d(zp,x) + d(zp,y) by symmetry
— 0+0=0asd(x,,z),d(zn,y) =0

So d(z,y) — 0 as n — oo. But d(z, y) is constant so d(z,y) = 0so z = y. O

Remark 6. This justifies talking about the limit of a convergent sequence in a metric space,
and writing x = lim, o0 2y, if 7, = 2.
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Remark 7 (Remarks on definition of convergence in a metric space).

1. Constant sequences obviously converge. More over, eventually constant se-
quences converge.

2. Suppose (X,d) is a metric space and Y is a subspace of X. Suppose (z,) is a
sequence in Y which converges in Y to . Then also (x,,) converges in X to .

However, converse is false: e.g. in R with the usual metric then % —0asn — oo.
Consider the subspace R \ {0}. Then (1) is a sequence in R \ {0} but it doesn’t
converge in R \ {0}. (Why? Suppose £ — zin R\ {0}. Thenalso 1 — z in R. But
1 — 0in R so by uniqueness of limits z = 0. Butz € R\ {0} and 0 ¢ R\ {0} £.)

Example 2.13
Let d be the Euclidean metric on R". Exactly as in R2, we have z,, — x iff the
sequence converges in each coordinate in the usual way in R.

What about other metrics on R"? E.g. let do, be the uniform metric: doo(z,y) =
max; |z; — y;|. Which sequences converge in (R", doo)? d(x,y) = />y (zi — yi)? <

VYo doo(z,y)? s0 d(z,y) < v/Ndeo(z,y). But also doo(x,y) < d(z,y) as one of the

terms in d(z,y) is d2.

Now suppose (z,) is a sequence in R". Then d(z,,z) - 0 <= d(z,,z) — 0. So
exactly same sequences converge in (R”, d) and (R", d«)

What about ¢; metric d1? di(z,y) = Y i—; |z; — yi|. Similarly, doo (2, y) < di(z,y) <
ndss(x,y). So again, exactly the same sequences converge in (R", dy).

Example 2.14
Let X = C([0,1]) = {f : [0,1] — R | f continuous}. Let d, be the uniform metric
on X: doo(f, 9) = sup,ep ) If(z) — g(2)|-

fo— fin(X,ds) <= doo(fn, f) — 0

< sup |fu(z)— f(z)| =0
z€[0,1]

<= fn — f uniformly.

We also have Li-metric d; on X: di(f,g) = fol |f —g|. Now di(f,g) = fol If —g| <
fol doo(f,9) = dso(f, g). So similarly to previous example,

fo—= fin(X,dy) = fn— fin(X,dy).

But converse does not hold, i.e. we can find a sequence (f,) in X s.t. f, — 0in
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di-metric but f,, doesn’t converge in d..-metric, i.e. fol |fn] — 0asn — oo but (fy)
does not converge uniformly.

\/1'\ \in

2nx xr < ﬁ
fa@)=92n(t —2) L <az<i

0 T > %

Then di(f;,0) = 3 x 2 x 1 = 5= — 0. So in (X, d;) we have f, — 0. But f, does

n
not converge uniformly: indeed, f,, — 0 pointwise; if we have uniform convergence

then uniform limit is the same as pointwise limit; but V n fu(55) = 1o f, /4 0
uniformly.

Example 2.15

0 z=
Let (X, d) be a discrete metric space; d(z,y) = {1 ’ 2 Y When do we have Tp > T
r7Y
if (X,d)?

Suppose z,, — x,i.e. Ve > 03 NV n > N d(z,,z) < e. Setting € = 1 in this, we
can find N s.t. Vn > N d(z,,z) < 1,i.e. Vn > N d(z,,z) =0ie.Vn > Nz, = z.
Thus (z,,) is eventually constant.

But we know in any metric space, eventually constant sequences converge.

So in this space, (z,,) converges iff (x,) eventually constant.

Definition 2.5 (Continuity)
Let (X, d) and (Y, e) be metric spaces and let f : X — Y.

1. Letae Xandbe Y. Wesay f(z) > basx = aifVe >030>0Vere X0<
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d(z,a) <6 = e(f(x),b) <e.

2. Leta € X. We say f is continuous at a if f(z) — f(a) asz — a.
Thatis: Ve >030 >0V z € X d(z,a) <d = e(f(z), f(a)) <e.

3. If Va € X fiscontinuous at @ we say f is a continuous function or simply f
is continuous.

4. We say f is uniformly continuous if Ve > 03 >0V z,y € X d(z,y) <
6 = e(f(x), f(y) <e

5. Suppose W C X. We say f is continuous on W (respectively uniformly
continuous on W) if the function f |y is continuous (resp. uniformly con-
tinuous), as a function from W — Y where we are now thinking of W as a
subspace of X.

Remark 8. 1. Don’t have a nice rephrasing of item 1 in terms of similar concepts in
the reals. We would want to write ‘e(f(z),b) — 0 as d(xz,a) — 0". But this is
meaningless, we haven’t defined such a concept in the reals.

2. Item 1 says nothing about what happens at the point a itself. E.g. let f : R —
1 z=

R, =
o=

ous at0).
If we have f cts then d(z,a) = 0 = 2 =a = f(z) = fla) =

e(f(x), f(a)) = 0. So we can drop the ‘0 <’ from definition of continuity.

0
L0 Then f(z) — 0asz — 0 (but f(0) # 0 so f is not continu-
xr

3. We can rewrite item 5: f is continuous on W iff f |y is a continuous function
f lw: W — Y thinking of W as a subspace of X. Thatis: Va € WV e >
036 >0Vaee Xdz,a) <d = e(f(x),f(a)) < e. In particular, note
the subtlety that this only mentions points of W. So under this definition, e.g.

f:RaR,f(x):{l ze 0]

then is cts. But f is not cts at points 0, 1.
0 ¢ l01] f ’[0,1] f p

Proposition 2.2

Let (X, d), (Y, e) be metric spaces, f : X — Y and a € X. Then f is continuous at a
iff whenever (x,,) is a sequence in X with z,, — a then f(z,) = f(a).

Proof. ( = ): Suppose f is cts at a. Let (x,) be a sequence in X with z, — a.
Lete > 0. As fctsatawecan find 0 > Os.t. V oz € X sit. d(z,a) < § =
e(f(z), f(a)) < e. Asz, - xwecanfind Nst. n > N = d(z,,a) < J. Let
n > N then d(x,,a) < d so e(f(zn), f(a)) < e. Hence f(x,) — f(a).

(<=): Suppose f is not cts at a. Then there is some e > 0s.t. V¢ > 03z € X with
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d(z,a) < § but e(f(z), f(a)) > e. Now take § = 2 we obtain a sequence (z,,) with,
for each n d(zp,a) <  bute(f(zy), f(a)) > . Hence z, — abut f(z,) /4 f(a). O

Proposition 2.3

Let (W, ¢), (X, d), (Y, e) be metric spaces, left f : W — X,letg : X — Y and let
a € W. Suppose f is cts at a and g is cts at f(a). Then g o f is cts at a.

Proof. Let (x,,) be a sequence in W with x,, — a. Then by proposition 2.2, f(x,) —
f(a) and so also g(f(xr)) = g(f(a)). So by proposition 2.2 g o f cts at a. O

Example 2.16

In R — R with the usual metric, this is the same definition as when we defined con-
tinuity directly for R only. So we already have lots of cts fcns R — R: polynomials,
sin, €%, ...

Example 2.17

Constant functions are continuous. Also if X is any metric spaceand f : X — X by
f(z) = x for all z € X (the indentity function) then that is continuous.

Example 2.18 (Projection Maps)

Consider R™ with the usual metric and R with the usual metric. The projection
maps 7; : R” — R given by 7;(z) = x; are continuous.

(Why? We've seen convergence in R" of sequences is the same as convergence in
each coordinate. Let’s denote a sequence in R™ by (2("™),,>1. So e.g. :c?) is the 5th

coord of the 3rd term. We know z(™ — z iff for each i :nl(-m) — x;, i.e. for each 7
m;(x(™) — 7;(x). Then we can use proposition 2.2)

Similarly, suppose fi,...,fn : R — R Let f : R — R” defined by f(z) =
(fi(z),..., fa(z)). Then f is cts at a point iff all of fi,..., f,, are. Using these
facts example 2.16 and proposition 2.3, we have many cts fcns R* — R™. E.g.
f:R3 = R2 f(x,y,2) = (e"%siny, 27 cos 2) is cts. (Why? write w = (z,y,2) € R3,
we have fi(w) = e”™(®) sin 7y (w) and fo(w) = 2m; (w) cos w3(w). So fi, fa cts so f
cts.)

Example 2.19
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Recall that if we have the Euclidean metric, the [; or I, metric on R" then the con-
vergent sequences are the same. So by proposition 2.2, the ctf fcns X — R" or from
R™ — Y are the same with each of these three metrics.

Example 2.20

Let (X, d) be the discrete metric space, example 2.11, and let (Y, e) be any metric
space. Which functions f : X — Y are cts? Suppose a € X and (z,) a sequence in
X with z,, = a. Then (z,,) is eventually constant, i.e. for sufficiently large n z,, = a

and so f(zy,) = f(a). So f(z,) — f(a).

Hence every function on a discrete metric space is cts.

§2.2 Completeness

Question
In section 1 we saw a version of GPC held in each of the three examples we con-
sidered. Does GPC hold in a general metric space?

Definition 2.6 (Cauchy Sequences)

Let (X, d) be a metric space and let (x,,) be a sequence in X. We say (z,,) is Cauchy
iftVe>03NVm,n>N d(xm,z,) <e.

Theorem 2.1
() convergent = (x,,) Cauchy.

Proof. Left as an exercise. O
But converse is not true in general.

Example 2.21

Let X = R\ {0} with the usual metric and z,, = 1. We say previously that (z,)
does not converge.

Note that X is a subspace of R. In R (z,,) is convergent (z,, — 0) so (x,) is Cauchy
in R so (z,) is Cauchy in X.
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Example 2.22

Q with the usual metric. Let z,, be v/2 to n decimal places. This converges in R so
is Cauchy in Q but clearly doesn’t converge in Q.

Definition 2.7 (Completeness)

Let (X, d) be a metric space. We say X is complete if every Cauchy sequence in X
converges.

Example 2.23

Example 2.21 says R \ {0} with the usual metric is not complete.
Similarly Q with usual metric is not complete.

Example 2.24

GPC says R with the usual metric is complete.

Example 2.25
GPC for R™ says R™ with Euclidean metric is complete.

Example 2.26

GPUC, theorem 1.8, (almost) says if X € Rand B(X) = {f : X — R |
f is bounded} with the uniform norm then B(X) is complete.

Proof. Let (f,,) be a Cauchy sequence in B(X). Then (f,,) is uniformly Cauchy so
by GPUC is uniformly convergent. That is f,, — f uniformly for some f : X — R.
As f, — f uniformly we know f,, — f is bounded for n suff. large. Take such an n,
then f,, — f and f,, are bounded so f = f,, — (f, — f) isbounded. Thatis, f € B(X).
Finally, f,, — f uniformly and d(f,, f) — 0, i.e. f, — fin (B(X),d). O

Remark 9. In many ways, this is typical of a proof that a given space (X, d) is complete:
1. Take (z,) Cauchy in X;

2. Construct/ find a putative limit object x where it seems (z,,) converges to = in some
sense;

3. Show r € X,

4. Show z,, — z in metric space (X, d) i.e. that d(x,,z) — 0.
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This is often tricky/ fiddly/ annoying/ repetitive/ boring. But we need to take care as for
example, it’s tempting to talk about d(z,,, z) while doing (ii) or (iii); but makes no sense
to write “d(x,,, z)’ until we have completed (iii) as d is only defined on X? (if x ¢ X then
can’t use d).

Example 2.27

If [a, b] is a closed interval then C(]a, b]) with uniform norm d is complete.

Proof. (i): Let (f,,) be a Cauchy sequence in C([a, ]).

(ii): We know C(]a, b]) is a subspace of B([a,b]) with uniform metric. We know
B([a, b)) is complete by example 2.26 and ( f,,) is a Cauchy sequence in B([a, b]) so
in B([a, b)), fn — f for some f.

(iii) Each f,, is cts and f, — f uniformly so f is cts, i.e. f € C([a,]).

(iv) Finally, each f,, € C([a,b]), f € C(la,b]) and f,, — f uniformly so d(f,, f) —
0. O

This generalises:

Definition 2.8 (Closed Metric Space)

Let (X, d) be a metric space and Y C X. We say Y is closed if whenever (z,) a
sequence in Y withz,, - 2 € X thenz € Y.

Proposition 2.4

A closed subset of a complete metric space is complete.

Remark 10. This does make sense: if Y C X then Y is itself a metric space or a subspace

of X so we can say e.g. ‘Y is complete’ to mean the metric space Y (as a subspace of X)
is complete.

We could do exactly the same with any other properties of metric spaces we define.

Proof. Let (X, d) be a metric space and Y C X with X complete and Y closed. (i):
Let (z,,) be a Cauchy sequence in Y.

(ii): Now (zy,) is a Cauchy sequence in X so by completeness x,, — z in X for some
rz e X.

(iii) Y € X isclosedsoz € Y.

(iv) Finally we now have each z,, € Y,z € Y and z,, — 2 in X, so d(z,,z) — 0 so
T, > xinY. ]
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Example 2.28
Define £1 = {(xp)n>1 € RY | 35°°, |x,| converges}. Define a metric d on ¢; by
d((xn), (yn)) = 2nZi [Tn — Ynl-

Note we have }_ |z, Y |yn| converge as we are in /1. Foreach n |z, —y,| < |n|+|yn|
so by comparison test Y |z, — y,| converges. So d is well-defined. Easy to check d
is a metric on ¢;. Then (41, d) is complete.

Proof. (i): Let (2(™),>1 be a Cauchy sequence in ¢;, so for each n (xz(n))izl is a
sequence in R with >, \x§n)| convergent.

