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Chapter 1

The Real and Complex Number
Systems

§1.1 Hw 1

Exercise 1.1. If r is rational (r # 0) and z is irrational, prove that r + z and rx
are irrational.

Proof. If they were rational, (r 4+ x) — r and rz - 1/r would also be rational, a
contradiction. EJ@
Exercise 1.3. Prove Proposition 1.15.

Proof. (a) The axioms (M) give

=

(1/z)(zy)
[(1/z)x]y
[z(1/x)]y
L-y

Y

(1) (22)
> [(1/2)a)2
? [o(1/))2
1-2

= ||§ =

||§

(b) Fix z =1 1n (a).
(c) Take z =1/x in (a).
(d) Apply (c) to (1/z)x = 1.

-
£
"._l(‘

Exercise 1.5. Let A be a nonempty set of real numbers which is bounded below.
Let —A be the set of all numbers —z, where z € A. Prove that

inf(A) = —sup(—A).
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Proof. Let i := inf(A) and s = sup(—A). Notice —i is a upper bound of —A, and

—s is a lower bound of A. As such, —¢ > s and ¢ > —s; the equality i = —s
holds. o3

Exercise 1.6. Fix b > 1.
(a) If m,n,p,q are integers, n > 0, ¢ > 0, and r = m/n = p/q, prove that

™Y = 7).

Hence it makes sense to define b" = (b™)%/,

(b) Prove that b"™% = b"b® if r and s are irrational.

(c) If @ is real, define B(z) to be the set of all numbers b?, where ¢t is rational and
t < x. Prove that

b" = sup B(r)
when r is rational. Hence it makes sense to define
b* = sup B(z)

for every real x.
(d) Prove that b*¥ = b*bY for all real x and y.

Proof. (a) Notice b™4 = bP". By taking (nq)th roots, we have
(B = )
(b) By the Corollary to Theorem 1.21,

m , p mq+pn
bn

1 m P
:b nq :(bmqbpn)nq :b?bq

(c) Let m/n > p/q. Then b™/™ > bP/9, lest b™ < bP" (a contradiction). The
converse hence holds. So, b" = sup B(r).

(d) For rational ¢, note b*b~! bounds B(z) from above. That is, b*Tt > b0t
Equality holds since b*bY > b*¥ is clear. Let s := sup{b*** |t < y}. Then,
5(b*)~! bounds B(y) from above. As such, s > b%bY. So b%bY < s < bTHY.

-
£
"._lt‘

Exercise 1.8. Prove that no order can be defined in the complex field that turns it

into an ordered field. Hint: —1 is a square.

Proof. Suppose, for contradiction, that (C, <) is an ordered field. Wlog, let 1 >

‘v-v‘

—1. Then 2 = (—i)? = =1 > 0 so —1 > 1, a contradiction. gl
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§1.2 Hw 2

Exercise 1.10. Suppose z = a + bi, w = u + iv, and

ye |lw| + u 1/2 b |lw| —u 1/2
2 ’ 2 ’

Proof. If v > 0, then 22 = u + |v|i = w. Similarly when v < 0, we have (2)? =
u — |v|i = w. We conclude that every nonzero complex number has two complex

square roots.

Exercise 1.12. If 2y, ..., z, are complex, prove that

|21 + 22 + - - + 2| < 21| + |22| + -+ + |20

Proof. The result is clear by using induction on the triangle inequality (Theorem

1.33(e)).

Exercise 1.13. If x, y are complex, prove that

llz] = [yl| < |z —yl.

Proof. Clearly, square roots of reals preserve order. It suffices to notice

z—yl* = (z —y)(z —7)
= zT — Re(zy) + vy
> |z* = 2|zg] + [y|?
= |a|* - 2z|ly| + |y
= [lz| — |ylf*.

O

e

Note 1.1. The real case is marginally simpler:
2
lz] = lyl|” = 2* — 2lally| + ¥* < &® — 20y +3° = |z — g~

Exercise 1.15. Under what conditions does equality hold in the Schwarz inequality?

Proof. Consider the real case. Suppose that there exists x € R, so for all ¢, so

b; = xa;. Then, equality is clear as

2

n
2
P

=1

:x2

n
E aibi
=1

2 n n
=Sl Y el
=1

=1
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Exercise 1.17. Prove that
x+yI* + [x - yI* = 2x[* + 2[y [
if x € R¥ and y € R*. Interpret this geometrically, as a statement about parallelo-
grams.
Proof. Notice that

x+yPP=x+y) (x-y) and x-yPP=x-y) (x-y)
= |x|* +2x -y + |y|%, = x|* —2x-y + |y|*.

Therefore, |x +y|? + |x —y|? = 2|x|2 +2|y|?. Let A be the area of the two squares
having length equal to a parallelogram’s respective diagonals. Also let B be the
area of the two squares having side lengths equal to the parallelogram’s longer and

shorter sides. Then, our equality implies A = 2B.

Proof. Alternatively, this can be proved as a corollary of Pythagoras’ Theorem.
We know

x+yPP=lz*+y> and |[x—y]> =z + |y

Taking the sum,
x +y* + x - y* = 2/x” + 2|y
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Basic Topology

§2.1 Theorems
“A metric space is just a space equipped with a ruler” — Me (4/5/24)

Theorem 2.30. Suppose Y C X. A subset F of Y is open relative to Y if and only
if E =Y NG for some open subset G of X.

Proof. Let p € E.

Assume F is open relative to Y. Then, there is » > 0 so N,(p) N Y C E. Notice,
N:(p)N(Y — E) = @. So we define G := {J,cp Ny, (p). Clearly, this superset of £
is open relative to X.

Conversely, suppose E =Y N G for some open subset G of X. Then, as p € G,
there is r > 0 with N,(p) C G. As such, N,.(p)NY C E. Hence, E is open relative
toY. f;_.f
Example 2.31. Let X = R2. In each case, G is the combined region enclosed by
the dotted lines, and Y consists of the shaded area and all points of E.

Figure 2.1: E contains only the point in black.
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Figure 2.2: E contains the central dotted circle and the points in black.

Theorem 2.33. Suppose K C Y C X. Then, K is compact relative to X if and

only if K is compact relative to Y.

Proof. When K is compact relative to X, let {F,} be an open cover in Y. By
theorem 2.30, there is an open cover {G4} in X containing a finite subcover {G,,, },
for which Y NG, is always F,,. So, {F,,, } is a finite subcover of {F,}.

Conversely, assume K is compact relative to Y and let {G,} be an open cover in
X. Then, {Y NGy} is an open cover in Y. As such, it contains a finite subcover
{YNG,,} inY C X.

Theorem 2.34. Compact subsets of metric spaces are closed.

Proof. Let z € EC be a limit point of E. Now, define the open cover

C = {Ny@p2(p) |p € E}.

Given any finite subset {Ny(zp)/2(pi) |1 < @ < n}, fix m > 0 as the minimum
distance x is from all such p;. Then, there is a point v in E such that d(z,v) < m/2.

No finite subcover of C exists; hence F is not compact. F‘:ﬁﬁ

Theorem 2.35. Any closed subset of a compact set is compact.

Proof. Let E be a closed subset of the compact set F', and {G,} be an open cover
of E. Then, F has a finite subcover {Gq, U EL}. So, {Ga,} must be a finite

subcover of E.

Theorem. Finite unions of compact sets are compact.
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Proof. Let {K;}? ; contain only compact sets, and {G,} be an open cover of
K = K;. Each K; has a finite subcover {G,,; |1 < j < m;}. So,
i

{Go;; 11 <i<n and 1< 5 <my}

¥

o

is a finite subcover of K.

5
[T
BE

Note. Infinite unions of compact sets aren’t necessarily compact.

Example. Consider the metric space R. Clearly, each singleton set {z} is compact.

But since the set
0,1] = J{{z} |z € (0, 1]}

does not contain the limit point 0, it is not compact.

Theorem 2.36. If {K,} is a collection of compact subsets of a metric space X such
that the intersection of every finite subcollection of {K,} is nonempty, then (), Kq

is nonempty.

Proof. Assume, for contradiction, that finite intersections in {K,} are nonempty,
but (), Ko = @. Since {K,} can’t be empty, there is some Kgz. It has the open
cover {Kg}

Consider any finite subset {KE} Then, it is disjoint from the nonempty set
Kz N, K;. As such, K3 is not compact. A contradiction. f‘;g
Corollary. Let {K,} be a set of closed sets, at least one of which is compact, such

that {K,} has the finite intersection property. Then, (), K, is nonempty.

Proof. Wlog, K is compact. Then, {KoNK,} is a set of nonempty compact sets.
Hence, the preceeding theorem says (1, K, is nonempty. f‘:@ﬁ
Definition. We say that a set (F,d) is globally closed iff for all supersets (X, d’) of
(E,d) (such that there is an isometric embedding of (E, d) in (X, d')), we have that

F is closed relative to X.

Claim. If a set (F,d) is globally closed, it is compact.

Here is a counterexample.

Example. Consider the non-compact metric space N under the Euclidean norm.
Suppose, for contradiction, that there exists some superset X in which N is not
closed (such that there is an isometric embedding of N in X).

Let p be such a limit point. So, there exists ny < ns, such that d(ne, z) and d(ns, x)
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are less than 1/2. Consequently,
d(ng, x) + d(z,n3) <1 < d(ng,n3).

A contradiction.

Thus, compactness is quite a strong condition; it is stronger than even global closure!

Theorem 2.37. If E is an infinite subset of a compact set K, then F has a limit
point in K.

Proof. Suppose, for contradiction, that there exists a subset E of some compact
set K, without a limit point in K. As such, F is closed. Hence, it is compact.
Since E contains no limit points, for each p € E there is a minimum distance
my, such that m, < d(p,q) for all ¢ € E (that isn’t p). But now the open cover
{Nm,/2(p) |p € E} has no finite subcover. A contradiction.

Theorem 2.38. If {I,,}7°; is a sequence of closed intervals in R, such that I,41 C
I, then (), I, is nonempty.

Proof. Let I = [an,bp]. Then, an < sup{an};Z; < by for all n. k5]

=rd

Theorem 2.39. Let k be a positive integer. If {I,} is a sequence of k-cells such
that I,11 C Ip, then (), I, is nonempty.

Proof. Similarly, let I,, be the k-cell of elements (x1,x9,...,z), such that a,; <
x; < bp;. Also let s; == sup{ani}22 ;. Notice that a,; < s; < by, for all n and 7.
That is, (s1,2,...,5%) € [, In- o 3]

Theorem 2.40. Every k-cell is compact.

Proof. Let {G4} be an open cover of a k-cell I.
Notice that for each x € I, there exists m(x) > 0, such that N,,)(x) is contained

in some G, and

1
m(x) > 3 sup{r | N,(x) C G, for some a}.
Suppose, for contradiction, that ¢ = inf{m(x)|x € E} = 0. By AC, we can
choose a sequence {x,}>2 for which x,, = (1, T2n, ..., Zr,) and m(x,) < 1/n.
By iteratively applying Bolzano-Weierstrass, there exists a subsequence {x,, }3°,

such that s; := limy_,. x,, always exists. Let s € I be the point whose ith
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coordinate is s;. So, for some n € N, we have 2m(x,) < m(s), satisfying

|si — Tin| < L(m(s) — 2m(xn)).

VEk
Hence,

k k

(s~ 2n)? < 3 1 (mls) — 2m(x))? = (m(s) — 2m(x,))".

1 i=1

)

That is, [s — x,| < m(s) — 2m(x,). Now for each |x,, — q| < 2m(xy,),
|5 —al < I8 = Xa| + X — a < 1m(8) — 2m(kn) + () = m(s).
As such, Nop,(x,)(Xn) is contained in the same G as Ny, (s). But by definition
2m(xy,) > sup{r | N,(x) C G, for some a},

a contradiction.
Consequently, ¢ > 0 so there exists a finite number of neighbourhoods (of radius

?), each contained in some G,,,, that covers 1. Bs

=

Oh, actually I probably don’t need to use Bolzano-Weierstrass. It’s pretty clear that

there must be coordinate-wise convergence, in order for {x,}2°; to converge.

Theorem 2.41. If a set in R* has one of the following properties, then it has the
other two:

(a) E is closed and bounded.

(b) E is compact.

(c) Every infinite subset of E has a limit point in E.

Proof.

i. Assume (a) is true. Then, let
a; = inf{z; | (x1,z2,...,2;) € R} and b; = sup{z; | (x1,20,...,zx) € RF}.