(ii) For each i, (xl(n))nzl is a Cauchy sequence in R, since if y, z € ¢; then |y; — z;| <
d(y, z). But R is complete, so for each i we can find z; € Rs.t. x§”) — x;asn — oo.
Let x = (71, 72,...) € RN,

(iii) We next show z € /1, i.e. that ) ;2, |z;| converges.

Giveny € /1, define o(y) = > 52, |vi|, i.e. o(y) = d(y, z) where z is the constant zero
sequence.
We now have, for any m,n

o(z™) = d(z™), 2)

So o (™) — g(x™) < d(z(™, (™). Similarly, for any m,n o(z™) — o(2(™) <
d(z™ 2™ and so |o(2(™) — o(z(™)| < d(z(™),2(™). Hence (o(z(™))>1 is a
Cauchy sequence in R, and so by GPC converges, say o(z("™) — K as m — oco.

Claim 2.1
Forany I € N, Y"1, |z < K +2.

Proof. Aso(2™) — K asn — cowecan find Nys.t. n > N = %%, \x,gn)| <
K+41. Also,n >N, = YL, \x§")| < K + 1 (as each term non-negative).

Next, foreach i € {1,2,..., I} we have xz(") — x; asn — 00. So we can find N

st.n>Ny = Vie{l,...,I} ]mgn)—xi\ <I %

Now let n = max(Ny, Np) then 21 2| < 321, \xgn)] + 3, \:rgn) — x| <
K+1+IIY)=K+2. O

Now the partial sums of ) |z;| are increasing and bounded above so > |z;| con-
verges. Thatis x € /.
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(iv) Finally, need to check 2™ — zasn — ooin /4, ie. that d(:v(”),m) — 0 as

n — oQ.
We have, for all n, I:

=1

I ( e’ ) [e'e)
< —zil+ X 2+ Y Jal.

=1 i=1+1 i=1+1

Let ¢ > 0. We know ) |z;| convergent (as x € {;) so we can pick I; s.t.

YiZnylz <e.
As (™) is Cauchy, we can find N; s.t. m,n > Ny = d(z™,2) < ¢, As

> ’.CL‘Z(»NI)‘ converges, we can find I s.t. 2%, ]angl)\ < &. Then

i=Io+1 i:IQ—l-l 2—12+1
< e+ d(@™, (M)
< 2e.
Let I = max(]l,lg) Foreachi =1,2,...,1 we have ]a: " _ z;| > 0asn — oo, so

) ]a:z( —xi| > 0asn — oo. Hencewecanfmd Nostn> Ny — Y7, ]a: -
x;| < e. Let N = max(Np, No) and let n > N. Then

1 00
de™,2) < Sl —ail+ 3 P+ Y Jad
i=1 i=I+1 i=I+1
I o)
<Y e — @il + Z M+ > |l
=1 i=Ir+1 i=11+1
+ 24+ =4e
Hence d(ac("), x) = 0asn — oo, ie. 2™ = zin 4.
Hence ¢; is complete. O

Now we will move on to main theorem of completeness.
Definition 2.9 (Contraction mapping)

Let (X, d) be a metric space and f : X — X. We say f is a contraction if 3 A € [0,1)
st.Va,y € Xd(f(z),f(y) < Ad(z,y).
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Theorem 2.2 (The Contraction Mapping Theorem)

Let (X, d) be a complete, non-empty metric space and f : X — X a contraction.
Then f has a unique fixed point.

Proof. Let A € [0, 1) satisfy V z,y € X d(f(z), f(y)) < Ad(zx,y).

Let g € X. Recursively define z,, = f(z,,—1) forn > 1. Let A = d(zo, z1). Then, by
induction d(zy,, Tn1+1) < A"A for all n.

Now suppose N < m < n. Then

n—1
d(Tm, Tn) < Z d(zi, Tiy1)
nil )
< NA

<D NA
i=N

AVA
= ﬁ —0as N — oo.
SoVe>03aNVm,n>Nd(xny,,z,) <e (ie wetake N s.t. ’}]fo < ¢). Thus (z,) is
Cauchy, so by completeness converges, say =, — = € X. Butalso z, = f(z,—1) =
f(z) as f continuous”. So by uniqueness of limits, f(z) = x.

Suppose also f(y) = y for some y € X. Then d(z,y) = d(f(z), f(y)) < Ad(z,y)
with A < 1. Sod(z,y) =0soz = y. O

“follows immediately from definition of contraction mapping (e.g. let § = ¢ in definition of continu-
ity).

Remark 11.

1. Why s f cts? We have, forall z,y € X d(f(z), f(y)) < d(z,y). SoV e > 0,d(z,y) <
e = d(f(z), f(y)) < e. (Indeed, this shows f is uniformly continuous.)

2. We have proved more than claimed. Not only does f have a unique fixed point,
but starting from any point of the space and repeatedly apply f then the resulting
sequence converges to the fixed point. In fact, the speed of convergence is expo-
nential.

Example 2.29 (Application)

Suppose we want to numerically approximate the solution to cosz = x. Any root
must lie in [—1,1]. Consider metric space X = [—1, 1] with usual metric. X is
a closed subset of a complete space R so is complete. Obviously X is non-empty.
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Think of cos : [-1,1] — [—1, 1]. Suppose z,y € [—1,1].

|cosz — cosy| = |x — y|| cos’ z| for some z € [—1,1] by MVT
& — y|| —sin’ 2|
< |z —y|sinl
But 0 < sinl < 1 so cos is a contraction of [-1, 1]. So by The Contraction Mapping

Theorem, cos has a unique fixed point in [—1,1]. That is cosz = x has a unique
solution.

How do we find it numerically? Use remark 2, we will have rapid convergence to
the root.

We will see two major applications of CMT (The Contraction Mapping Theorem)
later.

§2.3 Sequential Compactness

Recall BW for R" says a bounded sequence in R™ has a convergent subsequence.
Definition 2.10 (Bounded)
Let (X, d) be a metric space. We say X is bounded if

dIMeRVz,yeXdzy) <M.

Remark 12. Easy to check by triangle inequality that X bounded <= (X =@ or3d M €
R, z € Xst.Vy e Xd(z,y) < M). So definition agrees with earlier definition for
subsets of R".

Definition 2.11 (Closed subspace)

Let (X, d) be a metric space and Y C X. We say Y is closed in X if whenever (x,,)
is a sequence in Y with,in X, z,, - v € X thenz € Y.

Definition 2.12 (Sequentially Compact)
A metric space is sequentially compact if every sequence has a convergent sub-
sequence.

BW for R" is essentially the following:
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Theorem 2.3

Let X C R™ with the Euclidean metric. Then X is sequentially compact iff X is
closed and bounded.

Proof. (<=) Suppose X is closed and bounded. Let (z,) be a sequence in X. Then
(75,) is a bounded sequence in R" so by BW, in R", x,,;, — x for some z € R" and
some subsequence (z,,) of (7).

As X is closed, » € X. Hence the subsequence (z,;) converges in X. So X is
sequentially compact.

( = ) Suppose X is not closed. Then we can find a sequence (z,) in X s.t. in R”
r, — x € R" with z ¢ X. Now any subsequence (z,,;) — zin R". Butx ¢ X
so by uniqueness of limits (z,,;) does not converge in X. So X is not sequentially
compact.

Suppose instead X is not bounded. Then we can find a sequence (z,) in X with
Vn|zal > n,ie |z,]| = coasn — co. Suppose we have a subsequence z,,; —
x € X. Then Ha:nJH — |lz|| but Hxn]H — 00 £. So, again, X is not sequentially
compact. O

Remark 13. Does this hold in a general metric space? Obviously not: e.g. in R\ {0} with
the usual metric, the set [—1,0) U (0, 1] is closed and bounded but the sequence (1),
has no convergent subsequence.

Problem: Space is not complete. Maybe complete and bounded — sequentially com-
pact?

Even this doesn’t work. Recall example from section 1: Let X = {f € B(R)
sup,er | f(x)] < 1} with uniform metric. Then X is complete (closed subset of a

complete space B(R)) and bounded (if f,g € X then d(f,g) < 2). But consider
fnlz) = {0 . Then f, is a sequence in X butV m,nm #n = d(fm, fn) = 1.
X n

So (fn) cannot have a convergent subsequence.

1 z=n

Problem: X is ‘too big'.

We need a stronger concept of boundedness.
Definition 2.13 (Totally Bounded)

Let (X, d) be a metric space. We say X is totally bounded if ¥ § > 0 we can find a
finite subset A C X st. Ve € X Ja € Ad(z,a) <.
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Theorem 2.4

A metric space is sequentially compact iff it is complete and totally bounded.

Proof. (<=): Suppose the metric space (X, d) is complete and totally bounded. Let
(n)n>1 be a sequence in X.

As X is totally bounded, we can find finite A; C X s.t. Vo € X Ja € A1 d(z,a) < 1.
In particular, there is an infinite set Ny C N and a point a; € A; st. V n €
Ny d(zp,a1) < 1. Hence V m,n € Ny d(xp,, z,) < 2.

Similarly, we can find finite Ay C X st. V2 € X 3 a € A d(z,a) < % In
particular, there is an infinite No C Nj s.it. V n € Ny d(zy,a2) < % and thus
V'm,n € Ny d(xpm,x,) < 1.

Keep going. We get a sequence N; D Ny D Ns... of infinite subsets of N s.t.
VivVvm,neN, = d(zm,z,) < %

Now pick n; € Nj. Then pick no € No with ng > ny. Then pick n; € N; with
n; > Nij—1.

We obtain a subsequence (z,;) of (z,) s.t. V j z,, € N;. Thusifi < j then
Tp;, Tn; € N; and 50 d(xp,, Tn;) < % Hence (z,,) is a Cauchy sequence and hence
by completeness, converges. Thus X is sequentially compact.

( = ) Suppose X is not complete. Then X has a Cauchy sequence (z,) which
doesn’t converge. Suppose we have a convergent subsequence, say x,; — x. Then
xn, — x (left as an exercise, same as in gpc for R) 7.

Suppose instead X not totally bounded. Then there is some 6 > 0 s.t. whenever
AC Xisfinited oz € XVae Ad(z,a) < 6. So pick z; € X, pick z; € X st
d(z1,x2) > 0, pick 3 € X s.t. d(x1,23) > 6 and d(z2,z3) > J ...We get a sequence
(xn) € Xst. Vi,j1#j = d(x;,z;) > 0. Hence (z,) has no convergent
subsequence. O

Exercise 2.5. A cts fcn on a sequentially compact metric space is uniformly compact. If
the fcn is real-valued then it’s bounded and attains its bounds.

§2.4 The Topology of Metric Spaces

Theme of section 2: to generalise convergence/ continuity, all we need is a distance.

But: e.g. in R"” we have three very different concepts of distance given by the Euclidean,
/1 and /o, metrics. But all give same concept of convergence and continuity.

Definition 2.14 (Homeomorphism)
Let (X, d) and (Y, e) be metric spaces. Let f : X — Y. We say f is a homeomorph-
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ism and that X, Y are homeomorphic if f is a cts bijection with a cts inverse.

Remark 14. Homeomorphism is an equivalence ‘relation’ (it satisfies symmetry, transit-
ivity and reflexivity but not an actual relation).

Example 2.30

If z,y € R™ doo(z,y) < di(z,y) < ndoo(x,y). (di1,ds 1 and £ metrics respect-
ively). So identity map R™ — R" is continuous as map (R",d;) — (R",d) and as
amap (R",ds) — (R",d1). So it’s a homeomorphism.

Similarly, R™ with the Euclidean metric is homeomorphic to both of these spaces.

Example 2.31
Same argument would show: If (X, d), (Y, e) metric spacesand f : X — Y isa
bijection satisfying

1. 3AVz,y € X e(f(x), f(y) < Ad(z,y)

2. 3BV z,y € X d(z,y) < Be(f(x), f(y)) then f, f~! are cts so X,Y homeo-
morphic.

Example 2.32
Define f : (=%, 5) — Rby f(z) = tanz. Then f is a homeomorphism (usual metric

2
in each case). But there is no constant A s.t. V 2,y € (—5,3) [tanz — tany| <

Alx —y|.

Proposition 2.5

Let (V,b), (W, ¢), (X,d), (Y, e) be metric spacesand f : X — V,g : Y — W be
homeomorphisms.

1. InX,z, »ziffinV f(x,) — f(z);
2. Afunctionh: X — Yisctsata € Xiffgoho f~lisctsat f(a) € V.

Proof. (i) zp, - ¢ = f(zn) — f(x)as f cts; f(zn) — flx) = =z, =
FHf(@n) = fH(f(2)) =z as f~ cts.

(ii) h cts => goho f~! cts (composition of cts fcns). And goho f~lcts = h =
g lo(gohof~l)o fiscts (similarly). O

We now have examples of metric spaces that look very different but behave identically
w.r.t convergence/ continuity.
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Thought: Could we dispense with distance altogether?

Another way to think about continuity.

Definition 2.15 (Open ball)

Let (X, d) be a metric space, leta € X and lete > 0. The open ball of radius ¢ about
ais the set B.(a) = {z € X : d(z,a) < €}

Remark 15. Suppose f: X — Y, a € X. d metric on X, e metricon Y.

fctsata <= Ve>036>0d(z,a) <6 = d(f(x), f(a)) <e
< Ve>00>0x¢€ Bs(a) = f(z) € B:(f(a))
<= Ve>030>0 f(Bs(a)) C B:(f(a))
= Ve>036>0Bs(a) C fY(B.(f(a))).

So we have redefined continuity in terms of open balls. But open balls have radii so still
mentioning distance.

Definition 2.16 (Open, Neighbourhood)

Let X be a metric space. A subset G C X isopenifVx € G3ec > 0B.(z) < G. A
subset N C X is a neighbourhood (nbd) of a point a € X if there exists an open
setGC XstaeGCN.

Remark 16.