Now, F is a closed subset of the k-cell of points (x1, 9, ..., x), such that
a; < x; < b;. Since k-cells are compact, so is E. That is, (b) holds.

ii. Now suppose (b) is valid. Thus, (c) follows immediately from theorem 2.37.

iii. Finally, we presume (c) to be true. If F is unbounded, then (using AC) we can
construct a sequence {x, }7° ; of points, such that [x,41| > |x,|+1 for all n.
Hence, it is clear that {x,, |n € N} contains no limit points. A contradiction.
Similarly, when p ¢ E is a limit point of E, there is a sequence {y,}°°,
with |p — yn| < 1/n. Therefore, {y, |n € N} also has no limit points in E.
Again, this is impossible; (a) must hold.
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Question. When a set is unbounded, must it be non-compact?

Proof. Yes. Consider an unbounded metric space X and choose a point © € X.
Then, the open cover {N,(z)} of X has no countable subcover. o]

=rd

Theorem 2.42. Every bounded infinite subset of R* has a limit point in R¥.

Proof. Let K be a bounded infinite subset of R¥. Then, its closure K is compact.
Hence, there exists a limit point of K. This is also a limit point of K. le.]

=04

Theorem 2.43. Let P be a nonempty perfect set in R¥. Then P is uncountable.

Proof. Suppose, for contradiction, that P is countable. Notice P is complete as it
is closed in R¥ (see note). We consider the metric space P (rather than R¥). First
fix a bijection f: N — P and G, == P — {f(n)}. Then, since Nj;_;u)(9) € Gn
for every g € G,, each G, is an open dense subset of P. Consequently, Baire’s
Theorem (3.22) says [ Gy, is nonempty, but this is impossible. f‘:@

Note. Two separated subsets A and B of a metric space X do not have to satisfy
AN B =2. Consider A= (0,1) and B = (1,2).

Theorem 2.47. A subset E of the real line R is connected iff it has the following
property: If z,y € F and x < z < y, then z € E.

Proof. Suppose there exists z,y € E and z ¢ E, such that x < z < y. Then,
EN(—o0,2) and E N (z,00) are separated sets that partition E. Therefore, E is
not connected.

Consider when E satisfies the given property, and let A, B C E be two nonempty
separated sets. Wlog, a < (8 for some o € A and 8 € B. Define

s=sup{a € Ala<a<f} and i =1inf{b € B|s < b}.

Notice that s < 37” < i. Hence, STJ” ¢ AU B. (Otherwise ST“ <sori< ST“ So

1w
D7

s = ST‘H = i, implying A and B are not separate.) i.e. E# AU B. f“;@

Exercise. (JohnDS’s Exercise) Let X be a metric space. Prove the following are
equivalent.

(1) E C X is dense.

(2) For every € > 0 and all x € X, there is an p € F such that d(z,p) < e.
(3) The closure of E is X.
(4)

4) For every x € X, there is a sequence {p, }°°; in E, such that z = lim,_,o pp.

12
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Proof. Clearly, (3) implies (1).

Now assume (1) is true. Pick any x € X and € > 0. If x € E, simply let p = x.
Otherwise, x is a limit point of E. Thus, such p exists by definition. As such, (2)
holds.

Suppose (2) is true. By AC, there is a sequence {py, }°°; with d(x, p,) < 1/n. That
is, * = limy, 00 Pp- S0, (4) holds.

Presume (4) is satisfied. When p,, = x for some n, we know = € E. Otherwise, pj,

is never x, which means z is a limit point of E. Consequently, (3) holds true. E@

§2.2 Hw 3

Exercise 2.5. Construct a bounded set of real numbers with exactly three limit

points.

Proof. Let E = {1/n,2/n,3/n|n € Z*}. By the Archimedean property,
{1,2,3} C E'. In fact, equality is clear: the neighbourhood of any i/n (for n > 2)

with radius

is disjoint from E. e o]
Exercise 2.6. Let E' be the set of all limit points of a set E. Prove that E’ is
closed. Prove that F and E have the same limit points. (Recall that E = EU E'.)

Do E and E’ always have the same limit points?

Proof. Let p be a limit point of E’. So, for any r > 0, there is ¢ € N,(p) N E'.
Hence, letting m := min{d(p, q), r —d(p, q)}, there is also s € N,,,(¢) N E. As such,

p is a limit point of F, since
0 <d(p,s) < d(p,q) +d(q,s) <.

Similarly, any limit point of F is a limit point of E. The converse is clear from
ECE.

However, limit points of E are not necessarily limit points of E’. For instance, let
E:={1/n|n€Z"} CR. Then, E' = {1} whilst £” = . lo.]

=4

Exercise 2.8. Is every point of every open set £ C R? a limit point of E? Answer

the same question for closed sets in R?.

Proof. Yes, every point p of an open set E C R? is a limit point of E. There is
m > 0 with N, (p) C E. Thus, for any r > 0, the set N,.(p) N E must be nonempty,
for it contains the nonempty set N, (p) N Np,(p).

But this does not extend to closed sets in R2. Consider the closed set {1}; it has




CHAPTER 2. BASIC TOPOLOGY 14

no limit points.

Exercise 2.10. Let X be an infinite set. For p € X and q € X, define

(if p # q)

i) =]
0 (ifp=gq).

Prove that this is a metric. Which subsets of the resulting metric space are open?
Which are closed? Which are compact?

Proof. Notice that (a) and (b) holds immediately, and (c) is clear as d(p, r)+d(r, q)
is either 1 or 2. Therefore, d is a metric on X.

Let £ C X and p € E. Observe that Nj/o(p) = {p} € E. All subsets of X must
be open, and, with exception of &, be not closed.

Lastly, F is compact iff F is finite. If F is compact but infinite, then the open
cover of singleton subsets of E (i.e. {{p}|p € E}) has no finite subcover. The

converse is clear as this open cover is already finite. lo.o]

=g

Exercise 2.11. For z € R! and y € R, define

di(z,y) = (z — y)?,
d2($7y) = |J,‘—y|7
d3(z,y) = 2% — |,
da(z,y) = |z — 2y],

[z —yl
ds(z,

Determine, for each of these, whether it is a metric or not.

Proof.
(a) Since (1 — 0)2 = 1 is larger than (1 — 0.5)? + (0.5 — 0)? = 0.5, we have that
dy is not a metric.
(b) Parts (a) and (b) are immediate. Moreover, (c) also holds, because for any

real numbers z, y and z:

[z —yl <lz—z[+2V]z —zllz =yl + [z —yl,
Viz =yl < Vlz =zl + ]z —yl.
That is, dy is a metric.

(c) Part (a) doesn’t hold as |12 — (—1)?| = 0. Hence, d3 is not a metric.
(d) Part (a) doesn’t hold as |1 —2(0.5)| = 0. Therefore, d4 is not a metric.
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(e) Again, parts (a) and (b) are clear. Notice
[z —yl <z — 2+ |z =yl + 20z - zllz —y[ + [ — yllz — 2[|z — y|.

Hence, adding |z — y||z — 2| + |z — yl||z — y| + |z — y||z — 2||z — y| to both

sides, then factoring,

lz =yl + |z —2))A + |z —y]) < (lz — 2| + 2|z — 2|]z — y| + [z — y])
(1+ [z —yl).
Therefore,

[z —yl |z — 2| 2 — vl
l+jz—yl ~1+]z—2 1+z—y|

Accordingly, ds is a metric.

O

l.'a
2Ry

§2.3 Hw 4

Exercise 2.12. Let K C R consist of 0 and the numbers 1/n, for n = 1,2,3,....
Prove that K is compact directly from the definition (without using the Heine-Borel

Theorem).

Proof. Let {G.} be an open cover of K. Then, N;/,(0) C G
and ay,y1. Furthermore, given any 1 < ¢ < n, there exists a; for which 1/i € G,,.
Hence, {Gq, |1 <i < n+ 1} is a finite subcover. .}

=rd

any1s for some n € N

Exercise 2.16. Regard Q := as the set of all rational numbers, as a metric space,
with d(p,q) = |p — q|- Let E be the set of all p € Q such that 2 < p? < 3. Show
that E is closed and bounded in @Q, but that F is not compact. Is F open in Q7

Proof. Notice |p — ¢| is always less than v/3 — v/2. Now consider any limit point [
of E. Then 2 <% < 3, lest Ny_ /(1) or N _ (1) is disjoint from E. Since there
is no rational square root of 2 or 3, we have [ € E.

We have that E is not closed relative to R, since the limit point v/2 ¢ E. Thus, E
is not compact.

Finally, E is indeed open in Q, because for all p € FE, either N|p_ V3 (p) or
Ny,_ 3 (p) is contained in E. 6.5}

Exercise 2.17. Let E be the set of all x € [0, 1] whose decimal expansion contains
only the digits 4 and 7. Is E countable? Is E dense in [0,1]? Is E compact? Is E
perfect?
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Proof. Let a = 0.4777... and b = 0.7444 . ..
An a <z < b cannot be obtained by changing only the first digit, since

0.777--->b>a and 0444---<a <b.
It also can’t be obtained by changing the first digit and some others, as
0.777...74>b>a and 0.444...47<a <b.

(The digits, after what has been written out explicitly, are omitted.)
Nor does keeping the first digit the same:

04777... 74 <a<b and 0.7444...47>b>a

Hence no such x exists; E' is not dense.
Let the decimal expansion of the limit point L contain some other digit not 4 or 7,
first in the jth digit. Then, there exists ¢ € E such that |c — L| < 1077, But now

1> 10|c— L| > 1.

A contradiction. As such, E must be closed, and hence compact.

Furthermore, E is perfect, thus uncountable®. For any y € E, define y( to be the
ith digit of y, and

4 if y® =7,

i .
Yy = )
7 if y® =4

So, let z, be the number whose ith digit is y@ if 1 < ¢ < n, and yl! otherwise.

Then, for each n we have

4 1

R T T

“*Alternatively, we can use diagonalization, or the fact that {4, 7} ~ Z2(N) = N.

Exercise 2.22. A metric space is called separable if it contains a countable dense
subset. Show that R* is separable.

Proof. Let x = (xl,mg, ..., o) € R¥. Recall Q is dense in R. So, for each 4, there
exists |z; — pi| < f Therefore,

N

k k
=Pl = (e p)? < D =e

=1

Since R* contains the countable dense subset QF, it is separable.

ze:

|

&)
Il
R
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Example. Consider [0, 1] and the countable base

{N:(p) € [0,1]|p,r € Q}.

Let = be a point in some open subset S of [0,1]. Accordingly, N.(z) C S for some
e > 0. Furthermore, £/2 > n~! for some n € N. By the density of the rationals in

the reals, there exists some rational |p — z| < n~!. Consequently,
x € Ny-1(p) C Ne(z) C S.

Exercise 2.25. Prove that every compact metric space K has a countable base, and

that K is therefore separable.

Proof. For each n, let {N,-1(z;n)|1 < i@ < m,} be a finite subcover of
{N,-1(z) |z € K}. Fixe > 0 and z € K. So, there exists n and ¢, for which
g/2>n"tand x € N,-1(z;,,). Hence N,,—1(x;,,) C N.(x). As such,

UV (@in) |1 < i <min}
n
is a countable base. Furthermore, x is a limit point of the countable dense subset

U{l'i,n | 1<i< mn}a
n

¥

o

if it is not some x; .

S
[T
BE

§2.4 Hw 5

Exercise 2.27. Define a point p in a metric space X to be a condensation point of
a set B C X if every neighbourhood of P contains uncountably many points of F.
Suppose E C R*, E is uncountable, and let P be the set of all the condensation
points of E. Prove that P is perfect and that at most countably many points are

not in P. In other words, show that Pl N E is at most countable.

Proof. We consider E as our metric space for this proof. Let x be a limit point
of P and € > 0. Then, there exists p € P with |z — p| < £/2. For each of the
uncountably many |p — ¢| < /2, we have |z —q| < |x —p|+ |p —q| < e. So, P is
closed. Since it is clear that P contains only limit points of itself, P is perfect.

Now suppose, for contradiction, that Pl N F is uncountable. Let n € N and
rn = 0.5"/n. For some point e, € N,, ,(e,—1), the neighbourhood N, (e,) is

uncountable. Otherwise, N, _,(e,—1) would be countable, since

{Nrnfl(en—l) N Nrn(mlrna marn, ... 7mkrn) ’mbm?a SNBSS N}

17
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covers N, _ (en—1). Therefore, {e,} is Cauchy, since

e > 0.5

dlensem) < Y dlement1) < 35 =1

i=n =1

for every n > m > N. By the completeness of R¥, it converges to some limit e.