1. Intuition: A set is open if for each point in the set it contains all points nearby as
well. A set is a neighbourhood of « if it contains all points near a.

2. The open ball B.(a) is open. Why? If z € B.(a) then d(z,a) = 6 < ¢, say soby A
inequality B._;(z) C B:(a).

3. If N is an open set and a € N then certainly V is a nbd (neighbourhood) of a:
a€ N CN.

open
However, a nbd of a need not be open. E.g. in R with the usual metric then [—1, 1]
isanbd of 0: 0 € (0,1) C [~1,1]. And [—1,1] U {396} is a nbd of 0.
—_
open
4. Nisanbdof aiff 3¢ > 0s.t. B-(a) C N.
Proof. (<=): a € B(a) C N.
open

(= )ae G CNand3Je > 0s.t B(a) CG. O
I

open

38



5. A set GG is open iff it’s a nbd of each of its points.

Proposition 2.6
Let (X, d), (Y, e) be metric spaces and let f : X — Y.

1. fisctsata € X iff whenever N’ C Y is a nbd of f(a) we have f~}(N) C X a
nbd of a;

2. fisa cts function iff whenever G C Y is open we have f~!(G) C X open.

Proof.

1. ( = ): Suppose f ctsata € X. Let N be a nbd of f(a). Then 3 ¢ > 0 s.t.
B:(f(a)) CN.But fctsataso3d > 0s.t. Bs(a) C f~Y(B(f(a))) C f~HN).
So f~Y(N) is a nbd of a.

(<=): Suppose f~1(N) is a nbd of a for every nbd N of f(a). Lete > 0. In
particular, B.(f(a)) is a nbd of f(a)so f~!(B.(f(a)))isanbd of aso 3 > 0
s.t. Bs(a) C f~Y(B:(f(a))). So f is cts at a.

2. ( = ): Suppose f is a cts function. Let G C Y be open. Leta € f~1(G).
Then f(a) € G and G open so G is a nbd of f(a). Moreover, f is cts at a so by
(i) we have f~1(G) anbd of a. Hence 36 > 0 s.t. Bs(a) C f~%(a). So f~*(a)
is open.

(<=): Suppose f~1(G) open whenever GisopeninY. Leta € X. Let N C YV
be a nbd of f(a). Then 3 G C Y opens.t. f(a) € G C N. By assumption,
f~YG) C X open. Now a € f~1(G) C f~1(N) with f~1(G) open so f~1(N)
is nbd of a. So by (i), f is cts at a. So f is a cts function.

O]

Remark 17. 1. This says that we can define continuity entirely in terms of open sets
without mentioning the metric.

2. We saw previously that homeomorphisms preserve convergence and continuity.
Proposition 2.6 (ii) say homeomorphisms also preserve open sets: precisely, if
f:X — Y is ahomeomorphism then G C X is open iff f(G) C Y is open. (Why?
G = f~1(f(@)) with f ctsand f(G) = (f~1)"1(G) with f~! cts.)

What else is preserved by homeomorphisms?

Suppose f : X — Y is a homeomorphism and X is sequentially compact. Let (y,,) be a
sequence in Y. Then (f~!(y,)) is a sequence in X and so has a convergent subsequence.
S (yn;) = @ € X, say. But convergence of sequences is preserved by homeomorph-
isms. Hence (yn,) = f(f ' (yn,;)) = f(z) € Y. So Y is sequentially compact.

Thus if X,Y homeomorphic spaces, X sequentially compact <= Y sequentially com-
pact.
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‘Sequential compactness is a topological property>’. If X, Y homeomorphic and one has
the property then so does the other.

What about completeness? Not so good.

Example 2.33

We saw (0, 1) and R with the usual metric in each case are homeomorphic. But R is
complete and (0, 1) is not. So completeness is not a topological property.

What went wrong? Property of being a Cauchy sequence is not preserved by homeo-
morphisms.

Remark 18. Suppose (z,,) is a sequence in a metric space X and « € X. Then

Tp > <= Ve>0INVn>Ndz,,z)<e
< Ve>03NVn>Nuz, € B:(x)
<= forallnbds N oft3INVn> Nz, €N.

This defines convergence solely in terms of nbds. Can’t do something similar for Cauchy
sequences using nbds/ open sets.

We have just seen that seq. compactness is a topological property. We can define seq.
compactness just in terms of nbds/ open sets: Seq. compact is defined in terms of con-
vergence of sequences which can be described using nbds. But is there a ‘nicer” way to
do this, can we describe just in terms of open sets?

Definition 2.17 (Open Cover)

Let X be a metric space. An open cover of X is a collection C of open subsets of X
S.t. X = UGGC G

Definition 2.18 (Subcover)
A subcover of C is an open cover B of X with B C C.

Definition 2.19 (Compact)
We say X is compact if every open cover of X has a finite subcover.

*This means it is preserved by homeomorphisms
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Example 2.34 (The Heine-Borel Theorem)
[0, 1] with the usual metric is compact.

Proof. Let C be an open cover of [0, 1].

Let A = {z € [0,1] : 3 B C C finite with [0, 2] C Ugep G}. We know 3 G € C with
0€G.So00 e Aso A # @. Clearly Abounded above by 1. So A has supremum, say
o =sup A.

As G open,Je > 0s.t. [0,6) = B-(0) CG.So § € Asoo > 0.

Suppose 0 < 1. We can find H € C witho € H. As o = sup A we can find
x € Awithz € H. So we have B C C finite with [0, 2] C Ugeg G. But 3 ¢ > 0s.t.
(0 —g,0+¢)=DB:(0) CH.S0[0,0 + 5] CUgepuquy G-Soo +5 € AZ.

Hence 0 = 1. Wecan find K € Cs.t. 1 € K. As K open, we can find ¢ > 0 s.t.
(1 -6,1]=B.(1) Cc K. As1 =supAwecanfind z € AN (1 —¢,1]. That says we
have finite B C C with [0, 2] C Ugep G-

Then BU{ K} is an open cover of [0, 1] and so a subcover of C. So [0, 1] is compact. [

Theorem 2.6
Let X be a metric space. Then TFAE:

1. X is compact;

2. X is sequentially compact;

3. X is complete and totally bounded;
4

. X is a subspace of R" with the Euclidean metric. X C R" is closed and
bounded.

Proof. We have already shown (2) <= (3) ( <= (4) if appropriate) in previous
section 2.3.
So only remains to prove (1) <= (2).

( = ): Suppose X is not sequentially compact. Then there is some sequence
() in X with no convergent subsequence. Hence for every point a € X we can
find a nbd of a and hence an open set G, containing a but containing (x,,) for only
finitely many values of n. (If not, pick an a for which this is not true; then take n
s.t. x,, € By(a), then ng > nj s.t. x,, € B% (a), then z,, € B% (a) with ng > no, ...,
giving z,,;, — a £).

Now let C = {G, : a € X}. This is an open cover of X. But if D C C is finite
then (Jgcp G contains z,, for only finitely many n, so Jgecp # X. So C has no finite
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subcover. Hence X is not compact.

(<=): Suppose X is sequentially compact.
Let C be an open cover of X.

Claim 2.2
30>0Va€e X 3G el Bsla) CG.

Proof. Supposenot. ThenVé >03a € XV G € C Bs(a) ¢ G. Taking § = = for
each n € N we obtain a sequence (z,,) in X s.t. foreachn,V G € C B1(z,) ¢ G.

By sequential compactness, we can find a convergent subsequence z,,; — a €
X. Pick G € Cs.t. a € G. As G open, we can pick ¢ > 0s.t. B:(a) C G. Pick j
sufficiently large s.t. z,; € Bz (a) and also % < 5. Then Bn%_ (zn;) C Be(a) C

G. O]

Now take ¢ as in the claim. As X is sequentially compact, it is totally bounded
so we can find a finite set A C X st. V2 € X 3 a € Ad(x,a) < 6. Thatis
Vee X3daec Ax € Bs(a). Thatis, X = J,ec4 Bs(a). By choice of §, for eacha € A
we can pick G, € C s.t. Bs(a) C G,. So {G, : a € A} is a finite subcover. So X is
compact. O

Finally, two important properties of open sets. First: relationship between open/
closed.

Proposition 2.7
Let X be a metric space and G C X. Then G is open iff F' = X \ G is closed.

Proof. (=) Suppose F not closed. Then there is a sequence (z,,) in F with x,, —
z ¢ Fsox € G. Suppose N is anbd of z. Then3 N st. Vn > Nz, € N. But
Vnaz, ¢ G.SoN # G. So G is not anbd of z € G. So G is not open.

(«<=): Suppose G is not open. Then there is some z € Gs.t. Ve > 0 B.(z) ¢ G.
That is B.(z) N F' # @. So for n € N we can pick z,, € Bi(z) N F. Then (z,) is a

sequence in F with x,, -+ x € G. So F' is not closed. O

Secondly: If X is a metric space, can we say something about the structure of the collec-
tion of all open subsets of X?

Proposition 2.8
Let X be a metric space and let 7 = {G C X : G open}. Then

1. gertand X € 7;
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2. if o C 7 then g, G € 7, “any union of open sets is open’;

3. If G1,Go,...,G, € 7 then L, G; € 7, ‘a finite intersection of open sets is
open’.

Remark 19. We do need finiteness condition in (3). E.g. Vn € N, (—1,1)is openin R
with the usual metric. But 022, (—1, 1) = {0} which is not open.

n’n

Proof. 1. Obvious

2. Suppose 0 C 7. Let H = Uge, G- Suppose a € H. Then a € G for some
G € 0. So Gisanbd of a (as G open). So H isanbd of a (as G C H). Hence
H is open,ie. H €.

3. Suppose Gi,...,G, € Tand let J = ()., G;. Suppose a € J. For each i,
a € G;and G; open so 3 ¢; > 0s.t. Bs,(a) C G;. Let 6 = min{dy,...,d,}"
Then § > 0 and Bs(a) = (= Bs,(a) C Ni=; Gi = J. So J is open, ie. J € T.

O

“This is where we need finiteness
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§3 Topological Spaces

‘Do continuity entirely in terms of open sets without mentioning distance’.
Metric space: set with a distance.

Topological space: set with a collection of open subsets.

§3.1 Definitions and Examples

Definition 3.1 (Topological Space)

A topological space is a set X endowed with a topology 7 that is a subset 7 C P(X)
satisfying

1. gertand X € 7;
2. Ifo Cc tthenUge, G € 75
3. IfGy,...,G, € Tthen L, G; € T.

Remark 20. Could replace (3) by G,H € 7 = G N H € 7. Equivalent to (3) by
induction.

Notation. Sometimes write (X, 7) is a topological space’. If obvious what the topology
is, we might just write ‘X is a topological space’.

Example 3.1

Let (X, d) be a metric space. Let 7 = {G C X : G open}. Then by proposition 2.8, 7
is a topology on X.

We say 7 is the topology, induced by the metric d.

We want to define open/ closed/ cts etc for topological spaces. As metric spaces are top.
spaces try to make sure it’s ‘backward compatible’, so to say. The new defns shouldn’t
contradict the old metric space ones. So in making new defns, we’ll be guided by section
2.4.

Definition 3.2 (Open)

Let (X, 7) be a topological space. We say that G C X is openif G € 7

Definition 3.3 (Closed)
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Let (X, 7) be a topological space. We say Fis closed if X \ F' € 7.

Definition 3.4 (Neighbourhood)

Let (X, 7) be a topological space. We say N C X is a neighbourhood of a € X if
dG C X openwitha € G C N.

Definition 3.5 (Continuity)

Let (X, 7) be a topological space. Let (Y, o) be another topological space, and let
f: X — Y. Wesay f is continuous if whenever G C Y is open, then f~1(G) C X
is open. In other words, f is continuous if V G € o, f}(G) C .

We say that f is continuous at ¢ € X if whenever N' C Y is a neighbourhood of
f(a) then f~1(N) C X is a neighbourhood of a.

Definition 3.6 (Homeomorphisms)

Let (X, 7) be a topological space. We say that f is a homeomorphism and X, Y are
homeomorphic if f is a bijection and both f, f~! are continuous.

Definition 3.7 (Topological)

Let (X, 7) be a topological space. A property is topological if it is preserved by
homeomorphisms; that is to say, if X, Y are homeomorphic then X has the property
iff Y does.

Remark 21. 1. if 7 is induced by a metric then this is all consistent with the metric space
definitions of these concepts.

2. Given our definition, G open iff G € 7, we often don’t need to explicitly name the
topology. E.g. ‘Let X = R with the usual topology and G C X be open...". Other times
more convenient to specify 7, write ‘G’ € 7’ etc.

3. Homeomorphism is an equivalence ‘relation’.

4. If a € G and G open then G is a neighbourhood of a, however neighbourhoods need
not be open in general. A set G C X is open iff G is a neighbourhood of each of its
points.

Proposition 3.1

Let X, Y be topological spaces and f : X — Y. Then f is continuous if and only if
for all « € X, f is continuous at a.
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Proof. ( = ): Suppose f continuousandleta € X. Let V' C Y be aneighbourhood
of f(a). Then there is an open set G C Y witha € G C N. As f is continuous,
f~YG) c X isopen. Now a € f~1G) C f~YWN) with f~}(G) open. Thus f is
continuous at a.

(<=): Suppose for all a € X we have f continuous at a. Let G C Y be open. Let
a € f~1(Q). Then f(a) € G, but G is open so G is a neighbourhood of f(a). Now f
is continuous at a so f~!(G) is a neighbourhood of a in X. But a was arbitrary so
(@) is a neighbourhood of each of its points. Thatis f~!(G) is open. Hence f is
continuous. O

Proposition 3.2

Let (X,7),(Y,0),(Z, p) be topological spaces, let f : X — Yandg:Y — Z be
continuous. Then g o f : X — Z is continuous.