Furthermore, it is clear that e is a condensation point. f‘fgf

=rd




Chapter 3

Numerical Sequences and Series

§3.1 Hw 5

Exercise 3.1. Prove that the convergence of {s,} implies the convergence of {|s,|}.

Is the converse true?

Proof. Let {s,} be a sequence in a metric space X converging to z, and y any
point of X. For £ > 0, there exists N € N such that n > N implies d(s,,x) < e.
So by the triangular inequality,

|d(sn,y) — d(z,y)| < d(sp,z) < €.

Hence, {d(sn,y)} converges to d(z,y).

The converse cannot hold. A counterexample is the alternating series.

Exercise 3.2. Calculate lim, (V12 +n —n).

Proof. Let £ > 0 and ¢ := 1/2 — ¢. Notice that n? +n + 1/4 > n? + n implies
1/2 — (\/712 +n— n) > 0. Moreover, there is some N > 127226 So, for n > N,

02

1-2c
n?+2en+ ¢ <n?+n,

n+c<vVn?+n,
‘1— (\/n2+n—n)

2

<mn,

<e.

In other words, lim, o (Vn2+n —n) =1/2.

19
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Exercise 3.3. If s; = v/2, and
Sn+1 =1/2+ /Sn (n=1,2,3,...),
prove that {s,} converges, and that s, < 2 forn =1,2,3,...
Proof. Notice that \/m <V4=2. So, assume s,, < 2 for n = k, and consider

n =k + 1. Thus,
Sni1 < V2 +V2 <2,

That is, s, is always less than 2.

Furthermore, since {s,} is nonnegative, it is monotonically increasing. By the

Monotone Sequence Theorem (3.14), {s,} converges.

§3.2 Theorems

The following exercises were suggested by DarQ (or, xxdarqxx). The first is exercise
2.4.7 of Abbott.

Exercise (Limit Superior). Let {a,} be a bounded sequence.
(a) Prove that the sequence defined by y,, := sup{ay |k > n} converges.
(b) The limit superior of {a,}, or limsup a,, is defined by

lim sup a,, = lim y,,

where y,, is the sequence from part (a) of this exercise. Provide a reasonable
definition for liminfa, and briefly explain why it exists for any bounded

sequence.

(c) Prove that liminf a,, < limsupa, for every bounded sequence, and give an

example of a sequence for which the inequality is strict.

(d) Show that liminf a,, = limsup a,, if and only if lim a,, exists. In this case, all

three share the same value.

Proof.
(a) Let € > 0. For L := inf{y, |n € N}, recall there exists N € N such that

yn — L < e. So for n > N, since {y,} is clearly nonincreasing,
yn— L <yn — L <e.

Hence, limy,, = L.

(b) We can define z, := inf{ay | k > n}, and hence,

lim sup a,, = lim z,.

This exists for any bounded sequence {ay}, because it is just sup{y, | n € N}.
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The proof is similar to that of (a).
(c) Clearly, y, > z, for each n € N. Accordingly, limy,, > lim z,. i.e.

lim sup a,, > liminf a,,.

An example for which the strict inequality lim sup a,, > liminf a,, holds. For

the sequence {(—1)"}, we see that
limsup(—1)" =1 > —1 = liminf(—1)".
(d) Suppose L = limsup a,, = liminf a,, and let € > 0. Recall the above results:
lim sup a,, = inf{y, | n € N} and liminf a,, = sup{z,, | m € N}.
There hence exists N, M € N such that
ar,—L<yn—L<e and L—ar<L—zy<e

for any k > max{N,M}. ie. |ay — L| < e. So, limay, = L.

Conversely, assume .Z = lim a;, exists, and again, let ¢ > 0. Pick K € N,
such that |ay — L| < €/2 for all k > K. Notice that for each k > K, there is
J >k with |yr — a;| < €/2. As such,

vk = L1 < lyx — a5 +la; = Z| <e.

In other words, . = limsupag. It can be similarly shown that ¥ =

lim inf ay.

-
5
/‘._.lt‘

Exercise. Prove that the definitions of limsup and liminf in Rudin and
Schréder/Abbott are equivalent.

That is, let {s,} be a sequence of real numbers, and E the set of numbers = (in
the extended real number system) such that s,, — x for some subsequence {s, }.
Now define s* := sup F' and s, = inf E. Also define y,, = sup{ax |k > n} and
zn = inf{ag | k > n}; s° := limy, and s, := lim z,,. Then, it holds that

§* =5¢° and Sx = So.

Proof. If {s,,} is unbounded from above, then s* = s® = oo is trivial. So, consider
when {a,} is bounded above. For each k € N, pick N € N such that |yy, —s°| <
i. Furthermore, since yy, is supremal, |yn, — an, | < i for some ny > Nj. Hence,
|lan, —s°| < . As such, the subsequence® {an,} converges to s°. Therefore,
s*>s° e F.

To prove s* < s°, first choose any subsequence {ay, } that converges to some limit
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x. Then, it is clear that y,, > x for all m € N, because y,, bounds the subsequence
{an,,,,} from above. Accordingly, s° > s*.

Consequently, equality holds. The proof of s, = s, is similar. {‘;@3

“Since we can just choose the least such Ny and ny, AC is not necessary here.

Theorem 3.33 (Root Test). Given ) ay, put a := limsup {/|a,|. Then,
(a) if a < 1, then > a, converges;
(b) if @ > 1, then ) a,, diverges;

(c) if @ =1, the test gives no information.

Proof.
(a) First assume o < 1. We pick K € N, such that

1
a—2|— >sup{\k/|ak|’k:2K}

Then, (o‘gl)k > |ag| for all K > K. So, by the comparison test (thm 3.25)
> ay, converges absolutely.

(b) Now suppose a > 1. Then, there is a subsequence "m — «. Choose
K € N, such that /|a,,| > 1 whenever k¥ > K. Thus, |a,,| > 1. This
implies a,, /4 0. So Y a, must diverge.

-
&
"...lt‘

Theorem 3.34 (Ratio Test). The series >_ ay,

a
n+1 <:L

(a) converges if lim sup

an
An+1
anp,

(b) diverges if > 1 for all n > ng, where ng is some fixed integer.

Proof.

. g An+1
(a) First assume a = lim sup [——

< 1. Then, pick K € N such that

Gnp,

ag+1
ay

1
[Bzza; >sup{

kEK}.

Then, |aky1| < Blag| for every k > K. So, |axin| < B"|ak|. By the

comparison test (thm 3.25), > a, converges absolutely.
an+1

(b) Now suppose > 1 for all n > ng. i.e. |ay| > |an,|. Then, a, 4 0 so

n

> ay, is divergent.

-
&
"...lt‘

Question. Is it possible for the root test to fail, but for the ratio test to be conclu-

sive? Is there such a series, which (a) converges? (b) diverges?
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Proof. Yes it is possible. Clearly, the alternating series {>_(—1)"} fails the root
test, but the ratio test tells us it diverges.

But, no such convergent series can be found. Suppose a series Y a,, converges by
the ratio test. We use the notation of the above proof (for thm 3.34). Notice that

limsup ¥/|axsn| < limsup 8 ¥/ ]ax| =8 < 1.
s

Hence, the root test also says (> ax+n and therefore) > a, converges. m

Question. Is it possible for the ratio test to fail, but for the root test to be conclu-

sive? Is there such a series, which (a) converges? (b) diverges?

Proof. Yes it is possible.

(a) Consider the sequence defined by ag,11 = ag, = 27™. Since % = 1
and ag%l = % for every n € N, we notice the ratio test fails. However, as

lim sup V2727 = 1/4, the root test tells us the series > a,, is convergent.
(b) Now let by, :== 27" and boy4+1 = 2". Then, I’Qb’;—:l = 22" and bfj—fl

Hence, the ratio test is inconclusive. But since lim sup {/|b,| = lim /2" =

00, the root test implies the series > b, diverges.

— 217271

(Vv
&
/‘...lt‘

Question. Is it possible for the root and ratio tests to fail simultaneously? Is there

such a series, which (a) converges? (b) diverges?

Proof. Yes, it is possible. They both fail for the alternating harmonic series
{Z #} (which converges) and harmonic series {3 2} (which diverges).
Let € > 0. Since (¢ + 1)¥ > 1 + ke — 0o, we see that

(k+1)—k B 1

Cr)f (DT et 0

By the Stolz-Cesaro theorem, we pick K € N such that k + 1 < (¢ + 1)*, for
every k > K. Simplifying this gives vk +1—1 < ¢. Hence, ¥k +1 — 1, i.e.
b/-A- — 1. As claimed, the root test fails.

k+1
The ratio test also fails as lim supni+1 = 1, but RLH =1- n%_l < 1 for all
n € N. fi@f

Theorem 3.37. For any sequence {¢,} of positive numbers,

. . »Cntl ..
lim inf —* < liminf /c,,
Cn

c
lim sup /¢, < limsup il

Cn

23
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Figure 3.1: The interplay between the root and ratio tests.

Proof. Let o := lim sup % and € > 0. Then, pick K € N, such that

Ck+1

a—i—5>sup{
Ck

k> K} .
As such, ¢xy1 < (o + €)cy for each k > K. That is, cx4pn < (a4 €)"ck. So,

0 < KR/exim < (a+e) K K=/ex — e

This implies
limsup /¢, = limsup *+¥Ycxi, < a+e.

Consequently, lim sup /¢, < limsup CZ—:l The proof for lim inf CZ—:l < liminf {/c,

is similar. 2.5/

=g

Question. Are there series {a,} and {b,} for which

lim sup(a, + by,) < limsup a,, + limsup b,?

Proof. Yes, consider a,, := (—1)" and b,, := —(—1)". Then, we note that

lim sup(a, + b,) =0 and limsup a, + limsupb, =1+ 1= 2.

Question. Is there a series {ay} such that lim sup Intl) _ g7
G,
(z+1)!
Proof. Yes, let a,, := 0.5%'. Then, limsup Bl | O.E(; = 0.5+ = 0.
an G
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Exercise. Assume that absolute convergence implies convergence in an ordered field
F. Then, is F complete?

Theorem 3.42 (Dirichlet's Test). Suppose
(a) the partial sums A,, of > a, form a bounded sequence;
(b) bo >b1 >by >
(c) limb, = 0.

Then, > apb,, converges.

Proof. Let € > 0 and fix an upper bound B > 0 of |4,|. We pick N € N, such that

g

€
by — by < — d bl < —,
< an lbm| < 1B

2B

for n > m > N. Then, using summation by parts (thm 3.41),

n n—1
Zajbj < Z |Aj”bj_bj-&-l‘+‘Angn|+|Am—1Hbm‘
j=m j=m

n—1
<B )  (bj—bjy1)+ 2B|bn|
j=
= B(bm - bn) + 2B’bm‘

3 g
<B'%+28'E_

3

Bo

Consequently, > apb, converges absolutely.

B

by -|
I |
R

®

Theorem 8.29 of Tom Apostol’s Mathematical Analysis:

Exercise (Abel's Test). The series > anb, converges if > a,, converges and if {b,}

is a monotonic convergent sequence.

Proof. Suppose that > a,, converges and {b,} is a monotonic convergent sequence.
Hence, limit laws imply {A,b,} and {A4,,_1b,} converge to a common limit L.
Thus, lim(A,b, — An—1b,) = 0. Now, let € > 0 and B be an upper bound of
Ay, =3y ak- So, pick N € N, such that

€

3

e

&
Ann_Amm o) Amm_Am— m o1
| Apb bl < 5 | Apb 1bm| < 2B

and |bm, — br| <

for n > m > N. Therefore,

Z ajbj| < Z |A4;1bj — bjt1] + [Anbn — Am—1bpm]
j=m j=m

< B|bm - bn| + |Anbn - Ambm| + ‘Ambm - Am—lbm|

<B —+c+c=¢
38 3 3
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As such, Y a,b, converges.

§3.3 Hw©6

Exercise 3.6. Investigate the behavior (convergence or divergence) of Y a,, if

(a) an =vn+1—/n;
(b) ay = YFL=VE

) n
(©) an = (V=1
(@

)
Il

)
Il

n= T3 for complex values of z.

Proof.

(a) Notice the partial sums simplify as follows:

n+1 n

zn:ai:Z\[i—Z\/ﬁ:\/n—i—l—l.

Hence, the series Y a,, diverges to oco.
(b) This series converges by (a) and the comparison test.
(c) Since limsup {/n—1 = 1—1 = 0, the root test ensures > ({/n—1)" converges.
(d) If |z| > 1, then

z

. - <L
W'}“l

2|

Hence, the ratio test implies ) a,, converges. But when |z| < 1, then H% >

142"
1+ 27l

1 1
_‘z”"'l_’_

0 by limit laws, i.e. Y _ a, is divergent.

Exercise 3.7. Prove that the convergence of »_ a,, implies the convergence of
>
n )
if a, > 0.

Proof. Notice that a, > 1/n? and a,, < 1/n? respectively imply a,, > \/an/n and

1/n* > \/an/n. So,
Qn, 1
IR IRD D=

converges.

ze:

|

&)
Il
R

Exercise 3.11. Suppose a,, > 0, s, = a1 + -+ + an, and Y a,, diverges.

(a) Prove that 3 {f2— diverges.
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(b) Prove that

aN+1 +.__+aN+k >1— SN
SN+1 SN+k SN+k
and deduce that ) ¢ diverges.
(c) Prove that
an 1 1

and deduce that ) % converges.
(d) What can be said about

an Qanp
. d _m

Proof.
(a) Suppose, for contradiction, that »_

an

14+an,

and - =1-— ﬁ, the sequence {1 + a,} is (eventually) nonincreasing,

converging to 1. As such, Abel’'s Test implies > an = > {2 (1 +an)

converges. Then, since a, > 0

converges. A contradiction.
(b) Let N € N. Because s, — oo, there is a k € N with sy1x > 2sy. Further-

more, {sy} is increasing. Hence,

aN+1 +M+CLN+1< S aNy1+ -+ anyk . SN S 1
SN+1 SN+k SN+k SN+k 2

Le. > ¢ diverges (to infinity).
(c) Again, {s,} is increasing. Thus,
an an 1 1

— < _ =
Sh SnSn—1 Sn—1 Sn

holds for every n € N. Now let € > 0 and pick N € N, such that s, > 1/e if
m > N. Then,

The Cauchy Criterion is, therefore, met; ) <8 converges.
(d) If there is a lower bound [ > 0 of {a,}, then

an 1 1 1 1
_— (11— ) >—(1-—].
1+na, n 1+ nay, n 1+1

By the p-series test (thm 3.28), Tre— — o0. When a, — 0, it is still

possible for divergence to occur: consider a,, := 1/n. Then,

a 1
D Toma =2
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But, convergence can, too, occur. We let

1 if n = 2F for some integer k,

% otherwise.
Then,
IED
Simultaneously,

a 1 1 1 1
Zl+:lan Szn(n+1)+zl+2” SZEJFZQT'

a . . .
So, > 1 T must converge. For an illustration, see Figure 3.2.

The latter series is simpler. Since

a 1 1 1
Zl—i—TrLLQan :Zﬁ (1_ 1+n2an> SZnz’

convergence is evident.

Note. Since b, = lfgan = % (1 — 1+71mn>, we might be tempted to think that
na, — 0 for > b, to converge. But, our example above shows that this is unnec-
essary; we even had limsupa, = limsup2™ = oco. It is, however, necessary for

liminf a,, = 0, lest the series diverges by the comparison test.

Naturally, this leads us to the following question:

Question. Let {a,} be a positive sequence, such that ) a,, — occ.
(a) Is it possible for na, — 07

(b) If so, is it plausible that we simultaneously have

a
Z 1+:Lan

converging?

Proof.
(a) Yes, simply let a,, == (nlogn)~!.
(b) No. Suppose (a) holds and pick N € N, such that na, < 1, for all n > N.

Then,
ay, 1

>
1+na, 2

Q.

Hence, (b) cannot hold:

a 1
Zl—i—:;an 2 272]:\[&”:00'
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Figure 3.2: An illustration for when ) a, (blue) diverges and } 15— (green) converges

(Desmos).


https://www.desmos.com/calculator/6goodolo2a
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(a)
(b)
(c)

(d)

Exercise 3.12. If {s,} is a complex sequence, define its arithmetic means o,, by

S0+ s1+ 48y
B n+1

(n=0,1,2,...).

If lim s,, = s, prove that limo,, = s.

Construct a sequence {sy} which does not converge, although lim o, = 0.
Can it happen that s, > 0 for all n and that limsups, = oo, although
lim o,, = 07

Put a,, = s, — sp_1, for n > 1. Show that

1 n
— = kay,.
Sn = On n+1kz_1 i

Assume that lim(na,) = 0 and that {o,} converges. Prove that {s,} con-
verges.

[This gives a converse of (a), but under the additional assumption that na,, —
0.]

Derive the last conclusion from a weaker hypothesis: Assume M < oo, |na,| <
M for all n, and limo, = o. Prove that lims, = o, by completing the
following outline:

If m < n, then

For these i,
(n—i)M< (n—m-—1)M
i+1 — m+ 2 '

Fix € > 0 and associate with each n the integer m that satisfies

’571 - Si| S

n—=e

m < <m+ 1.

+e

Then, (m+1)/(n —m) <1/e and |s,, — s;| < Me. Hence

lim supls,, — o] < Me.
n— 00

Since € was arbitrary, lim s, = o.

Proof.
(a) Let € > 0 and pick M € N, such that |s,, — s| < &/2 for all m > M. Then

choose N > M with

|s; — s L€
N 2M’

31
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for every 0 << M — 1. So, forn > N,

so+s1+ -+ 58p
n+1

Hence, lim o,, = s.
(b) Consider the alternating sequence {(—1)"}, which is clearly divergent. Then,

lon| < n%rl so limo,, = 0.

(c) Yes, let

k if n = k3 for some integer k,
Sp =
(—1)™ otherwise.

Pick any integer n and suppose k®> < n < (k + 1)3. Then,

ol < 1+(1+2+---+k) <k2+k+1_l+i+i
= 2k k3 Tk k2 k3

Thus, lim o,, = 0. Simultaneously, as lim s;3 = oo, we know limsup s,, = cc.

(d) As expected, we notice

Sp—op=——[n+1)s, —59— 81—+ — Sy
n+1

n

1
:n+1;5n_8k_1

1 n n
:n—i-lzzaj

k=1 j=k

n

1
= kag.
n—i-l; e

From (a), we deduce lim n%rl Y peq kag =lim(na,) = 0. So, lims,, = limoy,;
the sequence s, converges.

(e) First notice that, if n > m, then

o _m—n.(so—i-sl—l—---—l—sn) Sm41 + Sm42 + -+ Sp
" T m+1 n—+1 n—+1

and

1 Z i — ) = & _ SmyltSmy2t -+ 8
n A n n—m °

32
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As such,

n

m+1(an—am)+ ! Z (Sn — $i)

n—m n—m

i=m-+1
__Sotsit---+sp m+1_1 ‘5m+1+3m+2+“'+5n+5
N n+1 n+1 n—m "
so+S1+ - +5Sn  Sm+l T+ Smi2+ o+ Sp
== — —_ +STL
n+1 n+1
= 8p — Op.
For these i,

. (n—i)M
§ 1)]ag| < Ej k AR
[sn = (24 1)lax z-i—lk m‘ o < i+1

The latter inequality hence follows. Now, fix € > 0 and associate with each

n the integer m that satisfies

m < _€<m+1.
+¢€
Then,
m+me<n—e¢ and n—e<(M+1)+M+1,
1 1 —m-—1
m < - and e>w.
n—m ¢ m+2

From the latter, we deduce |s,, — s;| < Me. Now pick N € N, such that
lon — 0| <€ and |on — om| < €2,
for all n > m > N. Consequently,

|sn — 0| < |sn — on| + |0 — 0
n

m+1 1
—m|an_am|+7n—m Z |sr — 54

<|on—o|+
n i=m-+1

2 —m)M
cer S mmMe o
£ n—m
So, limsupls,, — o| < (M + 2)e (and lim inf|s,, — o] > 0 is self-explanatory).

Since € was arbitrary, lim s, = o.

Exercise 3.16. Fix a positive number a. Choose x1 > /«, and define 3, x3, 24, . . .,

by the recursion formula
1 o @
x =—|x — .
n+1 2 n T
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(a) Prove that {x,} decreases monotonically and that lim z,, = \/a.
(b) Put e, = z, — /o, and show that

2 2
€n €n

— <
2x, 2y«

En+l =

so that, setting 8 = 2/«

€1

o
5) (n=1,2,3,...).

En+1 < ﬁ (
(c) This is a good algorithm for computing square roots, since the recursion
formula is simple and the convergence is extremely rapid. For example, if

a =3 and z; = 2, show that £,/ < % and that therefore

es < 4-10716 g < 4-10732.

Proof.

(a) As the discriminant (—2/a)? — 4(1)(a) = 0, we know z2 + a > 2 /az,. i.e.
Tni1 > v/a. Hence, z, > y/a for all n € N, making x,,11 < x, clear. Now
letting L = lim x,,, we see that L = % (L + %) Thus L = \/a follows.

(b) We see that

2%, 2%,

1 a 22 — 29 /ax, +a €2
5n+1:$n+1_f:2<$n+x>_\/a_ = \/>n =
n

The given inequality hence holds, since {z,} is bounded below by /a.

<=s(3)
S P\B)

Furthermore, presuming ex1 < 5(e1/ /8)2k, we notice

Accordingly,

6%+1 €1 2
< <5 (5)
(c¢) Fix @ = 3 and 21 = 2. Then, since 81/25 > 3,
a_V3_1_\BB 1_1
53 2 3 2710

Moreover, because 4 > 3,

4 5
1)\?2 1)\?
£5 < 2V/3 (10> <4.10716, g6 < 2V/3 (10> <4-10732

34



CHAPTER 3. NUMERICAL SEQUENCES AND SERIES

Exercise 3.20. Suppose {p,} is a Cauchy sequence in a metric space X, and some
subsequence {py,} converges to a point p € X. Prove that the full sequence {p,}

converges to p.

Proof. Let € > 0. Pick I € N, such that

)

| ™

€
d(pn, — pm) < 3 and d(pn; —p) <

for every n > m > n;. Then, the full sequence {p,} converges to p, since

&
d(pn _p) < d(pn _pnl) + d(pn1 _p) <z + 5 =E.

| ™

¢

=g

Exercise 3.22 (Baire's b | theorem). Suppose X is a nonempty complete metric
space, and {G,,} is a sequence of dense open subsets of X. Prove Baire’s theorem,

namely, that ()G, is not empty. (In fact, it is dense in X.)

Proof. Pick a sequence of points {g,}, such that d(gn,gn—1) < 0.5"/n and g, €
G N N, (gm), where N, C Gy,. Notice that, for n > m > N,

m=

= * 0.5 1
d(gnsgm) < D dlgn, gn1) < Z: = - <
=n 1=

i.e. {gn}is Cauchy. Hence, by Completeness it converges to some limit g. Further-
more, since gn, gn+1, - - - € Ny, (gn), it follows that g € N, (gy,) for each n. Hence,
g € [(Gp. See Figure 3.3 for an illustration. Now, let x € X and £ > 0; pick
g1 € G1 N N,ya(z). By choosing 1 < £/2, we have g € N,/3(g1). So, g € Ne();

the intersection (| Gj, is dense in X.
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\

Figure 3.3: An illustration of the above procedure to obtain g € (| G,,.

Exercise 3.23. Suppose {p,} and {g,} are Cauchy sequences in a metric space X.
Show that the sequence {d(pn,qn)} converges.

Proof. Let € > 0. We pick N € N, such that

d(pn, pm) < and  d(gn,qm) <

&)
27

| ™

for any n > m > N. Then, the reverse triangular inequality implies

’d(pna Qn) - d(pman)‘ < |d(pnaq'n) - d(Qnapm)‘ + ‘d(Qnapm) - d(pma Qm)’

& e
= d(pn’pm) +d(Qnan) < 5 + 5 — .

Hence, by the completeness of R, the Cauchy sequence {d(py, gn)} converges.

Exercise 3.24. Let X be a metric space.

(a) Call two Cauchy sequences {p,}, {qn} equivalent if

Jim. d(pn,qn) = 0.
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Prove that this is an equivalence relation.
(b) Let X* be the set of all equivalence classes so obtained. If P € X*, Q € X*,

{pn} € P, {an} € Q, define
A(Pa Q) = nh—g)lo d(Pn, Qn);

by exercise 23, this limit exists. Show that the number A(P, Q) is unchanged
if {p,,} and {gy} are replaced by equivalent sequences, and hence that A is a
distance function in X*.

(c) Prove that the resulting metric space X* is complete.