Proof. Let G € p. As g is continuous, g~!(G) € 0. As f continuous, f~1(¢71(G)) €
7. Thatis, (go f)~}(G) € 7. So g o f continuous. O

Example 3.2 (The discrete topology)

Let X be any set and 7 = P(X), where ‘every set is open’.
However, this is not a new example; it is induced by the discrete metric

1 z#y
0 x:y'

d($7y) = {

Now in (X,d), for any z € X then {z} = Bj(z) is open and so if G C X then
G = Ugeq{x} is open.

Example 3.3 (The indiscrete topology)

Let X be any setand 7 = {@, X }. Here, ‘only open sets are @ and whole space’. This
is something we have not seen before: 7 cannot be induced by a metric as long as
|X| > 2. Indeed, suppose | X| > 2 and that 7 is induced by a metric d. Let z,y € X
with z # y, solet d(z,y) = 0 > 0. Then B;(z) is open with z € Bs(x) and y ¢ B;(z)
‘.

Example 3.4 (The cofinite topology)

Let X be any infinite set and let 7 = {G C X : X \ G is finite} U {@}. This is not
induced by a metric.
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Proof. 1. @ €7and X\ X = @ is finiteso X € 7.

2. Let 0 C 7. If 0 is empty or only contains & then g, G = @ € 7. Oth-
erwise, pick H € o with H # @. Then X \ H is finite so (X \ Uge, G) =
Naes (X \ G) C X \ H is finite. So Uge, G € T.

3. LetG,H € 7. f G = @or H = @then GNH = @ € 7. Otherwise
X\ G,X \ H are finite then (X \ (GN H)) = (X \ G) U (X \ H) is finite.
SoGNHeT.

So the cofinite topology is indeed a topology.

Furthermore, it is not induced by a metric d. Observe first that if G, H open
and non-empty then G N H # @&“. Now suppose z,y € X with z # y. Then
d(z,y) = 6 > 0so Bs/2(z), Bs/2(y) are non-empty disjoint open sets. So d
doesn’t induce 7 as open sets can’t be disjoint in this topology. O

“As they are both infinite sets with finite complements

Example 3.5 (The cocountable topology)

Let X be any uncountable set and let 7 = {G C X : X \ G countable} U {@}. Then,
very similarly to previous example, we can show that this is a topology that is not
induced by any metric.

§3.2 Sequences and Hausdorff spaces

Definition 3.8 (Convergence)

Let X be a topological space, let (x,,) be a sequence in X and let z € X.
We say (z,,) converges to = and write z,, — z if whenever N' C X is a neighbour-
hood of z then 3 N V n > N we have z,, € N.

Example 3.6 (Cocountable Topology)

Let X be an uncountable set with the cocountable topology. What sequences con-
verge in X?

The only convergent sequences in this space are eventually constant.
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Proof. Suppose z,, — x. Thenlet N' = (X \ {z,, : n € N}) U {z}. Then N open
and z € N so N is a neighbourhood of z. Thus 3 N such thatVn > N, z,, € N.
So3d N,V n > N wehave z,, = .

Conversely, it is obvious if 3 N such thatVn > N, z,, = x then z,, — =.

So the only convergent sequences in this space are eventually constant. O

Example 3.7 (Indiscrete Topology)

Let X = {1,2,3} with the indiscrete topology. Let z,, = i € X withi = n mod 3.
So sequence is 1,2,3,1,2,3,. ...

Claim 3.1
Ty — 2

Proof. Let N be a neighbourhood of 2. Then 3 G open such that 2 € G C N.
But only open sets are &, {1,2,3} so G = {1,2,3}. SoN = {1,2,3} soV n,z, €
N. O

Similarly z,, — 1 and z,, — 3, and so we arrive at the big revelation for topological

spaces: LIMITS OF CONVERGENT SEQUENCES NEED NOT BE UNIQUE.
Thus we can’t write lim,,_,, =, anymore.

Remark 22. The above proof shows that in any indiscrete space, every sequences con-
verges to every point of the space.

Definition 3.9 (Hausdorff)

A topological space X is Hausdorff if whenever x,y € X with z # y then there are
disjoint open G, H C X withz € Gand y € H.

Example 3.8

1. Metric spaces are Hausdorff. Indeed, if (X, d) metric and z,y € X, = # y, let
d = d(x,y) > 0and take G = Bs/(v) and H = Bj5(y)-

2. Indiscrete spaces are not Hausdorff (assuming |X| > 2).

3. The cofinite topology is not Hausdorff. Let X be an infinite set with the cofinite
topology and let z,y € X withx # y. Let G,H C X be openwithz € G,y € H.
Clearly G,H # @so X \ G, X \ H finiteand so X \ (GNH) = (X \G)U (X \ H) is
finite. In particular G N H # @.
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Similarly, the cocountable topology is not Hausdorff.

Proposition 3.3

Limits of convergent sequences in Hausdorff spaces are unique.

Proof. Let X be Hausdorff, leta,b € X, and let (x,,) be a sequence in X with z,, — a
and z,, — b.

Suppose a # b. Take open G, H witha € G,b € Hand GN H = &. Now G
is a neighbourhood of a so there is some N; such that Vn > N; we have z,, € G.
Similarly there is some N, such that Vn > N, x,, € H. Taking n = max{Nj, Na},
wegetz, c GNH =0 ¢

Hence a = b. O

Proposition 3.4 (Relationship to continuity)

Let X, Y be topological spaces and let f : X — Y be continuous at a € X. Let (zy,)
be a sequence in X with z,, — a. Then f(z,) — f(a).

Proof. Let N' C Y be a neighbourhood of f(a). As f continuous we know f~(\)
is a neighbourhood of a. As z,, — a we can find N such thatV n > N, z,, € f~1(N).
ThenV n > N, f(z,) € N. So f(z,) — f(a). O

Example 3.9 (Converse is not true in general!)

Let X = Y = R, X with cocountable topology, ¥ with usual topology and let
f X =Y be the identity function.

Suppose z;,, — 0 in X. Then for sufficiently large n, z,, = 0 and so for sufficiently
large n, f(xn) =z, = 0= f(0) so f(z,) — f(0)inY.

However, (—1,1) C Y is open and 0 € (—1,1) so (—1,1) is a neighbourhood of
0 €Y.But f1((-1,1)) = (-1,1) € X is not a neighbourhood” of 0 in X. So f is
not continuous at 0.

“For (—1, 1) to be a neighbourhood then it must contain some open sets containing zero but the only
non empty open sets have finite complement. So cannot be a neighbourhood.

Example 3.10 (Converse is still not true even after imposing condition that spaces are
Hausdorff.)
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Take example as above but replace topology on X by
o={G CR: (X \ G) countable or 0 ¢ G}.

Check that this is a topology, and this is Hausdorff: suppose x,y € X with « # y. If
z,y # 0 then {z}, {y} € 0. While if z = 0 say, then R \ {y}, {y} € 0.

Now, neighbourhoods of 0 in o are exactly same as in the cocountable topology. So
exactly as before, z, - 0in X = z,, — 0in Y but f is not continuous at 0.

Remark 23. In a metric space, the topology is completely determined by convergence of
sequences. Not true for a general topology space. Hence we’ll tend to concentrate more
on continuity than convergence of sequences.

§3.3 Subspaces

Definition 3.10 (Subspace Topology)
Let (X, 7) be a topological space and let Y C X. The subspace topology on Y is

o={GNY : :Ger}

Easy to check that this is a topology.

Let’s check that this is indeed backward compatible with our definition of metric
spaces.

Proposition 3.5

Let (X, d) be a metric space with topology 7 be induced by d. Let Y be a subspace
of the metric space X. Then Y has the subspace topology.

Proof. Let o be the topology on Y induced by the metric d |y-.

First suppose G € 7; we want to check that G N Y isopeninY. Lety € GNY. As
y € G and G is open in X we can find § > 0 such that Vo € X, we have d(z,y) <
d = z€G.ThenVz € Y,wehaved(z,y) <d = 2€GNY. ThusGNYisa
neighbourhood of y. Since y is arbitrary G NY € 0.

Conversely, suppose H € o. For each y € H we can find 6, > 0 such that Vx € Y,
d(z,y) < 6y = = € H. Now consider the open balls

By, (y) = {z € X : d(z,y) < 5,}.

Each Bs, (y) is open, so for each y € H, y € Bs,(y) and Bs, (y) N Y C H. Now let
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G =Uyen Bs,(y)- Then G is openand GNY = H. That is, we’ve found G € 7 such
thatGNY = H. 0

Proposition 3.6
A subspace of a Hausdorff space is Hausdorff.

Proof. Let (X, 7) be Hausdorff, Y C X, and o be the subspace topology on Y. Let
z,y € Y with z # y. As X is Hausdorff we can find G,H € 7 withz € G,y €
HGNH=2. ThenGNY,HNY cowithzr e GNY,ye HNY and (GNY)N
(HNY)=2. O

§3.4 Compactness

Definition 3.11 (Open Cover)

Let (X, 7) be a topological space. An open cover of X is a subset C C 7 such that
X = UGEC G

Definition 3.12 (Subcover)
A subcover of C is a subset D C C which is itself an open cover.

Definition 3.13 (Compactness)
We say that X is compact if every open cover of X has a finite subcover.

Definition 3.14 (Sequentially Compact)

We say that X is sequentially compact if every sequence in X has a convergent
subsequence.

Exercise 3.1. Show that a continuous real-valued function on a sequentially compact
topological space is bounded and attains its bounds.

Remark 24. This was the traditional wording we have been using; here and elsewhere, if
no topology is specified R is generally assumed to have the usual topology, and proof is
similar to the metric space case.

We’ve seen that for a metric space, compact and sequentially compact are equivalent;
but This is not true for general topological space! In fact, 3 compact space that is not
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sequentially compact, and 3 sequentially compact space that is not compact. However
both examples are beyond the scope of this course.

Observe that compactness and sequential compactness are both topological properties.
Given that we don’t want to think too much about sequences in a general topological
space, we’ll be concentrating primarily on compactness rather than sequential compact-
ness.

Remark 25. If X is a topological space and K C X we might want to say ‘K is compact”.
Clearly meaningful since K is a topological space with subspace topology. Thinking
further: Let 7 be the topology on X. Then K is compact iff whenever C C 7 with K =
Ugec G N K then there is a finite D C C such that K = Jgep G N K.

Equivalently, K is compact iff whenever C C 7 with K C [Jgec G then there is a finite
D C C with K C Jgep G- Thus we sometimes refer to C as being an open cover of K
(in X).

We shall now see some examples of compact spaces.

Example 3.11

[0, 1] with the usual topology is compact, proven in Section 2.4 ‘Heine-Borel The-
orem’, using the ‘creeping along proof’. More generally, S C R" is compact iff S is
closed and bounded.

Example 3.12
A metric space is compact iff it is complete and totally bounded.

Example 3.13

Suppose X is a discrete topological space. Then {{z} : z € X} is an open cover It
does not have any subcovers apart from itself, so X is compact iff X is finite. (Note:
any finite space if compact, since there are only finitely many subsets.)

Example 3.14

Let X be indiscrete. Then the only open covers of X are {&, X} and {X}, both of
which are finite. So X is compact.

Recall that sequential compactness and compactness are generally different in topo-
logical spaces. Hence, we need to find another way to prove properties involving
“Boltzano-Weierstrass” differently.
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Theorem 3.2

A continuous real-valued function on a compact topological space is bounded and
attains its bounds.

Proof. Let X be compactand f : X — Rbe continuous. LetG,, = f~((—n,n)), (n €
N). Then {G,, : n € N} is an open cover of X, so as X is compact we have a finite
subcover {Gy,,,...,Gp, }. Now Vx € G, |f(z)| < n;, and hence Vz € X, |f(z)| <
maxi<;<k 1, thus f is bounded.

Let 0 = sup,cx f(z), and suppose o is not attained by f. Now define g : X — Rby
g(x) = #(x) which is well-defined and continuous. Hence by previous part, g is
bounded. But by definition of sup given € > 0 we can find z such that o — f(z) < ¢
where g(z) > 1 4.

Similarly, inf,c x f(z) is attained. O

Remark 26. Think of compactness as a ‘smallness” condition, or we don’t want a topolo-
gical space to be ‘too big’; in a sense, this is the next best thing to finiteness.

For instance, a real-valued function on a finite space is bounded (obvious). If we have a
continuous function on a compact space - how can we show boundedness? We can use
compactness to show space is not ‘too big’, i.e. we can cover it with finitely many sets
on each of which f is bounded (then proof follows clearly).

More generally:

Theorem 3.3

A continuous image of a compact space is compact.

Proof. Let f : X — Y be continuous and X compact. Let K = f(X) C Y. LetC
be an open cover of K in Y. Then {f~1(G) : G € C} is an open cover of X so by
compactness, there is a finite D C C such that {f~!(G) : G € D} is an open cover of
X. Then D is an open cover of K in Y, so K is compact. O

Remark 27. This together with the fact that compact subsets of R are closed and bounded
gives an alternative proof of theorem 3.2.

Lemma 3.1

1. A closed subset of a compact space is compact.

2. A compact subset of a Hausdorff space is closed.
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Proof. 1. Let X be a compact topological space and let /' C X be closed. Let C
be an open cover of F'in X. Thus X \ F is opensoletC’ = CU{X \ F} then
C’ is an open cover of X. Since X is compact C’ has a finite subcover D’. Let
D=D\{X\F}if X\F €D,and D = D' otherwise. Then D is a finite
subcover of C, so F' is compact.

2. Let X be a Hausdorff space and let K’ C X be compact. We want to show K is
closed, i.e. X \ K is open, i.e. X \ K is a neighbourhood of each of its points.

Lety € X \ K. We want to find some open set containing y, that is contained
entirely within X \ K. Given z € K, x # y so as X Hausdorff, we can find
disjoint open sets U, V, C X withz € Uy and y € V,. Then {U, : x € X} is

an open cover of K in X so it has a finite subcover {Uy,,...,U,, }.
LetU = Ui, Uy, and V = ;2 Vy,. Wehave U,V openand K C U,y € V
andUNV =2.

In particular, we have found an openset V such thaty € V C X\ K. So X \ K
is a neighbourhood of each of its points and it’s open, thus K is closed.

O]

Theorem 3.4

A continuous bijection from a compact space to a Hausdorff space is a homeomorph-
ism.

Proof. Let f : X — Y be a continuous bijection, X compact, Y Hausdorff, and our
aim is to show f~!: Y — X is continuous.

Let G C X be open. Then X \ G is closed, so by lemma 3.1 (a), X \ G is compact. By
theorem 3.3, f(X \ G) is compact and so by lemma 3.1 (b), f(X \ G) is closed. That
is, Y\ f(G) is closed, i.e. f(G) is open. But f is a bijection so (f~1)~1(G) = f(G) is
open. Thus f~! is continuous. O

§3.5 Products

Suppose we have R with the usual topology. We would like to think about R x R as R?
with the Euclidean topology.

In general, if (X, 7), (Y, 0) are topological spaces, what sensible topology can we put on
X xY?

In general, 7 x o is not going to be a topology. E.g. R x R, R?, an open ball in R? is not
in 7 x 0. However, each point in the ball is some set in 7 x ¢ confined in the ball (i.e. for
each point in the ball, there is some open square inside the ball that contains the point).
Hence the open ball is a union of some sets in 7 x .
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O

Thus, in general, we would want our product topology from 7, ¢ to be the collection of
all union of setsin 7 x o.

Definition 3.15 (7-system)

A 7m-system on a set X is a non-empty subset 7 C P(X) such that A, B € 7 =
ANBem.

Proposition 3.7
Let II be a 7-system on a set X. Then

T:{UAzch}u{@,X}

Aex

is a topology on X.

Proof. Clearly, @, X € 7 and it’s closed under arbitrary unions.

Now suppose G, H € 7. If G = &, X or H = &, X then G N H € 7 trivially.
Otherwise G = Uusco A, H = Upeco B for some ®,0 C II. Then GN H =
Usco seo(AN B) = Ugex C, where ¥ = {ANB : A€ ®,B € 6} C II. Hence
GNHEerT. O]

Definition 3.16 (Generated Topology)
We call this 7 the topology generated by II.

Proposition 3.8
Let (X, 7), (Y, o) be topological spaces. Then 7 x ¢ is a m-system on X x Y.

Proof. @ = @x@ € Tx0s0Tx0 # . Nowsuppose A, B € Txo. Then A =GxH,
B =K x LforsomeG,K € Tandsome H,L,€ 0. So ANB = (GNK)x(HNL) €
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| T X 0. O

Definition 3.17 (Product Topology)

Let (X, 7), (Y, o) be topological spaces. The product topology on X x Y is the topo-
logy generated by the m-system 7 x o.

Exercise. If X =Y = R, 7 = ¢ is the usual topology, show that the product topology
on R? is the Euclidean topology. (Sheet 3)

Theorem 3.5
1. A product of Hausdorff spaces is Hausdorff.

2. A product of compact spaces is compact.

Proof. Let (X, 1), (Y, o) be topological spaces and let p be the product topology on
X xY.

1. Suppose X,Y are Hausdorff. Let (x,y), (z,w) € X x Y with (z,y) # (2,w),
wlog x # z. As X is Hausdorff we can find G,H e TwithGNH =@,z € G,
z2€ H. ThenGxY,HxY € pwith(GXxY)N(HXxY) =@ and (z,y) € GXY,
(z,w) € Hx Y. Thus X x Y is Hausdorff.

2. Suppose X x Y compact. Let C C p be an open cover of X x Y. Fixz € X.
For each y € Y, there is some G, € C such that (z,y) € G,. Hence we can
find U, € 7 and V}, € o such that (z,y) € U, x V,, C G,,. In particular, we have
zxe€Uyandy € V,. Thus {V, : y € Y} C o is an open cover of Y. So, as Y is
compact, it has a finite subcover {V,,,,...,V,, }, say.

Let W = N, Uy,. Then W is open in X and x € W. Moreover, W x Y C
Uiz (Uy, x V) € Uiz Gy,. Now do this for each z € X to obtain W, =
W,n; = n and Gg(ff) = Gy, for (1 < i < ng) as above. Then {W, : z €
X} C 7is an open cover of X. So, as X is compact, it has a finite subcover,
{Ways.oo, Wy, }, say.

Now X = JjL; Wy, and for each j, W, x Y C Uzj Gg,fj ). Thus
(G5 1<j<m1<i<ng)}

is an open cover of X x Y and hence a finite subcover of C. Thus X x Y is
compact.

O]
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Remark 28. The second proof is a typical proof when working with products so it is
useful to understand it and copy the idea.

§3.6 Quotients

Consider the surface of a torus (donut) in R3. We might be interested in for example,

1

continuous functions 7' — 7. Analysis is likely to be unpleasant since the equation
defining 7" might be complicated. However, given that we care about continuity and
convergence, if we replace 7" by a space homeomorphic to 7" then we’re happy, particu-
larly if the new space is analytically easier to work with.

For example take the closed unit square [0, 1] x [0, 1] with Euclidean subspace topology.
Glue (z,0) to (z,1) for each z, and glue (0, y) to (1,y) for each y; this seems to give us

N
7

NN
77
AN
77

>
?

T. More specifically, we defined an equivalence relation on [0, 1] x [0, 1], say by ~, with
equivalence classes:

{(z,y)} O0<z,y<1
{(2,0),(z,1)} O0<zx<l1
{0,y),(L,y)} 0<y<1

{(0,0),(0,1),(1,0), (1, 1)}

Essentially we could define T' = [0, 1]?/~, the set of equivalence classes. This definition
seems annoying - a better one could perhaps be defining an equivalence relation ~ on R?,
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where every unit square is “mapped” to the [0, 1] square, i.e. (z,y) ~ (z,w) &z —2z € Z
and y — w € Z. Again, hopefully we can define T' = R?/~.

N

Figure 1: The squares ‘wrap’ over.

But what is the topology?

Definition 3.18 (Quotient Topology)

Let (X, 7) be a topological space and let ~ be an equivalence relation on X. Let
q : X = X/~ be the quotient map, i.e. Vz € X, ¢(z) = [z]~ (equivalence class of
x). The quotient topology on X/~ is

p={GCX/~:q¢(G) e}

Remark29. 1. pisindeed a topology using ¢ 1 (UG) = Uq¢ (G) and ¢ L (GN H) =
g ' (G)Ng ' (H).

2. pis the largest topology on X/~ making the quotient map ¢ continuous.

Example 3.15

Take R with the usual topology and X ~ Y iff 2 — y € Z. Then R/~ ‘is’ S!, the
unit circle (a subspace of R? with the Euclidean topology), where ‘is’ means ‘is
homeomorphic to’. We will prove this later.

Example 3.16

Suppose as above, but now x ~ y iff x —y € Q. What is the quotient topology on
R/~? Suppose G C R/~ is open and G # @. Then ¢~!(G) C R is open and non-
empty so contains some interval (a,b) C ¢~ *(G) with a # b. Now take any z € R,
then Jy € (a,b) withz —y € Q1ie. x ~ y. Then q(z) = [z]. = [y]~ € G. Hence
G=R/~.
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So quotient topology on R/~ is the indiscrete topology.

Example 3.17

Quotients of metrizable spaces need not be metrizable, and the same holds if ‘met-
rizable’ is replaced with ‘Hausdorff".

§3.6.1 Basics on equivalence relations and quotients

Suppose X is asetand ~ is an equivalence relation on X. Wehave X/~ = {[z]. : x € X'}
and have quotient map ¢ : X — X/~, z — [z]~. Clearly ¢ is surjective.

Suppose now Y is also a setand f : X — Y. Assume f respects ~,ie. © ~y =
flx)=f(y)
X

Then there is a unique function f: X/~ — Y such that f = f o q. Indeed, we must
haveV z € X f([z]~) = f(¢(x)) = f(z). As f respects ~, this is well defined: [z]. =
e = v~y = [flz) = f(y)

Example 3.18

Suppose G, H are groups and ¢ : G — H is a homomorphism. Let K = ker 6, and
define ~on Gby g ~ h < g 'h € K. Then G/K = G/~ and consider § : G/K —
H.

We can check that § is a homomorphism and injective thus isomorphism onto 8(G).
This is the first isomorphism theorem.

Proposition 3.9

Let (X, 7) be a topological space and ~ be an equivalence relation on X. Let p be the
quotient topology on X/~. Suppose f : X — Y is a continuous function respecting
~, where (Y, o) is a topological space. Then there is a unique continuous function
f:X/~— Y suchthat f = foq, whereq: X — X/~ is a quotient map.
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Proof. Define f : X/~ — Y by f([z]~) = f(z).
This is well-defined, [z]. = [y]. = 2 ~Y = f(z) = f(y). Clearly foq="f.

Let G € . Then ¢ '(f~1(G)) = (fo q)~YG) = f~YG) € T as f is continuous. So

by definition of quotient topology, f~'(G) € p. Hence f is continuous.

Finally, if f = hogforsome h : X/~ — Y thenVz € X, h([z].) = h(q(z)) = f(x) =
f([z]~)- So h = f. O

Remark 30. This is what makes quotients useful. E.g. recall torus T = R?/~ for an
appropriate relation ~. Hopefully T" is homeomorphic to a genuine torus as a surface in
R3, e.g. T is nasty while R? is nice. Hence we want to work “upstairs’ in R? rather than
‘downstairs” in T'. For examples, if you want to think about a continuous function on 7',
we can instead think about an appropriate continuous function on R? respecting ~.

Example 3.19

Recall we had R with the usual topology, z ~ yiff z —y € Z and S' =
{x € R? : ||z|| = 1} with subspace topology inherited from Euclidean topology on
R2,

We claimed R/~ is homeomorphic to S'. Define f : R — S! by f(z) =
(sin 27z, cos2mrz). Clearly f is a continuous surjection and it respects ~. By
proposition 3.9 there is a unique continuous f : R/~ — S with foq = f.

Clearly f is a continuous bijection (for injectivity, note each z € S' is f(a) for unique
a €[0,1) and each b € R has b ~ a for a unique a € [0, 1)).

Now R/~ = ¢(]0, 1]) is a continuous image of a compact set and so is compact. And
S is Hausdorff as its a metric space. We also know that any continuous bijection
from a compact space to a Hausdorff space is a homeomorphism.

Thus we are done, as f is a homeomorphism from R/~ to S*.

§3.7 Connectedness

Recall the Intermediate Value Theorem (IVT): if f : [a,b] — R is continuous and wlog

fla) < f(b) then [f(a), f(b)] C f([a,0]).
Moreover, if ¢,d € f([a,b]) with ¢ < d then [c,d] C f([a,b]).

However, this doesn’t work more generally, e.g. if we replace [a, b] by [-1,0)U(0,1] = X.
Define f : X — R by

1 <0

0 x>0.

Then f is continuouson X, 0 € f(X),1 € f(X), bute.g. 1/2 ¢ f(X)so [0,1] ¢ f(X).
Indeed, this is because [—1,0) U (0, 1] is “disconnected’”.
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Definition 3.19 (Connectedness)

A topological space X is disconnected if there exist disjoint, non-empty open sets
U,V with X = U UV. We say X is connected if X is not disconnected.

Remark 31. 1. Recall that U C X is closed iff its complement, X \ U is open.
If X is disconnected then X = UUV soU = X \VandV = X\ U, so U,V closed.
Thus, X is disconnected iff there exist disjoint, non-empty closed sets U, V' with
X=UuUV.

Further, if there exist an open and closed set of X, say A, then AU (X \ A) = X. So
X is connected iff the only subsets of X that are both open and closed are @, X.

X is connected iff whenever U,V C X are open and disjoint with X = U UV then
U =g orV = g@. Again, we could replace ‘open’ by ‘closed’.

If X is disconnected, we say the sets U, V' in the definition disconnect X.
2. Connectedness is a topological property.

3. if S C X, where X is a topological space, what does our definition of connected-
ness say when applied to S? Of course, as usual S has the subspace topology from
X so is a topological space in its own right.

S is disconnected <= there exist opensets U,V C X such that (SNU)N(SNV) =
SNUNV =2,50U,SNV # @and (SNU)U(SNV) = Sie. S CUUV. Again,
we say U,V disconnect S.

Warning 3.1

It is not necessary to have U NV = &, e.g. in N with cofinite topology, the
set {1,2} is disconnected in N by the open sets N \ {1},N \ {2}. We have
(N\{1}H)Nn(N\{2})n{1,2} = @but (N\{1})N(N\{2}) # @. Indeed, if U,V C N
are open and non-empty then UNV # @ (if U, V open in cofinite topology then
they have finite complement so their intersection has finite complement.).

Thus S is connected iff whenever U,V C X areopen, SNUNV = @and S C UUV
then either SNU =@ or SNV = 2.

Finally, as in remark 1, could replace ‘open” with ‘closed” in these reformulations
of the definition.

Question

Which subsets of R are connected?
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Definition 3.20 (Interval)
A subset I C R is an interval if whenever a < b < cwith a,c € I thenb € I.

Proposition 3.10
Let I C R with the usual topology. Then [ is connected iff I is an interval.

Proof. ( = ): Suppose [ is not an interval. Then we can find a < b < cwitha,c e I
but b & I. Then (—o0,b) and (b, o0) disconnect [ in R.

(<=): Suppose I is an interval. Work in the subspace topology on I. Let S C I be
open, closed and non-empty. Leta € S.

Suppose we have b € I\ S. Wlog b > a. Let ¢ = sup([a,b] N S). Then we can find
a sequence (z,) in S with z,, - ¢ € I. But S is closed in I so ¢ € S. In particular,
c#b.soc<b.