(d) For each p € X, there is a Cauchy sequence all of whose terms are p; let P,

be the element of X* which contains this sequence. Prove that
A(Ppa Pq) =d(p,q)

for all p,¢q € X. In other words, the mapping ¢ defined by ¢(p) = P, is an
isometry (i.e. a distance preserving mapping) of X into X*.

(e) Prove that ¢(X) is dense in X*, and that o(X) = X* if X is complete. By
(d), we may identify X and ¢(X) and thus regard X as embedded in the
complete metric space X*. We call X* the completion of X.

Proof.
(a) As illustrated below, all three conditions of being an equivalence relation are
satisfied.
Reflexivity: The zero sequence {d(pn,pn)} always converges to zero.
Symmetry: This is clear, since d is a metric.

Transitivity: Let {pn}, {¢n}, and {r,} be Cauchy sequences, such that
lim d(pn, ¢n) = limd(qn, ) = 0.

By the triangle inequality and the Squeeze Theorem, it is clear that
lim d(pp, ) = 0.
(b) Let € > 0, {pn},{bn} € P, and {qn},{dn} € Q. We pick N € N, such that

d(pp,bn) < and d(qn,dy) <

)

N ™
IR

for each n > N. Then, limd(py, ¢,) = limd(b,, d,,), because

|d(Drs @n) — d(bp, dn)| < |d(Drs @n) — d(Gns ba)| + |d(gn, bn) — d(bp, dy)|
< d(pna bn) + d(qn,dn) < % + % =N

e, A X* x X* — ]Rar is well-defined. In fact, since d is a metric, so is A.
(c) Let {P.} be a Cauchy sequence in X*. We shall construct a sequence {q}

whose limit is lim P,.
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For each r € N, choose a {pgr)} € P.. Fix k € N and pick the least N € N,
such that A(P,, Py,) < 1/k, for any n > m > Nji. Now pick I} € N, such
that d (pZ(N'v)7 §Nk)) < 1/k, for all i > j > I;. Hence, define g := pgj’c). We
proceed to verify that {gx} is Cauchy.

Fix a > 8 > k. We notice A(Py,, Pn,) < 1/k. So, pick I' > I, I such

that, for v > T", we have d (pgNQ),pgNﬁv < 2/k. Then,

4

(o, q) < d <pga),p(7zva)) +d (p(VNa)’p(vNﬁ)> td <p’(YNﬁ)7p§;VB)) <=

As such, {qx} is a Cauchy sequence in X and we let @ € X* denote its
equivalence class. Finally, we show that @ = lim P,.

Fix k € N and 7 > N. Pick A > Ny, such that d (pﬁvu),pg]j“) < 1/k, for
A > p > A By leastness, Ny > N, > Nj. Therefore, d (pf\r),pgN“)> < 2/k

for some 0 > I,,. As 6 > I, we see that d (p((;N“),pgiv“)) < 1/k. Thus,

d<p<;>’ qA> < d(p&m’ pgzvu)) " d(pgm)’ pgiw)) " d(P§§H)7 pgm) < %

In other words, A(FP,, Q) < 4/k for r > Nj. So, lim P, = ). See Figures 3.4
and 3.5 for an illustration.

Since every P, is a constant sequence whose terms are all p,
A(By, Py) = lim_d(p, q) = d(p, q).

Let {p,} € P € X* — p(X) and ¢ > 0. Then, pick N € N, such
that d(pp,pm) < €/2 for all n > m > N. Accordingly, A(P, P,,,) =
limy, 00 d(Pn, pm) < €; the isomorphic embedding ¢(X) is dense in X*. For
the following proof, we shall reuse the notation defined in (c). Assume X is

complete and notice that {g;} converges to a limit q € X. So, Q@ = P; € X*.

7
3
=
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Figure 3.4: A Cauchy sequence, whose equivalence class is the limit of the Cauchy

sequence of equivalence classes of the red Cauchy sequences, in R — {0} (Desmos).

Figure 3.5: The picture of Figure 3.4 in the completion (R — {0})* = R.

Claim. Let X be a complete metric space and E C X. Then, E is complete iff F

is closed (relative to X).

Proof. Let x be a limit point of the complete metric space E. Now, pick a sequence
{pn} in E that converges to . Since {p,} is a Cauchy sequence in E, we are certain
that its limit x € E. Hence, F is closed in X.

Conversely, let {g,} be a Cauchy sequence in the closed set E. Then, by the
completeness of X, it converges to some x € X. Since this is a limit point of E, it

is included in E. As such, E is complete.

Note. A metric space X is complete iff if it (more accurately, (X)) is closed

relative to X*.

Claim. A metric space X is globally closed iff it is complete.

Proof. If X is globally closed, it is closed relative to its completion. Hence X would
be complete, by the preceding claim. Conversely, consider when X is complete
and X CY. Let y be a limit point of X. So, we pick a sequence {z,} in X that
converges to y. As {x,} is a Cauchy sequence in X, its limit y € X. Therefore, X
is globally closed.
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Claim. (Revised) If a metric space X is both globally closed /complete and bounded,
it is compact.

Proof. This is false. Consider the discrete metric on N, hence giving us a complete
metric space. Then, the open cover consisting of all neighbourhoods Ny /5(n) has

no finite subcover. .34

Claim. A compact metric space X is globally closed /complete.

Proof.

Claim. A compact metric space X is bounded.

Claim. Let the metric space X be perfect, complete, and bounded. Then, X is

compact.
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Chapter 4

Continuity

§4.1 Theorems

v Fv]
/ ~ { -~ ~N _
/ l/:) \ £ ’ Ao s N
N = l - —
' ~ & : (O) P //J}
7/ N \\ /i —
\ ~ \ \// \ ~— - . *9
/et ‘o

Figure 4.1: An illustration of topological continuity: f is continuous at e, but is discon-
tinuous at e and e.

Theorem 4.7. Let X,Y, Z be metric spaces, E C X, f: E =Y and g: f[E] = Z.

If f is continuous at a point p € E and ¢ is continuous at the point f(p), then
h = go f is continuous at p.

Proof. Let ¢ > 0. By continuity, we can pick 4,7 > 0, such that g[Ns(f(p))] C
Nc(h(p)) and f[Ny(p)] € Ns(f(p)). Hence, h[Ny(p)] € Ne(h(p))-

Claim. Let f: X — Y and g: Y — Z. Then, if [find necessary conditions|, then
limg_,(g o f)(z) = limy—,4 g(y). (What about the converse?)

Theorem 4.8. Let X and Y be metric spaces. Then, any function f: X — Y is
continuous iff f~1[V] is open for every open set V.
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Proof. Consider when f~![V] is open for every open set V. So, let £ > 0 and
r € X. Since f~Y[N.(f(z))] is open, it contains Nj(x) for some § > 0. Thus,
f[Ns(x)] € Nc(f(x)), i.e. f is continuous at x.

Now consider when N,.(z) ¢ f~[V] for some open set V, point = € f~![V], and
all 7 > 0. So, for each n € N, pick z, € Nyj,(2) — f~![V]. Furthermore, as V is
open, N.(f(z)) C V for some € > 0. Now, dy(f(zn), f(z)) > . Hence, f is not

1w
VY
0. o1

continuous at x. F‘@ﬁ
2=

Proof. A direct proof for the (= ) direction. Let f: X — Y be continuous, V'
an open subset of Y, and x € f~[V]. Thus, f[Ns(x)] C N.(f(z)) C V for some
§>0and e > 0. i.e. Ns(z) C f~1[V]. So, f~[V] is open. .o}

=rd

Corollary (Baby Rudin page 87). A mapping f of a metric space X into a metric

space Y is continuous iff f~1[C] is closed in X for every closed set C' in Y.

Theorem 4.14. Suppose f is a continuous mapping of a compact metric space X

into a metric space Y. Then f[X] is compact.

Proof. Let {Gy} be an open cover of f[X]. By theorem 4.8, there is a finite cover
{f71Ga,]} of X. Now {G,,} is a finite subcover of f[X], which must hence be

compact.

Observation. Any continuous function, from a compact metric space X into a met-

ric space Y, must be bounded.

Claim. Suppose f is a continuous mapping of a complete metric space X into a

metric space Y. Then f[X] is complete.

Claim. If f is a continuous mapping of a closed metric space X into a metric space
Y, then f[X] does not have to be closed.

Theorem 4.16 (The extreme value theorem). Suppose f is a continuous real function

on a compact metric space X, and

M = sup fp), m:= plg)f( f(®)-

Then there exists p, g € X such that f(p) = M and f(q) = m.

Proof. This is a corollary of the preceding theorem. le.]

=rd

Question. Does the extreme value theorem hold if X is just a complete metric

space?
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Theorem 4.17. Suppose f is a continuous bijection of a compact metric space X

into a metric space Y. Then the inverse mapping defined by

@) ==
is a continuous bijection of Y into X.

Proof. Let C' C X be closed and {c, } be a sequence in C, such that f(c,) — y € E.
Since Y is compact, there is a convergent ¢,, . Hence, f[C] is closed. The corollary
to theorem 4.8 implies the continuity of f. le.]

=g

Question. If X and Y are metric spaces, such that X is complete. Then, must

bounded and continuous functions f: X — Y be uniformly continuous?

Proof. No. A counterexample®: consider the bounded and continuous func-
tion f: R — R defined by f(z) = sin(z?). Let § > 0 and recall that
lim, o/ = 1. So, pick n € N such that \/7r/2+2n7r — V21 < 6. We
notice ‘ f (\/W) —f (\/%)‘ = 1, meaning f cannot be uniformly contin-
uous. le.]

=d

“For a failed counterexample, see Figure 6.1.

An alternative.

Proof. Consider the bounded continuous function L: ]Rar — R defined by

L(z) = (-1)"n (l‘ — i 1/Z> + (_1);“,

=1

for z € [Z?:_ll 1/i,>% , 1/i]. See Figure 4.2 for an illustration.

ECRY

7
B o

Definition. Let ¢, m == (0,0,...,0,¢,0,0,...,0) € R™. We write ¢, for ¢, p.
————

n—1 times
Claim. Let f be a continuous mapping of a complete bounded metric space X into

a metric space Y. Then f is uniformly continuous on X.

Proof. This is false. Let the metric 9 on X := J, {¢, |c =1,141/n} be defined by
3(cn, Cm) = |nm — Cm|, for m > n. Clearly, (X¥,0) is bounded, as X C J,, N2(0,,).
Moreover, X is a set of isolated points. Hence, it is complete and f: (X,0) — (R, |-|)

defined by f(c,) = [¢] is continuous. But it is not uniformly continuous:

(I, 1+ 1/n)n) =1/n and  [f((1n) = f(A1 +1/n)n)| =1

for all n. See Figure 4.3 for an illustration.
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Figure 4.2: An illustration of L, which is obtained by adjoining line segments nz of
horizontal width 1/n together (Desmos).

J J
N\ N\ Z
X 0] 0
1 ) 11+ 1T _1113
1>\ >
(@)n=1 of 117 o 112
(byn=1,2 (c)n=1,2,3

Figure 4.3: An illustration of the set X, up to n = 3.
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I thought of using infinite coordinates, but I didn’t think of any nice metrics. The (P

sequence spaces are useful tools to have for such situations!

Remark (Courtesy of James and Outsider from Mathcord). An easier counterexample
can be found in ¢P spaces — the set of all sequences {x,} for which ) |z,|P < oco.
For p > 1, it is endowed with the metric p({z,}, {yn}) == (3 |z — yu[P)'/P. For
0 < p < 1, it is endowed with the metric p({zn}, {yn}) =D |xn — yn|P.

Remark. As an aside, a uniformly continuous function f on metric spaces can be
unbounded. Consider the inclusion map ¢: (N,d) — (N, |-|), where d represents the

discrete metric.

Claim. Let X and Y be metric spaces, such that every sequence in X has a con-
vergent subsequence. Then, every continuous function f: X — Y is uniformly

continuous.

Proof. Let € > 0, s, :== sup{d > 0]d(f(x), f(y)) < eif d(z,y) < d}, and i =
inf{d, |z € X}. Suppose, for contradiction, that f: X — Y is not uniformly
continuous. i.e. 7 = 0. Hence, pick a sequence {z, }, such that it converges to some
p € X and sz, — 0. By continuity, there is 6 > 0 such that d(f(x), f(p)) < €/2, for
x € Ns(p). Choose N € N, such that d(x,,p) < /2 for n > N. Now s,, > 0/2, a

contradiction. The claim is therefore true. m

Question. If every sequence in X has a convergent subsequence, then must X be

compact?