But also S is open in I so 30 > 0 such that (¢ — d,c+ ) C S, wlog 6 < b — c. Then
c+ % € Snfa,b] £ Thus in fact, S = I and hence I is connected. O

Theorem 3.6 (Equivalent definition of connectedness)

Let X be a topological space. Then X is connected iff every continuous f : X — Z
(with the usual topology) is constant.

Proof. ( = ): Suppose X is connected and f : X — Z continuous. For any n € Z,
{n} C Zis open and closed so f~1({n}) C X is open and closed, so f~1({n}) = @
or f~1({n}) = X“. Thus f is constant.

(<=): Suppose U, V disconnect X. Define f : X — Z by f(z) = {(1) ve X(i Then
S

forany A C Z, f~1(A) = 9, X,U or V' and so f~!(A) is open. So f is continuous

and non-constant. O

“Connectedness implies only open and closed subsets of X are &, X.
"We get @if 0,1 ¢ A, X if {0,1} C A4, ...

Remark 32. 1. Theorem 3.6 together with the IVT can provide an alternative proof of
proposition 3.10.

2. Theorem 3.6 remains true with same proof if Z is replaced by any discrete topological
space Y with |Y| > 2 (need two points to construct f(x) in (<=)).
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Proposition 3.11

A continuous image of a connected space is connected.

Proof. Let X be a connected topological space, let Y be a topological space and let
f X — Y be continuous. Suppose U,V C Y are open with f(X) C U UV and
UnvnfX)=e.

As f is continuous, f~1(U), f~}(V) C X are open. Also X = f~}U)U f~1(V) and
fHU)N f~Y(V) = 2. As X is connected, wlog f~}(U) = @. Then U N f(X) = @.
So f(X) is connected. O

Proposition 3.12

A product of connected spaces is connected.

Proof. Let (X, 7)and (Y, o) be connected topological spaces, and let p be the product
topology on X x Y.

Suppose U,V € pwithUNV =@and UUV = X x Y. We want to show U = &,
V=XxYorU=XxY,V =a2.

Fixz € X. Then {z} x Y is homeomorphic to Y (Sheet 3). In particular, {z} x Y is
connected. Then {z} xY C Uor{z} xY C V as otherwise U, V would disconnect
{z} xYinX xY.

LetA={ze X :{z}xY CUlandB={x € X : {z}xY C V}.Clearly ANB =@
(as UNV = @) and we’ve proved that X = AU B. Now we want to show that A, B
are open to use connectedness in X.

Suppose € A. Then {z} x Y C U. Then (assuming Y # @, which we do wlog)
pick any y € Y. Then (z,y) € U. U is open so can find T' € 7, S € ¢ such that
(x,y) € T xS C U. Inparticular, forall w € T then (w,y) € U andso {w}xY C U?,
ie. we A. Wenow have T' € 7 withz € T'C A so A is a neighbourhood of z in X.
Hence A is open.

Similarly B is open. Since X is connected, so A = @ giving U = @ or B = @ giving
V = @. Hence X x Y is connected. O

If {fw} x {y} € U and {w} x {a} € V for some a € Y this contradicts {x} xY C Uor{z} xY C V.

Example 3.20 (What can we do with spaces that aren’t connected?)

Recall [—1,0) U (0, 1] is not connected. But it is a disjoint union of connected sets.
Moreover, any proper superset of [—1,0) or (0, 1] in [—1,0) U (0, 1] is disconnected.
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We see here that the space is not connected, but we can take two maximal subsets
of the space that are connected that gives us the entire space.

Definition 3.21 (Connected Component)

Let X be a topological space. A connected component of X is a maximal connected
subset A of X: that is to say, A is connected but if A C B C X with B connected
then A = B.

Theorem 3.7

The connected components of a topological space X form a partition of X.

Proof. Define ~ on X by x ~ y iff 3A C X connected with z,y € A. Clearly ~ is
reflexive ({z} connected) and symmetric. Let’s check that it is transitive.

Suppose x,y, 2z € X withz ~ yand y ~ 2. Then3A, B C X connected withz,y € A
and y,z € B. Now 2,z € AU B. Suppose U, V disconnect AU B in X. Wlogy € U.
Pickw € VN (AUB). Wlogw € A. Butalsoy € Aso U,V disconnect A#.50 AUB
is connected, so = ~ z, thus ~ is indeed an equivalence relation.

Now suppose S is an equivalence class of ~. We want to show that S is connected.
Suppose U, V disconnect S. Thenwe canfindz € UNS,y € VNSandUNVNS = @.
Then x ~ y so there is a connected A C X withz,y € A. Forall z € A, z,z € A are
connected sox ~ zsoz € S. So A C Sandso U NV NA = @ which gives U,V
disconnects A 7. Hence S is connected.

Now let’s show S'is a connected component. Suppose S C T' C X with T connected.
Letx € S. Thenforally € T, x,y € T with T connected so x ~ y. Thus T' C S, so
S =T and S is a connected component.

Finally let R be a connected component and let x,y € R. Then, as R is connected,
x ~ y. So R is contained in some equivalence class @ of ~. But R C @ with @
connected so R = (). Hence equivalence classes of ~ are precisely the connected
components. Ul

Another concept of connectedness:
Remark 33. This is what tells us connected components exist.
Definition 3.22 (Paths)

A path from z to y in a topological space X is a continuous function ¢ : [0,1] — X
with p(0) =z, (1) = y.

64



Definition 3.23 (Path-Connected)
X is path-connected if for all z,y € X there is a path from x to y.

Proposition 3.13

A path-connected space X is connected.

Proof. Suppose U,V disconnect X. Pick a € U,b € V. Let ¢ be a path in X from a
to b. Then U, V disconnect ([0, 1]) ¢. O

Warning 3.2

The converse is not true!

Example 3.21
Consider

A
AVAN

A={0y):-1<y<1}

1
BZ{(ZE,SiH) :O<x<1}
x

and X = AU B C R2 Let’s show that X is connected but not path-connected.

Claim 3.2

X connected.
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Proof. Clearly A, B themselves are path-connected so connected. Suppose U, V dis-
connect X in R%. Thenwlog A C U, B C V. So (0,0) € AcC U. U s open so there
exists § > Osuch that Bs((0,0)) C U. Picknsuchthat 5=~ < 4. Then (5-,0) € UNB
‘. O

Claim 3.3
X not path-connected.

Proof. Suppose ¢ is a path from (0,0) to (1,sin1) in X. Let 0 = sup{t € [0,1] :
©1(t) = 0}. Lety = pa(0). Then, as ¢ is continuous, (o) = (0, y).

Choose § > Osuch that |0 —t| <0 = |lp(c) —¢(t)]] < 1. Wlogd < 1 — 0. By
definition of o, ¢1(c + g) =z > 0. Choose w € (0,z) such that ‘sin% - y‘ > 1.
Then by IVT, there is some ¢ € (0, o+ %) such that ¢;(t) = w. Then |0 — t| < 6 but
(o) = @]l 2 lea(o) ~ pa(t)| = [sin s ~y| > 14 =

Proposition 3.14

An open, connected subset of Euclidean space is path-connected.

Proof. Let X C R" be open and connected. If X = @ we are done. So assume
X #0o.

Fix a € X and let
U ={z € X :dpathin X from a to z}.

Note that U # @ as a € U, since there is a constant path from a to a.

Claim 3.4
U openin X.

Proof. Suppose b € U. Since X is open we can pick § > 0 such that Bs(b) C X.
Let ¢ be a path from a to b in X and let z € B;(b). Then 6 is a path in X from
a to x where

I/\ |/\

oty — {72 ) 2 t<4
b+2(t—)@—b) L<t<i’
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Claim 3.5
U closed in X,i.e. X \ U is openin X.

Proof. Letb € X \U. Choose ¢ > 0 such that B5(b) C X.Suppose z € Bs(b)NU.
Let ¢ be a path in X from a to . Then

2t <t<i
PR p(2t) . ?— >3
isa path from a tobin X #. Thus Bs(b) C X \ U. O

Hence, as X is connected, U = X. But the point a was arbitrary. Thus X is path-
connected. O

Remark 34. Recall that we don’t always specify the topology when defining a topological
space; we should always assume it’s the standard one. In particular, R comes with the
usual topology, and R" comes with the Euclidean topology. X C R, R" comes with the
subspace topology from their standard topologies.

Products/Quotients come with the product/quotient topology respectively.
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Part Il
Generalizing differentiation

§4 Differentiation

§4.1 The First Derivative
Recall that f : R — R is differentiable at a € R with derivative A if

fla+h) - f(a)
h

— Aash — 0.

We write f/(a) = A.

Question
How can we generalise to f : R — R"?

Obviously if n = 1 exact same definition works.
Problem: If n > 2, then dividing by ~» € R™ makes no sense.

Definition 4.1 (ith Partial Derivative)
If f : R™ — R", the ith partial derivative of f ata € R" is

Duf(e) = pim et 1) = S

where this limit exists, where eq, .. ., e, is standard basis of R".

However, with this definition all partial derivatives existing at a point doesn’t mean that
the function is differentiable at that point!

Example 4.1
Consider f : R2 — R with

0 z=0o0ry=0

f(x,y)Z{

1 otherwise.

Both partial derivatives exist at (0,0), but f is not continuous there.
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Let’s try think of a better definition. Return to f : R — R, where

fla+h) = f(a)

fla)=A« A —Aash—0
& f(aJrh})Lf(a) = A+ ¢e(h) wheree(h) - 0ash — 0
< f(a+h) = f(a) + Ah + ¢(h)h where ¢(h) — 0as h — 0.
o(h)

In words, ‘small changes in a produce approximately linear changes in f(a)".

Definition 4.2 (Differentiable)

Let f : R® — R™ and a € R". We say that f is differentiable at a if there is a linear
map o = L(R",R™) with

fla+h) = f(a) + a(h) +e(h)[|h] ()

where e(h) — 0as h — 0.

Proposition 4.1
Suppose f : R" = R™, a € R", o, f € L(R",R™) and

fla+h) = f(a) + a(h) +e(h)[A]
fla+h) = f(a) + B(h) +n(h)||A]

with e(h),n(h) — 0ash — 0.
Then o = £.

Definition 4.3 (Derivative)

After proving proposition 4.1, we know that the a in () is unique. We say « is the
derivative of f at a, and write D f|, = «a. So, if f is differentiable at a, then

fla+h) = f(a) + Dfla(h) +e(n)[|A]

where e(h) — 0as h — 0.

Remark 35. If f : R — R™, then Df|, = f'(a)h.

Proof of proposition 4.1. Let h € R", h # 0. Then
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Then for A € R, A £ 0,
() - () = TN IO
(k) ~ <(AR)) | ¥4
A
(k) — B = In(aR) — () — 0

as A — 0. Hence a(h) = B(h). Hence a = . O

Remark 36. 1. To consider differentiability of f at a, it only matters what happens on
some neighbourhood of a. So definition works if instead of f : R — R, we have
f: N — R™ where N' C R" is a neighbourhood of «, or, in particular, if f : Bs(a) —
R™ where § > 0. (Imagine f defined as anything on the rest of R” and it makes no
difference.)

2. We can define the ¢; and /,, norms on R" by

n

|lz]l, = di(0,2) = Z |;|, and

i=1
2|, = doo(0,2) = max | ;.
Note [lz]|, > 0 with equality iff = = 0, |Az[|; = [A|[z[|,; = + yll; <zl + [lyl-
Similarly for ||-|| ... We’ve seen that for all z € R",
2]l < llzll < Vnllz, and

2]l < Ml < nll2fl

So we can replace ||-|| in the definition of derivative by ||.||, or |||, and defintion doesn’t
change. Sometimes this is useful for computation.

Consider the vector space L(R",R™) of linear maps R" — R™. We have L(R",R™) =
R™ with isomorphism (by writing map as matrix w.r.t standard bases of R” and R™).
So we could think about Euclidean norm of a linear map. But this seems a bit unnat-
ural.

Definition 4.4 (Operator Norm)
The operator norm on £(R",R™) is defined by

laf| = sup{flaz]| : ||z]| = 1}.
| I—

operator norm

The ||az|| in sup is the Euclidean norm as az € R™.
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Proposition 4.2
Let ||-|| be the operator norm on V' = L(R",R™). Let o, 5 € V. Then:

1. |laf] > 0 with equality iff o« = 0;

2. VA e R, [[Aall = [Aflle;

3. [lee+ Bl < llall + 1151;

4. Vo € R", [loz|| < [l |l=];

5. [ap| < |le|]|B]]; (B refers to composition in the case m = n.)
6

. if||-]|" is the Euclidean norm on V = R™" with the standard isomorphism then
there are constants (indep. of a) ¢, d (depending on n, m) such that

cllell < flell” < dlle.

Remark 37. A linear map from f : R®” — R™ is continuous and {z € R" : ||z|| = 1} is
compact so operator norm is well-defined.

Notation. The standard is that ||-|| refers to the operator norm if applied to a linear map
and Euclidean norm if applied to point of R", unless otherwise stated.

Proof. (i) - (iii) is an exercise.

T

&3

(iv): Let z € R™. If x = 0 that’s fine. Otherwise, a(x) = ||a:\|a(ill) with =1

E
So [|e(@)[| < l]|[|ex]]

(v): Letz € R" with |[z]| = 1. Then |[az|| < [|al[|fz]| < l[alIB]l|=] = [le[lI5] by
taking (iv) twice. So ||ag|| < ||«]|||5]|-

(vi): Let z € R with |z]| = 1. |laz| < /mmaxi<i<m |(az)|. Let A be the matrix
of a w.r.t the standard bases ey, ..., e, of R” and f1,..., f;, of R™. Then

<
||| < \/%lrsnggn

n
> Aijz;
=1

n
§ \/ﬁ max Z ‘AZJH'IJ|
g=il

1<i<m

IA

n
'a
x/ﬁlggngIIall
<i<m
=nym|af’.