Proof. Consider a cover {N,_ (z)} of X, where r, > 0. Pick x,, ¢ U?;ll Ny, (%),
such that 75, > sup{ry/2 | z ¢ Ul N, Z(xz)} Suppose, for contradiction,
that {x,} is infinite. Wlog, {z,} converges to some p € X. Thus, since
d(zpn,Tpy1) > ry,, we have that r, — 0. But then 7, < 7,/2 for some m,

where p & ; Nr,, (2i). A contradiction. E@

Corollary. The following statements are equivalent, for a metric space X.
(a) X is compact.
(b) Every open cover of X contains a finite subcover.
(c) Every sequence in X has a convergent subsequence.
)

(d) Every infinite subset of X contains a limit point in X.

Note. (d) does not imply that X contains only a finite number of isolated points.
For instance, consider X = {0} U {1/n|n € N}.

Theorem 4.19. Let f be a continuous mapping of a compact metric space X into

a metric space Y. Then f is uniformly continuous on X.
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Proof. This follows from the preceding claim. Alternatively, let € > 0 and, for
each x € X, pick 6, > 0 such that f[Ns,(x)] € N./o(f(7)). By compactness, there
is a finite subcover {N(;zn/2(mn)} of X. So, f[Nminn{(;zn/g}(ac)] C N:(f(z)) for

every x € X. i.e. f is uniformly continuous on X. le.]

=g

Question. If all continuous mappings f, from a metric space X into a metric space
Y, are uniformly continuous, must X then be compact? What if the space Y is

compact and infinite?

Proof. No to both. Let d denote the discrete metric. Consider the non-compact
space (R, d), and the compact space (R, |-|). Since f[Ny(z)] = {f(x)} for all z € R,
every function f: (R,d) — (R, |-|) is uniformly continuous. s

Theorem 4.22. If f is a continuous mapping of a metric space X into a metric

space Y, and if E is a connected subset of X, then f[E] is connected.

Proof. Let f: X — Y be continuous; A and B be separated subsets of f[E]. For

x € f~1[A], we have f(z) € A by continuity. So, z ¢ f~![B]. By symmetry, we
conclude that f~'[A] and f~![B] are separated. B

=4

Theorem 4.23 (The intermediate value theorem). Let f be a continuous real function
on the interval [a,b]. If ¢ is a number such that f(a) < ¢ < f(b), then there exists
a point = € (a,b) such that f(z) =c.

Proof. Suppose, for contradiction, that ¢ ¢ f(a,b). By the preceding theorem,

since [f(a),c) and (c, f(b)] are separated sets, [a,b] is not connected. A contradic-

tion. ft:@:f
2=

Definition. If X is a metric space and E C X, the interior Intx(E) (or simply
Int(E)) of E is the set of all interior points of E, relative to X.

Exercise (From Eric). A metric space F is disconnected (i.e. not connected) iff it is

the union of two nonempty disjoint open subsets of itself.

Proof. Let F be disconnected; E = A U B for some nonempty separated sets A
and B. Notice that Int(A)’ NInt(B)! € BN A = @. So, E is the union of its
disjoint open subsets Int(A) and Int(B). Conversely, let E = C'UD for some open
nonempty disjoint subsets C' and D. Suppose, for contradiction, that C U D # @.
But now C' N N(p) # @, for some N.(p) C D. A contradiction. le.s]

=rd

Theorem 4.30. Let f be monotonic on (a,b). Then, the set of points of (a,b) at

which f is discontinuous at is at most countable.
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§4.2 (Self) Limits at infinity for metric spaces?

Definition 4.31. Let X be a metric space with z,y € X. Then, the set L, , of all

points z such that
d(.%',Z) :d(.%',y) +d(y7z) or d(w,z) = d(yvz) —d(l’,y)
is the line induced by x,y.

Definition 4.32. Let f be a function from a metric space X into the metric space
Y, and a,b € X. A point y € Y is the limit of f at ooy iff for each € > 0 there
is M > 0, such that d(f(z),p) < € whenever d(a,z) = d(a,b) + d(b,z) > M. A
point y € Y is the limit of f at —oo, iff for each € > 0 there is M > 0, such that
d(f(x),p) < € whenever d(a,z) = d(b,x) — d(a,b) > M.

Is this definition consistent with the typical definition of infinite limits in R? Does this

definition obey limit laws?

§4.3 Hw 7

Exercise 4.1. Suppose f is a real function defined on R which satisfies

lm[f(z+h) - flz —h)]=0

for every x € R. Does this imply that f is continuous?

Proof. No. Consider the function f: R — R defined by

1 ifz=0,
flx) =

0 otherwise.

Even though
lim [f(1) — f(~1)] = lim[1 — 1] = 0,

h—0 —0

we notice that lim,_,o f(z) =1 # 0 = f(0). R

=rd

Exercise 4.2. If f is a continuous mapping of a metric space X into a metric space

Y, prove that

fIE] € fIE]

for every set E C X. (E denotes the closure of E.) Show, by an example, that

fIE] can be a proper subset of f[E].
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Proof. Let f be a continuous mapping of a metric space X into a metric space

X. Pick any limit point x of E and sequence {p,} in E that converges to z. By

continuity, f(x) = lim,—00 f(pn) € f[E]. Hence, f[E] C f[E] is clear.
An example for when f[E] # f[E]. Let d denote the discrete metric. Consider the
continuous function f: ([0, 1],d) — (R, |-|), defined by f(z) := z for z € (0,1) and

£(0) == f(1) = 1. So, £(0,1) = £[0,1] = (0,1], but f(0,1) = (0,1) = [0,1].  [F

Question. Is it possible for

FTE] - fIE]| = IRI?

Proof. Yes! For the inclusion map ¢: Q — R, we see that ([Q] = Q but ([Q] =

Exercise 4.4. Let f and g be continuous mappings of a metric space X into a metric
space Y, and let F be a dense subset of X. Prove that f[E] is dense in f[X]. If
g(p) = f(p) for all p € E, prove that g(p) = f(p) for all p € X. (In other words, a

continuous mapping is determined by its values on a dense subset of its domain.)

Proof. Let p be a limit point of E and select a sequence {¢,} in F, that converges

to p. Then, since g(g,) = f(gn) for all n,

9(p) = lim g(gn) = lim f(gn) = f(p)

by continuity.

(5]
o ()]

.||l.-____"____—

( 0O

v

Figure 4.4: An illustration of g in the case that E = 0U {1/n|n € N} and f(x) :=
lim,_,,— Smxﬂ (Desmos).

Exercise 4.5. If f is a real continuous function on a closed set £ C R, prove that
there exist continuous real functions g on R, such that g(z) = f(z) for all z € E.
(Such functions g are called continuous extensions of f from E to R.) Show that

the result become false if the word “closed” is omitted. Extend the result to vector
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valued functions.

Proof. Let f: EE — R be a continuous function, where F is a closed subset of R, and
pick € R. Hence, define I, :== max{p € E|p < z} and u, = min{p € E|p > z}.
Now we have the function g: R — R given by

£(x) ifxek,

{W] (¢ =L) + f(l) i 2 € (min B, max E) - F,
9(z) = f(mian) ' if 2 < min E,

f(max E) if 2 > max E.

See Figure 4.4 for an illustration. Since line segments are continuous, so is g.
(For limit points p € E, fix ¢ > 0 and let [a £ b]g = [a — b,a + b N S. By
continuity, f[p+d|g C [f(p) £e|r for some § > 0. Wlog, p+ 6 € E. Furthermore,
min{ £ (L), ()} < 9(2) < max{ (@), f(ua)}. That is, glp % ol = flp + 6]5)

The word “closed” is indeed essential. Let f: (0,1) — R be defined by f(z) = 1/x.

Then, as lim,_,o+ f(z) does not exist, it has no continuous extension.

Now for vector-valued functions f: F — R", we have

Question. Let X and Y be metric spaces, and F a closed subset of X. Does every

continuous function f: F — Y have a continuous extension to X7

Proof. No. Consider the function f: [0,1] — Q — R given by f(z) = 1. Let
x €1[0,1] —Q and € > 0. Then, for § ==z — we have Ns(z) C [ L z

_x _x
1+4ex’ 14ex’ 1—ex |°

Hence, f[Ns(z)] C N-(f(z)). As such, f is continuous. But since f is unbounded,

it has no continuous extensions to R — Q. le.]

=g

Question. Let X and Y be metric spaces, and E be a complete subset of X. Do

all continuous functions f: EF — Y have a continuous extension to X?

Proof. No. A counterexample: the inclusion map ¢: ({0,1},[-]) = (R,d), where d

<7
DI
0. o4

represents the discrete metric, has no continuous extension to (R, |-|). .53
=4

Question. Let X and Y be metric spaces, and E be an complete subset of X that
contains at least one limit point p. Do all continuous functions f: £ — Y have a

continuous extension to X7

Proof. No. Let S = {0}U{1/n|n € N}. We see that any extension of the inclusion
map ¢: (S, |-|) = (S, |-]) to (R, |-]) always has a jump discontinuities. For instance,
at sup{1/2 <z < 1| f(z) =1/2}.
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Question. Let X and Y be metric spaces, and E a compact subset of X. Do all

continuous functions f: £ — Y have a continuous extension to X7

Proof. No. The same counterexample applies, as in the preceding question. [‘::j

Observation. Even if E is a perfect compact subset of X, not all continuous func-

tions f: F — Y must have a continuous extension to X.

Proof. Consider the Euclidean metric and the map f: [0,1] U [2,3] — {1, 3} given
by

1 ifzelo,1],

3 ifzel23].

fz) =

Any extension of f to R must clearly be discontinuous at sup{l < z < 3| f(z) =
1) %
Question. Let X and Y be metric spaces, and let E be a perfect compact subset

of X. Then, if f: F — Y is continuous and maps limit points of F to limit points

of Y, must it have a continuous extension to X7

Proof. No. See the observation below.

Observation. It is not necessary for every function from a subset E of a metric
space X to a metric space Y to have a continuous extension to X, even when F

and Y are both perfect and compact.

Proof. Consider the Euclidean metric and the identity map id on [—2, —1] U1, 2].

Similarly, every extension of id to R is discontinuous at sup{z € [-1,1]| id(z) =
~1}. RS

i

We notice that the source of the above counterexamples is, very informally, a hole in our

codomain that completeness does not rectify. See Figure 4.5 for an illustration.

Figure 4.5: When =~ C X — F and @ Z Y, there may be no continuous extension of f
to X.
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Exercise 4.7. If £ C X and if f is a function defined on X, the restriction of f
to E is the function g whose domain of definition is E, such that g(p) = f(p) for
p € E. Define f and g on R? by: £(0,0) := g(0,0) := 0, f(x,y) = xy?/(2% + y*),
g(z,y) = xy?/(x% + ¢%) if (x,y) # (0,0). Prove that f is bounded on R?, that
g is unbounded in every neighbourhood of (0,0), and that f is not continuous at
(0,0); nevertheless, the restrictions of both f and g to every straight line in R? are

continuous!

Proof. Suppose, for contradiction, that f is unbounded on R?. Then, for some

sequence {(zn,yn)},

1 73 2
’ _ | ;‘ + I 0,
2
Hence %, ‘z—z‘ — 0. But taking their product, we have 1 — 0, a contradiction.

Moreover, since f(1/n%,1/n) = 1/2 4 0, the function f is not continuous at (0, 0).
For g, it is unbounded in every neighbourhood of (0,0) because g(1/n3,1/n) =
n/2 — oo. See Figure 4.6 for an illustration.

By limit laws, it is clear that f and g are be continuous on all (z,y) # (0,0). So,
fix nonzero a,b € R and consider the line ¢ defined by ry = A(a,b), for A € R.

Since
Aab? Aab?

f(rk) = a2 + At and g(r)\) = a2 + Mpb

are continuous with respect to A, the continuity of f|, and g|, at (0,0) is certain.

-
3
"_lt‘

§4.4 Hw 8

Question. Let ¥ and Y be metric spaces, such that for all 6 > 0 there is a fi-
nite cover {Njs(p,)} of E. Then, if f: E — Y is uniformly continuous, must
{d(f(x),y)}zex be bounded for each y € Y'?

Proof. Yes. Pick 6 > 0, such that f[Ns(z)] = Ni(f(x)) for all x € E. Now choose
a finite cover {N;(pn)t1<n<n of E. We see that {d(f(x),y)}zex is bounded by

N-1

L+ Y d(f(@n), f(@n41)) + d(f(an),y)-

n=1
Question. Let f be a uniformly continuous mapping of a subset E of a compact
metric space X into a metric space Y. Then, must f be bounded?