Hence ||a|| < ny/m|all’.
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On the other hand, pick i, j maximize |A;;|. Then [jce;|| > ||(ce;)s|| = |Asj]. But

lae]|” < mn| A
< vmn|lag|
< vmn|lall.
This proves (vi) with d = /mn and ¢ = ﬁ O

| As;] < |||’ as ||-||" is the Euclidean norm. Also, ||z|| = 1 so |z;]| < 1.

Proposition 4.3
Let f : R™ — R which is differentiable at a € R™. Then f is continuous at a.

Proof. Write f(a + h) = f(a) + Df|a(h) + €(h)||h|| where both e(h), ||h|| — 0 as
h — 0. Also D f|, is linear so continuous so D f|,(h) — Df|,(0) = 0as h — 0. Then
fla+h) — f(a)ash — 0. O

Proposition 4.4

Let f,g: R® — R™ and A : R” — R be differentiable at a« € R™. Then f + g, Af are
differentiable at a with

D(f +9)la = Dfla+ Dgla

and

DAf)la(h) = A(a)Dfla(h) + DAla(h) f(a).

Proof. We have

fla+h) = f(a)+ Dfla(h) +e(h)[|h],
gla+h) = g(a) + Dgla(h) +n(h)[|A],
Aa+h) = Aa) + DAla(h) + C(R)[|A]],

where e(h),n(h),((h) — 0as h — 0. Now, (f + g)(a+ h) = (f + g)(a) + (Dfl|s. +
Dgla)(h) 4+ (e(h) + n(h))||h|| where Df|, + Dg|, is linear and e(h) + n(h) — 0 as
h — 0.

Also,

(Af)(a+h) = (Af)(a)
A@)Dfla(h) + DAla(h) f(a)
+ (M)Al

72



where h — A(a)D f|,(h) + DA|.(h)f(a) is a linear map, and

1

§(h) = ¢(h)f(a) + Df!a(h)DAIa(h)m

+ Dfla(h)C(h) + Aa)e(h)
+ DAla(h)e(h) +e(R)C(R)|[R]| =0

as h — 0 since e(h),((h) = 0ash — 0, ||h|| = 0as h — 0.
Dfla(h), DA|q(h) are linear so continuous, so D f|,(h), DA|o(h) — 0 as h — 0, and

D11 DX ) | < 101 >||\|DA|a<h>uH,11H
< 1Dl DA Al
= | DflallIDALallA]] 0
as h — 0, as required. O

Partial derivatives can still be useful for computation.

Proposition 4.5

fi
Let f : R" — R™and a € R". Write f = | : |, where foreachi, f; : R® — R. Then
fm
1. f is differentiable at « iff each f; is differentiable at a, in which case Df|, =
Dfila
: ; and
D finla

2. if f is differentiable at a and A is the matrix of D f|, in terms of the standard
bases then A;; = D; fi(a).

Proof. 1. (= ): Write f(a+ h) = f(a) + Df|a(h) + <(h)||h|| where e(h) — 0 as
h — 0. Then

fila+h) = fi(a) + (Dfla)i(h) +ei(h)|[A]]
where (Df|,); : R" — Ris linear” and |g;(h)| < |le(h)|| — 0 as h — 0.
(«<=): For each i, write f;(a + h) = fi(a) + (Df|a)i(h) + €i(h)||h||. Then

fla+h) = f(a) + a(h) +e(h)[A]
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Dfl‘a 51(h‘)
where a = : : R® — R™ is linear and |e(h)|| = : =
D fmla em(h)
Voimtiei(h)2 — 0ash — 0.
2. Write f(a + h) = f(a) + Df|a(h) + e(h)||h| where e(h) — 0 as h — 0. Let
e1,...,en be the standard basis in R". Then

fa+kej) — f(a) _ Dfla(ke;) +e(ke;)|lke;]|
k k
= Dfla(e;) & "e(ke;)

— Dfla(e;)

as k — 0. So all partial derivatives of f exist at a and D; f(a) = D fla(e;).

?As it is linear in each coordinate
"We don’t know the sign of k

Definition 4.5 (Jacobian Matrix)
The matrix A in (b) is called the Jacobian matrix of f at a.

Theorem 4.1 (The Chain Rule)

Let f : RP — R" be differentiable at a € R? and let g : R” — R™ be differentiable at
f(a) € R™. Then g o f is differentiable at a with D(g o f)|s = Dgl () © D fla-

Remark 38. Intuitively why this is true: If f is approximately linear near a and g is ap-
proximately linear near f(a) then g o f is approximately linear near a and the linear
approximation to get near a is the chain rule result. Proof unfortunately is messy to
make sure error terms behave.

Proof. Write
fla+h) = f(a) +a(h) +e(h)|A]l
9(f(a) + k) = g(f(a)) + B(K) + (k)| ¥l

where a = Dflq, 8 = Dgls(, are linear, e(h) — 0as h — 0, n(k) — 0Oask — 0.
Now

9(f(a+h)) = g(f(a) + a(h) +e(h)|Al])
k
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— 9(/(@)) + Blalh) + () 1A
+ n(alh) + e(h)HhH)Ha(h) + e(h)HhHH
— 9(f(@)) + Bla(R)) + CIA

linear small

where

G(h) = B(e(h) + )+ <(h)IAID| ) + e

Now &(h) — 0as h — 0 and f linear so continuous so 3(e(h)) — 5(0) = 0as h — 0.
Next, a linear so continuous and so a(h) — a(0) = 0as h — 0. And e(h)||h| —
0x0=0ash—0.So«a(h)+e(h)|h|| = 0ash — 0.

Wilog 1(0) = 0 so n continuous at 0. Then n(a(h) + e(h)||h]|) — 0as h — 0.

Finally,
(R
< + |le(h
[ + <] < K5t e
[[ee]l]| ]
< + [[e(h)]]
Il
= [ledll + lle(r)[| = lle]
as h — 0. Hence ((h) — 0as h — 0. O
Example 4.2

Suppose f is constant. Then f(a + k) = f(a) + 0 + 0||h|| so f is everywhere differ-
entiable with derivative the zero map.

Example 4.3

Suppose f is linear. Then f(a + h) = f(a) + f(h) + O||h|| so f is everywhere differ-
entiable with D f|, = f for all a.

Example 4.4

Suppose f : R — R™. As remarked earlier, for a € R, f is differentiable in old sense
at a iff it is differentiable in new sense, in which case D f|,(h) = hf'(a).

Example 4.5
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Using the above together with chain rule, we obtain many differentiable functions.

T+y
Eg f =1 ° is differentiable. We can show this by considering the
y cos(zy)

projection maps 71, : R? — R, m (”;) =z, T <z> = y are linear so differenti-

able. So by chain rule,
filz) = em(z)'”?(z), fa(z) = cos(m1(2)m2(2))

are differentiable. So by proposition 4.5(1), f is differentiable.

What is derivative of f at z = Zj ? It is a linear map R? — R?. By proposi-

tion 4.5(2), the matrix of derivatives is given by the partial derivatives:

. erty ety
Df](ayc> has matrix .

—ysin(zy) —zsin(zy)

Example 4.6

Let M,, be the vector space of n x n real matrices. So M,, = R™ so we can consider
differentiability of f : M,, = M,,.

Recall definition is still the same if we replace Euclidean norm by operator norm, so
write ||-|| for operator norm on M,,. Define f : M,, — M,, by f(A) = A% Then

F(A+H)=(A+ H)?
= A2+ AH+HA+ H?
N <~

f(A) linear higher order
where ”HHQ
Df|a(H ) = AH+HA
Example 4.7
We have det : M,, — R. We have
14 Hyy ngs
Hi;s 1+ Hyp

=1+ tr(H) + terms involving two or more H;; multiplied together.
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H@ijl

Note
151l

tr(H).
Suppose A € M,, invertible. Then

< |Hy| — 0as H — 0. So det differentiable at I with D det |;(H) =

det(A + H) = det(A) det(I + A~ H)
= det A(1+ tr(A7H) + e(A—lﬂ)HA—lfIH)
= det A + (det A)(tr A~V H) + (det A)e(A_lH)HA_lHH

wheree(K) — 0as K — 0,and

0Oas H — 0.
So det is differentiable at A with D det |4(H) = (tr A~1H)(det A).

IH]

(dEt“‘)a(AlH”'AlH”’ < ‘(det Ae(A1H)|AY)| -

“This is the Euclidean norm

Recall: if f : R — R differentiable with zero derivative everywhere then f is constant.
This followed from the Mean Value Theorem. Let’s look at what the MVT is like in
higher dimensions.

Theorem 4.2 (Mean Value Inequality)

Let f : R™ — R™. Suppose f is differentiable on an open set X C R" with a,b € X.
Suppose further [a,b] = {a+t(b—a): 0 <t <1} C X.

Then [ £(b) = f(a)[| < [|b = allsup.c(qy) [|D ]| where (a,b) = [a, b]\{a, b}.

Proof. Define ¢ : [0,1] = Rby ¢ = f(a+t(b—a))-(f(b) — f(a)).
where 5 : [0,1] = R",3(t) = a+t(b—a) and o : R™ — R, a(x)
Clearly ¢ is continuous on [0, 1].

Then ¢ = ao fop
=z (f(b) = f(a)).

Now « is a linear map so is everywhere differentiable with Da|, = «. Next,
B([0,1]) € X and f is differentiable on X. Finally, if ¢ € (0, 1) then 3 differentiable
att with 3'(t) = b—a,i.e. DB|:(h) = h(b— a).

Hence by the chain rule, if t € (0, 1) then ¢ is differentiable at ¢ and

Dyli(h) = Dol sy (D15 (DBl:(R)))
= a(Dflast(p-a) (h(b - a)))
= (f(b) = £(@)) - (ADflats(p—a) (b — @)
= B((f(6) = £(@)) - Dflati(p—a) (b — @)).
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That is, ¢'(t) = (f(b) — f(a)) - D fla+t(b—a)(b — a). So, by the MVT,

1£ () = f(@)I* = (f(b) = f(a)) - f(b) = (f(b) = f(a)) - f(a)

)

) for some t € (0, 1)

= (f(b) = f(a)) - Dflatt(p—a)(b— a)

<[1£(®) = F(@)I[| DS las(p—ay(b — @) | by Cauchy-Schwarz

< 1£®) = F@I|Df latrp-a)

16— all.

Hence [|£(5) = f(@)l| < b= all|[Dflast(p-a) | 0

Corollary 4.1

Let X C R" be open and connected, and let f : X — R™ be differentiable with D f|,
the zero map for all z € X. Then f is constant on X.

Proof. By MVI, f is ‘locally” constant’. For each « € X, there is some ¢§ > 0 such that
Bs(z) € X and so f is constant on Bs(z). (Since Bs(z) is convex so contains line
segments joining each pair of points.)

Note that as X is open, if U C X then U open in X iff U open in R".
If X = @ we are done, so suppose not. Fix a € X, and let

U={zeX: f(z)=fla)}
U#2:ael.

U is open: if b € U then there is some § > 0 such that Bs(b) C X and f constant on
Bs(b) so Bs(b) C U.

Uis closed in X: if b € X\U then there is some § > 0 such that Bs(b) C X and f
constant on B;(b) so Bs(b) C X\U. So X\U is open in R", so open in X. Hence U
is closed in X.

But X is connected, so only clopen setis X .. U = X. O

We've seen if f is differentiable at a then partial derivatives all exist at a and the matrix
of D f|, is given by the partial derivatives. But, on the other hand, we can have all partial
derivatives existing at a but f not differentiable at a. However, there is a partial converse
to this.

Theorem 4.3
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Let f : R — R™ and let a € R". Suppose there is some neighbourhood of a such
that the partial derivatives D; f for 1 < ¢ < n all exist on this neighbourhood and
are continuous at a. Then f is differentiable at a.

How can we prove this?

For simplicity, let’s try to prove this for n = 2,m = 1. So f : R? — R. Write a = (z,y).
We want to think about f(z + h,y + k) for small h, k. Now, by definition of partial
derivatives,

fx+hy+k)=f(x+h,y) +kDsf(z + h,y) + o(k)

and
f(.%' +h, y) = f(x,y) + thf(a:,y) + O(h)

Hence

flx+hy+k)=f(z,y) + hD1f(z,y) + kD2 f(x + h,y) + o(h) + o(k)
f(@,y) +hD1f(z,y) + k(Da2f (x,y) + o(1)) + o(h) + o(k)
f(x,y) + hD1f(x,y) + kD2 f(x,y) + o(h) + o(k) .
linear in (h,k) o((h,k))

Unfortunately, this proof does not work. The red-highlighted o(k) is actually also de-
pendent on h. Call it n(h, k). We need w — 0 as (h,k) — (0,0). But we only know
for each h, @ — as k — 0. This is weaker.

In fact, what we need is the Mean Value Theorem.

Proof. For simplicity, n = 2, m = 1. a = (z,y). Take (h, k) small. Then, by MVT,
f(@+h,y+k)—fz+hy) =kDof(x+ h,y+0hrk)

for some 6, ;, € (0,1). By MVT,

for some ¢y, € (0,1). Hence
fle+hy+k)— fz,y) =kD2f(x + h,y + Oh k) + hD1f(z + @nh,y).

As (h,k) — (0,0), we have (z + h,y + 0y k) — (z,y) and (z + ¢ph,y) — (z,y) so
by continuity of D1, D; at (z,y), we have Dy f(xz + h,y + 0y k) — Daf(z,y) and
D1 f(z + pnh,y) = D1f(z,y).

Write Dy f(z+h,y+60h k) = Daf (x,y) +n(h, k) and D1 f(x+pph,y) = D1 f(x,y)+
¢(h, k), where n(h,k),((h,k) — 0as (h,k) — (0,0).

Then f(z+h,y+k) = f(x,y) + hD:1 f(z,y) + kD2 f(z,y) + h((h, k) + kn(h, k). Now
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(h,k) — hD; f(x,y) + kDaf (z,y) is linear, and

h¢(h, k) + kn(h, k)
N

as (h, k) — (0,0). So f is differentiable at a = (x, y). O

< [C(h, k)| + In(h, k)| =0

Remark 39. 1. Same proof basically does f : R — R for general n with more involved
notation. Then f : R” — R™ by looking at each f; : R = R, (1 <i <m).

2. If you try to prove anything similar without invoking the MVT at any point, it’s likely
that the proof is probably wrong.

§4.2 The Second Derivative

8%f _ 9%f
oxdy ~ Oyox °

We'll start with a result on partial derivatives: *

Theorem 4.4 (Symmetry of mixed partial derivatives)

Let f : R" = R™, a € R" and € > 0. Suppose D;D; f and D;D; f exist on B.(a) and
are continuous at a. Then D;D; f(a) = D;D; f(a).

Proof. Wlogm =1,n=2"a=(z,y),i=1,j =2.
Let

Ap=fl@x+hy+h)—flz,y+h) = flz+hy) + flz,y) =9y +h) —g(y)

where g(t) = f(z + h,t) — f(z,1).
Let 0 < |h| < y/e. Then
Ap = hg'(y + 0ph) some 6, € (0,1) by MVT
= h2D1Daf (x + prh,y + 0,h)  some oy, € (0,1) by MVT.

Similarly, Ay, = h2Dy D1 f(x + Cuh, y + €,h)" for some ¢, & € (0, 1).
Hence D1 Dy f(x + @ph,y + 0ph) = DaDy f(x + Crh,y + §ph). So let h — 0 and use
continuity of Dy Dy f, Do D1 f at (z,y),

D1Dsf(x,y) = D2D1 f(z,y)

O]

"We can consider f to be a vector of functions, f;, so wlog m = 1. Also we can ignore the variables
that we are not differentiating wrt by treating them as constants so wlog n = 2.
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"Let g(t) = f(t,y +h) — f(t,y).

Question
What is the second derivative really?

Definition 4.6 (Twice-Differentiable)

Let f : R" — R™ be everywhere differentiable.
For each z € R", Df, € L(R",R™). Define F' : R" — L(R",R™) = R"" by F(z) =
10K

If F' is differentiable at a € R” then we say that f is twice-differentiable at ¢ and
the second derivative of f at ais D?f|, = DF|,.

What is D? f|,?

D?fl, € L(R", L(R™,R™)) = Bi|(R" x R",R™)

So D?f|, is a bilinear map from R™ x R" — R™.

If f is twice differentiable at a, this says

Dflath = Dfla+ D*fla(h) + o(h)

where everything in the expression is a linear map, i.e.

Dfla+n(k) = Dfla(k) + D*fla(h, k) + or(h)
_ | IS
bilinear in h,k  for each fixed k, this is o(h)

Example 4.8
Let f : My, = M, f(A) = 43
Then

f(A+K) =43+ IAQK + AKA+ KA2|+ terms involving K?

linear in K

so f is everywhere differentiable with Df|4(K) = A2K + AKA + K A%
Then

Dflarn(K)=(A+ H?K+ (A+ H)K(A+H)+ K(A+ H)?
= IA2K + AKA+ KAQI +AHK + HAK + AKH + HKA+ KAH + KHA
Dfla(K) Bilinear
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+ IHQK + HKH + KHQI.
ox (H)

So f is twice differentiable at Aand D?f|4(H,K) = AHK+ HAK +AKH+HK A+
KAH + KHA.

Remark 40. For definition to work, it’s enough to have f differentiable on some neigh-
bourhood of a.

Question
How does D?f/|, relate to D;D; f(a)?

Suppose f : R" — R is twice-differentiable at a € R™. Then, with ey, ..., e, standard
basis

Dyf(a+heo) = Dif(@) _ Dflalhese;) + olh)
h h
= D*fla(ei, e5) + o(1)
— D2f|a(6i,6]‘).

So D;D;f(a) = D?f|a(ei,e;). So if H is the n x n matrix respecting the bilinear form
D?f|,, we have H;; = D;D; f(a).

Definition 4.7 (Hessian)
The Hessian matrix, H, of f is H;; = D;D; f(a).

If f: R" — R™, we could do this for each f; : R" — R(i = 1,...,m), or could think
about matrices whose entries are elements of R™.

Definition 4.8 (Continuously Differentiable)

Let f : R” — R™ and a € R". We say f is continuously differentiable at a if Df|,
exists for all z in some ball Bs(a) (6 > 0) and the function = — D f|, is continuous
at a.

Remark 41. If f is twice continuously differentiable at a then theorem 4.4 tells us that
is a symmetric matrix.
Hence, under this condition, D? f |o is @ symmetric bilinear form.

Let’s use this to find stationary points.

Definition 4.9 (Local Maximum)
Let f : R = R, a € R". We say a is a local maximum (resp. minimum) for f if there
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is some ¢ > 0 such that for all z € Bs(a) we have f(x) < f(a) (resp. f(x) > f(a)).

Proposition 4.6

Let f : R — R and let a be a local max/min for f. Suppose f is differentiable at a.
Then D f|, is the zero map.

Proof. Letu € R™. For A # 0in R,

flat ) = fla)  Dfla(du) 4 o(A)
A A

— Dfla(a)

as A — 0. Assume wlog a is a maximum (otherwise consider —f). Then
wiSZOif)\<O,and§Oif)\>O.HenceDf\a(u):O. O

Note the converse does not hold: e.g. f: R = R, f(z) = 2®,a = 0.

Lemma 4.1 (Second-order Taylor Theorem)

Let f : R™ — R be twice-differentiable at a € R™. Then

Fla+h) = (@) + Dfla(h) + 3 D*Fla(h,h) + o [1]12).

= f(a+th) = f(a) = tDfla(h) = G Dfla(h, h).
Clearly g is continuous on [0, 1], g(0) = 0 and g is differentiable on (0, 1) with ¢/(¢) =
D flattn(h) — Dfla(h) — tD*f|a(h, h).

(
By MVT, 3¢ € (0,1) such that g(1) — g(0) = ¢/(¢). Hence

Proof. Define g : [0,1] :— R by g(¢)
9l

£+ 1) = (@) = Dfla(h) = 5D*fla(t. )| |DS\urin(h) = Dflalk) = tD?flalh. )
Ok - Ik

D2 1la(th )+ o( Al ~ tD*flu(h, 1)
- Ik

_ lo(inl)?]
|11
—0as h — 0.

by bilinearity
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Theorem 4.5

Let f : R® — Rand a € R". Suppose f is twice continuously differentiable at a (so,
in particular, D? f|, is a symmetric bilinear form) and Df|, = 0. Then

1. if D2f|, is positive definite, then a is a local minimum, and

2. if D%f|, is negative definite, then a is a local maximum,

Proof. Suppose wlog D?f|, is positive definite (otherwise consider — f). Then wrt
some orthonormal basis D? f|, has diagonal matrix with strictly positive elements
on leading diagonal.

HenceV x € R", Df|,(z,x) > pl|z|* where p > 0 is the minimum eigenvalue of
D?f|,. By lemma 4.1,

f(a+h) — f(a’) — 1D2f|a(h’h)
ik 2 Al

+o(1)
1 1
2§u+0(1)—>5ua5h—>0

but 4 > 0 so for h sufficiently small, W > 0 and thus f(a+ h) — f(a) > 0.

Hence a is a local minimum for f. O

§4.3 Ordinary Differential Equations

Lemma 4.2

Let A ¢ R", B C R™ with A compact and B closed. Let X = C(A4,B) ={f: A —
B : A continuous} with uniform metric d(f, g) = sup,c4 || f(z) — g(z)||. Then X is
a complete metric space.

Proof. As Ais compact, d is well-defined. Let ( f,,) be a Cauchy sequence in X. Then
(fn) is uniformly Cauchy so uniformly convergent by GPUC on each coordinate. So
fn — f uniformly for some f : A — R™. Uniform limit of continuous functions
is continuous so f is continuous. And Vz € A, f,(x) — f(x) so, as B is closed,
f(z) € B. Hence f € X and d(fy,, f) — 0 as required. O

Often we want to solve an ODE but can’t find a closed-form solution. Two ways we have
tried so far: Numerical methods, and phase-plane portraits. However, these methods
have no meaning if the ODE has no solution. So we would like a general result telling
us that for ODE under appropriate conditions, they have unique solutions.

A typical ODE is: % = (=, y) subject to y = yp when = = x¢. If we think about R — R",
we want to solve the initial value problem f : R — R", and f'(t) = ¢(t, f(t)), and initial
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condition f(ty) = yo.

Definition 4.10 (Closed Ball)
InR", if a € R" and § > 0, the closed ball of radius 6 about a is

Bs(a) ={z e R": ||z —a| < d}.

Theorem 4.6 (Lindel6f-Picard)

Leta,b e R, (a <b),yo € R", 6 > 0and ¢y € (a,b).
Let ¢ : [a,b] x Bs(yo) — R" be continuous, and suppose there is some K > 0 such
that

Vt€[a,b], Vy,z € Bs(yo), wehave ||o(t, y) — o(t,2)|| < K|y — 2|
Then there is some € > 0 such that [tp—¢, to+¢| C [a, b] and the initial value problem
F1(t) = o(t, £(t)) with f(to) = yo ()

has a unique solution on [ty — ¢,y + €].

Proof. As ¢ is a continuous function on a compact set we can find M such that

Vt € [a,b],Vy € Bs(yo), we have [|p(t,y)|| < M.

Take ¢ > 0 such that [tg —¢&,t0+¢] C [a,b]. Let X = C([to —e,ty + €], Bg(y0)>. Then
by lemma 4.2, X is complete with uniform metric d. And obviously X # ¢".

For g € X, define T}, : [ty — ¢,t90 + €] = R" by

Tg(t) =yo + /tt o(z, g(x))dx.

Note that by FTC, Ty = f iff f is a solution of ().
Now, if g € X and t € [ty — &,y + €],

1750 = soll = | | (o9t

< [ ot g(@) iz
< Me.
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Also, if g,h € X and t € [tg — €,1¢ + €] then

170~ 10l = | | el 9(e) - ol ha))da

gﬂjwuym»—wmm@»wx

< | Klg(z) - h(z)||dz

ie. d(Ty,Th) < Ke(g, h).

So taking £ = min{-, 5=} we have that T is a contraction of X and so has a unique

fixed point by the Contraction Mapping Theorem as desired. O

?X contains the constant function yo

Remark 42. Not that much use as stated, as it doesn’t provide a global solution, and in
fact there might not be one. In practice, given appropriate conditions on ¢ we can often
‘patch together” local solutions, but this is beyond the scope of this course.

§4.4 The Inverse Function Theorem

Theorem 4.7 (The Inverse Function Theorem)

Let f : R® — R” be continuously differentiable at a« € R" with o = D f|, being
non-singular. Then there exist open neighbourhoods U of a and V of f(a) such that
flu is a homeomorphism of U onto V.

Moreover, if g : V' — U is the inverse of f|y, it is differentiable at f(a) with Dg| ;) =
o~ !, but this part will not be proven.

Proof. Write

fla+h) = f(a) + a(h) +e(h)[|A]
where e(h) — 0 as h — 0. Let 6,7 > 0 such that f is differentiable on B;s(a). Define
W = Bs(a), V = By(f(a)). Also define ¢ : R — R" by p(z) = f(z) — a(x). Then,
for x € W, ¢ is differentiable at x with

Dy|, =Df|l, —a—0asz — a.

Note W is a complete, non-empty metric space. We hope to define something W —
W such that it is a contraction.
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Fixy € V. Define T;, : W — R" by

Ty(x) =z —a ' (f(z) —y).

Note f(z) =y & Ty(x) = . Now, givenz € W,

ITye - all = [|la~ (a2 - f(2) +y - a(a))

= o™ v ~ (f(2) ~ alz — )

oMy~ f(a) - e(z - a)l|z — al])|
o\ (ly = F@I + lle(@ = a)l|lz - all)
o7!|(n + 8lle(z = a)|)-

IN

IA

Also, given w,x € W,
1Ty - Tyw| = o (a(z) - (@) + f(w) — a(w))
= |la™ (p(w) - p(@))|

o lew) - p(@)|

IN

< ||a||llw = 2] sup 1 Dal |
zeEw

by Mean Value Inequality. Pick § > 0 sufficiently small such that Vo € W, we

have |e(z —a)|| < m and also sup, <y [|[Del:|| < ||0411H' (We can do this since

e(x—a) = 0asz — aand Dp|, — 0asz — a.)

Take 7 = . Then for each y € V, we have Vo € W, |Tyz — a|| < 6 and Vz,w € W,
| Tyx — Tyw|| < K||lw — z|| for some constant KX < 1. Thus T, is a contraction of W
and by CMT has a unique fixed point, and z, € T, (W) C Bs(a). That is, for each
y € V there is a unique x € W with f(z) = y, and in fact z € B;(a).

LetU be the setofall suchz. Leth = f|p,(4). ThenU = h™' (V) so U is openin Bs(a).
But Bs(a) is open in R" so U is open in R". So now we have open neighbourhoods
U of aand V of f(a) such that f maps U bijectively onto V. Remains to check that
f is continuous so that we have a homeomorphism.

Let X = C(V,W). As W is bounded, similarly to Lemma 4.14 we have that X is a
complete non-empty metric space. We want to define a function X — X thatis a
contraction. Define S : X — X by

Se(y) = 9) — o (flgw)) — y) = Ty(9(y))-

87



Giveng,h € X andy €V,

159(y) — Su)ll = 1Ty (9(y)) — Ty(h(y))]]

< K|lg(y) — h(y)ll
< Kd(g, h)

and so by taking sup over all y, d(Sy, Sy) < Kd(g,h). Hence S is a contraction of X
and has a unique fixed point g. By definition of S, for each y € V' we have g(y) is
the unique = € W with f(z) = y. Hence g = (f|y) ! is continuous. Since g € X,
(flu)~!is continuous and thus f|y is a homeomorphism from U onto V. O
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