Proof. Yes. Fix 6 > 0. By compactness, there is a finite cover {Ns/(7,)} of E.
So, pick pn € Nsja(wn). Then, {Ns(pn)} covers E. The preceding question implies
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-2.00
(b) glw,y)

Figure 4.6: An illustration of f and g in Sage.

52
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https://sagecell.sagemath.org/?z=eJzFz0tugzAQBuA9EnfwDrtMKI-yqcQdusiuKpFrHMUSxsg4BN--A2mSpptWVZRasjW_H6PPQpOKCNMaq3k_JJar7t0cwmACjwcjtzTCMmJh0MgtERQDeyZWur3tCJ0efJ2zRzrVeezrpzhN0svIGOYyDF6wUc8t19JZJTZ9a1zRUOxEPPzYgkEYELwFq_kgg2Vl-M5_35n7bnqjOjdUr2WaAs43ILzhvVOjrNZ2L2H5aUUFCM3YLWmL4wvsnP-VNSsuqFP6Gym-kalERXk2ndKVqUBTcT9TDvmn51hdWTK0ZL-wJMPOHOix4qOk0Va1skNasnO6jdgHgkPv2A==&lang=sage&interacts=eJyLjgUAARUAuQ==
https://sagecell.sagemath.org/?z=eJzFj9FqgzAUhu8F3yF35swzpw53UfAderG7MUsWUxowJsTUmrffcV1XdjUohQUS_o-T_HyRhrVM2sF6I9xUeKHHD3tKkwUjDWbheUYxgzTp1Z5JTgAb5lU4-pHx5SF2NTzxpavz2L3kZVFeVwXETZpsqcgJL4wKXsudG2x47jk1sYh_VgCmCaNb-EiDCtcD6FX8zWvnzlk9hql9q8oSab8jE71wQc-qffVHhV-_bLlEaQDuqLVaXKUudJtSfienhiyaH6cL_adTjfW3zznd5FJMB3vi5yRmxbO9HtRIasUhmCGDT4Z_xjU=&lang=sage&interacts=eJyLjgUAARUAuQ==
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f is bounded. o 3]
Observation. The compactness of a metric space X is strictly stronger than the

criteria that it must have a finite cover {Nj(zy)}, for all 6 > 0. For instance,
consider (0, 1).

Exercise 4.8. Let f be a real uniformly continuous function on the bounded set E
in R. Prove that f is bounded on FE.

Show that the conclusion is false if boundedness of F is omitted from the hypothesis.

Proof. The result follows from the preceding question. The conclusion need not be

true when E is unbounded: The identity function on R provides an example. [o.g]

Exercise. Let X and Y be metric spaces, such that Y is complete. Prove that

f: E — Y has a uniformly continuous extension from X to X*.

Proof. Let p be a limit point of X* and pick € > 0. So, there is a sequence
Zn — p, and § > 0 for which f[Ns(z)] C N:(f(x)) is true of all z € X. Pick
N € N, such that d(zn,p) < §/2 for n > N. Then, d(zy,,z,) < § for m,n > N.
As such, d(f(zp), f(zn)) < . Moreover, the limit lim,_,, f(x) exists, since f[X N
Ns/a(p)] € Noc(lim f(zy,)). Hence, we have the uniformly continuous extension
g: X* =Y defined by g(p) == lim,_,, f(z). ko 3]
Exercise 4.13. Let E be a dense subset of a metric space X, and let f be a uniformly
continuous real function defined on E. Prove that f has a continuous extension
from E to X (see exercise 5 for terminology). (Uniqueness follows from exercise 4.)

Could the range space R be replaced by R¥? By any compact metric space?

Proof. Yes to all three. As the preceding self-exercise shows, this can even be

extended to any complete metric space Y. le.]

=4

Corollary (Lecture 8). If f: D — R is uniformly continuous, where D C R, then
there is a unique continuous function f: D — R, where f(z) = f(x) for all z € D.

Exercise 4.14. Let I = [0, 1] be the closed unit interval. Suppose f is a continuous

mapping of I into I. Prove that f(x) = x for at least one x € I.

Proof. Wlog, f(0) > 0. Let ¢ := inf{z|if y > z, then f(y) < y}. Clearly, f(i) —
i =lim, ,;+ f(z) —x <0. Now, pick z,, € [i —1/n, i) such that f(x,) > z,. Then,
f(i) —i=limy—00 f(@n) — zn, > 0. Hence, f(i) = . o 3]
Exercise 4.15. Call a mapping of X into Y open iff f[V] is open in Y whenever V'

is open in X. Prove that every continuous open mapping f: R — R is monotonic.

53
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Proof. Suppose, for contradiction, that there exists a < b < ¢, such that f(b) >
f(a), f(c). Then, let f(M) := max f|, ) and 6 = min{M — a,c — M}. We see

1wy
7

that f[Ns(M)] is not open, as f(M) is non-interior. A contradiction. lo.¢]

Exercise 4.18. Every rational x can be written in the form z = m/n, where n > 0,
and m and n are integers without any common divisors. When z = 0, we take
n = 1. Consider the function f defined on R by

0 if  is irrational,

1/n if z=m/n.

fz) =

Prove that f is continuous at every irrational point, and that f has a simple (jump

or removable) discontinuity at every rational point.

Proof. Let {my/ni} be a sequence converging to z € R, that excludes x. Fix
N eNand 6 :=min{jm/n —z|:1<n <N, meZ, m/n#x}. Then, for some
K e N, if k> K, then |my/ni — x| < 0. i.e. ng > N. So, limy,_,o f(mg/ng) = 0.
Hence, at every irrational point, f is continuous. But, for all 0 < [p/q — m/n| <
1/n, we see that |f(p/q) — f(m/n)| > 1/(n?+n). Therefore, at each rational point

is a removable discontinuity. le.s]

=rd

§4.5 Other exercises

Exercise 4.19. Suppose f: R — R has the intermediate value property: If f(a) <
¢ < f(b), then f(x) = ¢ for some = € (a,b) U (b,a). Suppose also, for every rational

7, that the set of all  with f(x) = r is closed. Prove that f is continuous.

Proof. Assume, for contradiction, that L :=lim f(x,) < f(x) for some z € R and
sequence z, — . Pick M > [f(z) — L]~ and zy,,, such that |f(zy,) — L| < 55
Now choose a rational r € (L + 1/M, f(z)) and a sequence s, € (xy,,z) with

f(sp) — r. But f(z) # r even though s, — z, a contradiction. k3]

Exercise 4.20. If F is a nonempty subset of a metric space X, define the distance
from x € X to E by

pe(z) = inf d(z,2).

(a) Prove that pg(z) =0iff v € E.

(b) Prove that pg is uniformly continuous, by showing that

pe(r) — pr(y) < d(z,y)

for all z,y € X.
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Exercise 4.21. Suppose K and F are disjoint sets in a metric space X, and K is
compact, and F' is closed. Prove that there exists 6 > 0 such that d(p,q) > ¢, if
pe K and g € F.

Exercise 4.22. Let A and B be disjoint nonempty closed sets in a metric space X,

and define )
PAD
(p) =

~ palp) + p5(D)
for p € X. Show that f is a continuous function whose range lies in [0, 1], that
f(p) = 0 precisely on A and f(p) = 1 precisely on B. This establishes a converse of
exercise 3: Every closed set A C X is Z(f) for some continuous f: X — R. Setting

V=fF10,1/2] and W =f"1(1/2,1],

show that V and W are open and disjoint, and that A C V with B C W. (Thus
pairs of disjoint closed sets in a metric space can be covered by pairs of disjoint

open sets. This property of metric spaces is called normality.)

Exercise 4.23. A real-valued function f: (a,b) — R is said to be convez if
fOz 4+ (1= Ny) < Af(z) + (1 =N f(y),

whenever a < x <band a <y <band 0 < X\ < 1.
(a) Prove that every convex function is continuous.
(b) Prove that every increasing convex function of a convex function is convex,
(For example, if f is convex, so is ef.)

(c) If f is convex and if a < s <t < u < b, show that

) = fls)  f(w) = f(s) _ fw) = FO)

t—s - uU—S u—t

Proof.
(a) Let ¢ >0 and fix @ < < . Choose § > 0 such that

x—t x—t

ﬂ—tf(6)<€ and .

[f(a) = f(2)] <&,

=)

8

for t € (z — 6, z). Since v = 3=5 - B+ 5=

-, two inequalities follow:

Q




CHAPTER 4. CONTINUITY

(c¢) From the same decomposition of x, notice that

f@) = f(e) _ FB)=f(e) _ f@) = F(5)

T — 08—« x—

by subtracting — f(«) and — f(3), respectively, from

T — 68—z
F@) < 5= (8) + 5= (@,

(b) Let f: X — Y and g: Y — R be convex, where X, Y C R. Then, if g is

increasing,

gfAz+ (1 =Ny) <g(Af(z) + (1 =N f(y) < Agf(z) + (1= Ngf(y)

for each z,y € X and 0 < A < 1.

Question. Are there two convex functions which, when composed, is no longer

convex’

Exercise 4.24. Assume that f is a continuous real function defined in (a,b) such

that <x+y> flx)+ f(y)
Sl

for all z,y € (a,b). Prove that f is convex.

Proof. x Fix z,y € (a,b) and X € (0,1). Let ¢ == Z3¥ and

T if Az + (1= Ny < by,

tht1 =
Bt if A+ (1= Ny > .

Clearly, t, = Apx + (1 — A,y for some A, € (0,1). Since t, — Az + (1 — A)y,* we
must have A, — A. Hence,

f(tn) < )\nf(x) + (1 - )\n)f(y)

implies that f(Azx + (1 — N)y) < Af(z) + (1 —X)f(y), by continuity.
x QOops this sequence might not converge to t, actually.

fod

by
Il
R

%to be proven

Remark. Let x < t < y and define t; == wT+y with

Thin if ¢ < tp,

bty if ¢ > ¢,

tn+1 —
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We have that ¢, = 27" (a,z + byy), for some positive integers a, and b, that sum
to 2™,

Proof. Assume that this is true for n. Then,

(an+2")z+bny

. Detbey if ¢ < t,,
n+1l -— n
%’%)y if >t

Since ay,, + 2" + b, = 2”1 the result holds for n + 1.

ze:

|

&)
Il
R

Proof (4.24). Fix z,y € (a,b) and A € (0,1) and ¢ := Az + (1 — \)y. Let

; . tin +tj,

n+l ~— 9 )
where ¢;, = max{z} U {t;, < t|m < n} and t;, = min{t,, > t|m < n} U {y}.
Since t, € {ti,,t;,}, strong induction implies that, for each n, there exists a

positive integer a,, such that
tn = 27n[anm + (2n - an)y] and f(tn) < 27n[anf(x) + (Qn - an)f(y)]

Moreover, t;, —t;, = 27" (y—x) entails that t,, — ¢t. So, 27"a,, — A. By continuity,
fQz+ (1 - Xy)) < Af(z)+ (1= A)f(y).

Exercise 4.25. If A C R* and B C R*, define A+ B to be the set of all sums X+y
with x € Aand y € B.
(a) If K is compact and C' is closed in R¥, prove that K + C is closed.
(b) Let a be an irrational real number. Let C; be the set of all integers, let Cy
be the set of all na with n € C;. Show that C; and C5 are closed subsets of
R whose sum C; 4+ Cs is not closed, by showing that C; + Cs is a countable

dense subset of R.

Proof.

(a) Let X be a normed vector space; K C X be compact and C' C be closed.
Let ky, + ¢, — © € X be a sequence in K + C. As K is compact, there
is a subsequence k,,, — k € K. Since C' is closed, ¢,, = m —k € C so
re K+ C.

(b) Let Cy = Z and Cy = oZ.
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Exercise 4.26. Suppose X, Y, Z are metric spaces, and Y is compact. Let f: X —
Y, let g: Y — Z be continuous and injective, and put h :== g o f.
(a) Prove that f is uniformly continuous, if A is uniformly continuous.
(b) Prove also that f is continuous, if A is continuous.
(c) Show (by modifying example 4.21 or finding a different example) that the
compactness of Y cannot be omitted from the hypotheses, even when X and

Z are compact.

Proof.

(a) Since Y is compact, so is g[Y]. Hence, g~!

is uniformly continuous. Clearly,
the composition of two uniformly continuous maps must be uniformly con-
tinuous. i.e. f = ¢! oh is uniformly continuous.

(b) Since the composition of two continuous maps is continuous, f must be
continuous.

(c) Consider the bijective continuous function g: [0,27) — [—1, 1] from example
4.21, defined by g(t) := (cos(t),sin(t)). And let f: [0,27] — [0, 27) satisfy

t iftel0,2m),
0 ift=2r

ft) =

Even though f is discontinuous, h(t) = (cos(t),sin(¢)) is uniformly continu-

ous.

%
"...lt‘

Observation 4.33. Let X, Y, Z be metric spaces; f: X - Y and g: Y — Z.
(a) When f is uniformly continuous and g is continuous, go f does not have to be
uniformly continuous. (E.g. put f(z) :== 22 for X = (0,1) and g(z) = z~/2))
(b) When g is uniformly continuous and f is continuous, g o f does not have to
be uniformly continuous. (The same example applies.)

(c) If f and g are both uniformly continuous, then g o f is clearly continuous.

Theorem 4.34 (Outsider). Let f be a continuous, injective, and bounded map of a

subset X of R into another metric space Y. Then, f is uniformly continuous.



Chapter 5

Differentiation

§5.1 (Self) The gradient of functions
Let’s try to extend the definition of the derivative slightly, for fun!

Definition. Let f: X — R, where X is a metric space. Then, we say that [ is
differentiable at a limit point p of X, with derivative f’(p), iff the limit

Fp) o tim 18 = 1)

e=p  d(z,p)

exists.

Typically, the idea of a derivative invokes the notion of a best linear approximation. But,
in metric spaces, we lack a notion of linearity to speak of. So, this is closer to being
the gradient of a function than a derivative. Anyways, we now see if the usual theorems
hold.

Theorem 5.2 (the continuity of derivatives). If f: X — R is differentiable at a point
p € X, then f is continuous at p.

Proof. Let ¢ > 0. Pick 0 < § < e(f'(p) +¢)7 !, such that
f(z) — f(p) — d(z,p)f'(p)| < ed(z,p)
for all d(x,p) < §. Now,

|f(x) = f(p)| < |f(z) — f(p) — d(z,p) f'(p)| + d(z,p) f'(p)
< (f'(p) +e)d(z,p) <e.

O

l.'a
2ERY

So, f is continuous at p.

99
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Theorem 5.3 (sums, products and quotients). Suppose f,g: X — R are differen-
tiable at a point p € X. Then, f + g, fg, and f/g are all differentiable at p
(assuming g(p) # 0 in the final case). In fact,

(a) (f+9)(p)=f'(p) +9'(p),

(b) (f9)'(») = f'(p)g(p) + f®)d (p),
© (f/q) () = g(p)f'(p) — 9 )f(p).

g(p)?

/

Theorem 5.5 (chain rule). Suppose f: X — R and g: R — R are both differentiable
at p € X. Then, (fog)'(p) = f'(9(p))g (p)-

Claim. There exists two functions f: X — R and g: R — R, with a point p € X,
such that (f o g)'(p) exists, but neither f nor g is continuous at p.

Theorem. If f: X — R is differentiable at p € X and has a local extremum at p,
then f'(p) =0

§5.2 (Self) Investigating derivatives in normed spaces

Definition 5.6 (Schroder 17.24). Let X and Y be normed spaces, 2 C X be open,
f: Q=Y and x € Q. Then, f is called differentiable at x iff there is a continuous
linear function L: X — Y so that for all € > 0 there is a § > 0 such that for all
t € X with ||z — t|| < 0 we have

If(2) = f(#) = L(z = || < ellz —2]].

We set Df(x) := L and call it the Fréchet derivative of f at x.

I have seen the above definition instead have that L is bounded.

Definition 5.7. Let X and Y be normed spaces. A linear transformation 7: X — Y
is bounded iff there exists ¢ > 0 such that | T'(z)|| < c||z]], for all xz € X.

Naturally, we ask the following:

Question 5.8. Let X and Y be normed spaces. Is a linear transformation 7': X —

Y continuous iff it is bounded?

Proof. Conversely, lim;_,,||T(z — t)|| < climy_,, |z — t]| = 0. o 3]

On the topic of bounded functions, I have come across the follow fact. So, let’s try to

prove it!

Observation 5.9. For finite dimensional normed spaces X and Y, every linear op-

erator T': X — Y is continuous.


https://onlinelibrary.wiley.com/doi/book/10.1002/9780470226773
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§5.3 (Self) A squeeze theorem for derivatives?

The following is a function I found long ago, which turned out to be a classic example!

\ 0.01 / A . . A
/
/
\ /
\. 0.005 l/
S ’W
/
N
-0.2 Dl %% 0 0.2 -0/ 11 02
g
/ \
R /
/
; | \ /I | \/
-0.01 S A%
(a) f(0):=0, f(z) == 2?sin(1/z) (b) f/(0) =0, f'(z) = 2xsin(1/z) — cos(1/x)

Figure 5.1: A function that has discontinuous derivative (Desmos).

Figure 5.2: The same function but 22 is replaced with =, i.e. ¢(0) := 0 and g(z) =
xsin(1/x) (Desmos).

We see that f(z) is bounded by +2, while g(x) is bounded by 4z. The former is
differentiable at zero, while the latter is not. Perhaps +2? having the same derivative
at zero is the key to the differentiability of f at zero. Hence, we naturally question
whether such boundedness can, in general, give us more information on the derivative

and differentiability of a function, at a point.


https://www.desmos.com/calculator/5z9h2s1a9g
https://www.desmos.com/calculator/3wl9khh0es
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0.2

Figure 5.3: In fact, we can make the derivative at zero take on any value, such as with
h(0) :== 0 and h(z) := 2%sin(1/x) + cz (Desmos).

Definition 5.10. Let f,g,h: R — R. We say that f is bounded by a pair of functions
g and h iff min{g, h} < f < max{g, h}.

Question 5.11. Let f,|,7: R — R be differentiable at zero — where f(0) = |(0) =
1(0) = 0 — such that | is monotonically decreasing and 1 is monotonically increas-
ing. If f is bounded by | and 1 in some Ng(0), then must |'(0) < f/(0) <1'(0)?

Proof. Yes, since

for any ¢ € N5(0).

Question 5.12. Let |, T: R — R be differentiable at zero, such that |(0) = 1(0) and
c:={'(0) =1'(0); | is monotonically decreasing and 1 is monotonically increasing.
If f: R — R is bounded by | and 1 in some N;(0), and f(0) = 0, then must f be
differentiable at zero? (More specifically, must f'(0) = ¢?)

Proof. Yes, by the Squeeze theorem.

Claim 5.13. Let X CR and f: X — R. If f is differentiable at some x € X, then

f is differentiable in some neighbourhood of =

Proof. This is false. Consider the function f below. The preceding result (5.12)
implies that f (bounded by +z?) is differentiable at zero. Yet, it is not differen-
tiable at any 1/n.



https://www.desmos.com/calculator/8tholimjwd
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0.001 /

{ ! -0.001 \

Figure 5.4: The red points @ and the blue circles O filled by white illustrate
the jump discontinuities of this function. Everywhere else on the (blue) curve is

differentiable. (Desmos)

Claim 5.14. Let X C R and f: X — R be continuous. If f is differentiable at some
x € X, then f is differentiable in some neighbourhood of x.

Proof. This is false. Consider the continuous function f below. The preceding

result (5.12) implies that f (bounded by +22) is differentiable at zero. But, again,
f is not differentiable at any 1/n.

7
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/
/I‘ o
pil (1) 3 o
Rl o
\;) I‘!‘.ﬂ!h-—___
7 i‘I" o0 B
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\(00 0
\\o
(]
\\‘ ANl
X 0
\
\
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Figure 5.5: This function is differentiable at all points except the ones in red
(Desmos)
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Claim 5.15. Let X C R and f: X — R be uniformly continuous. If f is differen-

tiable at some x € X, then f is differentiable in some neighbourhood of z.

Proof. This is false. Consider the uniformly continuous function f below. The
preceding result (5.12) implies that f (bounded by +e~'/*) is differentiable at

zero. But, again, f is not differentiable at any 1/n.

P

—

9

\
!
Figure 5.6: This function is differentiable at all points except the ones in red

(Desmos)
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Remark 5.16. Let ¥ C X C R and f: X — R. If f is continuous and f|y_p is

uniformly continuous, where F' is finite, then f is uniformly continuous — simply

choose the smallest 6.
Let {E;} be a partition of X. Similarly, if f is continuous and each f|g. is uniformly

continuous, then f is uniformly continuous.

§5.4 (Self) Continuity of the derivative

Observation 5.17. (Figure 5.3) For a differentiable function f: X — R (where
00, provides no information on the

z € X C R), the condition that lim;_,, f'(t)
value of f'(x).

Claim 5.18. Let x € X C R and f: X — R be continuous. If f is differentiable
at all t # x such that lim;,, f/'(t) € R, then f'(x) = lim;,, f'(t). That is, f is

differentiable and f’ is continuous at .


https://www.desmos.com/calculator/uuuvli3rd8
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§5.5 (Self) When are derivatives bounded?
Note 5.19. Even if a function f: X — R has a complete bounded domain X C R

and is itself bounded, its derivative does not have to be bounded — courtesy of

oscillations and cusps. Illustrations are provided by Figures 4.4, 5.2, and 5.7.

(&)
N
o

0l5 1 I5 1l5 2

(a) A one-sided cusp. (b) A two-sided cusp.

Figure 5.7: Some examples of cusps (Desmos).

Definition 5.20. Let f: X — R be a continuous function where X C R. We say
that f’ is unbounded by oscillation, at x € X, iff there exist sequences u,, — x and
v, — x, such that

(a) f is differentiable at all v,, and

(b) limy, 00| f/(vy)| = 00, and

(C) f(un-i-l) - f(un) = (_1)n for all n or f(un—l—l) - f(un) = (_1)n+1 for all n.

Does this definition make sense? For what it’s worth, the functions in Figures 4.4, 5.2,
and 5.8 satisfy this definition — their derivatives are unbounded by oscillation at = 0.

So, maybe this definition is fine. But only time (and more experimentation) will tell.

Definition 5.21. Let f: X — R be a continuous function where X C R. We say
that f has a (vertical) cusp at x iff there is a sequence v, — x, such that f’(v,) is

always positive or always negative and lim,,_,~ f'(v,) = +o0.

Indeed, the functions in Figures 5.7, 5.9, and 6.1 have a cusp under this definition.
However, let f: Rg — R be defined by

Vo if z is rational,
fz) =

—v/x if x is irrational.

Our intuition tells us that there is a cusp at x = 0; see 5.10. Yet, our definition implies

that there are no cusps! Are we on the cusp of defeat? (Yes I had to make that pun.)


https://www.desmos.com/calculator/g8cylyktmo
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(a) (Desmos)

66

-0.01
(b) (Desmos)

Figure 5.8: Discontinuous functions whose derivatives are unbounded by oscillation at

x = 0.

-0:5

U’l/

\

Figure 5.9: Another cusp, given by the function f(z) := \/z cos(x) (Desmos).
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Not really; since f is differentiable nowhere, for our purposes — of considering when a

derivative is bounded — we do not care for such functions. But, under our definition,

T

R R

Figure 5.10: On the cusp of defeat? (Desmos)

Figure 5.11 does show a strange cusp. [continue investigating|
1
| 8

B

.0-5

115

Figure 5.11: A cusp at x = > 1/n?, created by line segments of gradient n and length
1/n? (Desmos).

Question 5.22. Let f: X — R be a continuous function where X C R. If f has no
cusps and at no point is its derivative f’ is unbounded by oscillations, then must
f’ be bounded?

§5.6 (Self) Derivatives and constant functions

Question 5.23. Let the function f: S — R be infinitely differentiable on S C R. If
there is a 2 € S, such that (™) (z) = 0 for all n, then must f evaluate to zero in a

small neighbourhood around x?


https://www.desmos.com/calculator/ezlggviv1t
https://www.desmos.com/calculator/veotdtllsh
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Question 5.24. Let the function f: S — R be infinitely differentiable on S C R. If
there is a z € S, such that f((z) = 0 for all n, then must f be the zero function
on S?7

§5.7 (Self) A collection of examples

Observation 5.25. There exists a function f: R — R that is differentiable only at

Zero.

Proof. The function f(x) := 1g - 2% is differentiable at zero, by 5.12.

Observation 5.26. There is a continuous function f: R — R that is differentiable

at zero and nowhere else.

Proof. Consider the well-known Weierstrass function f: R — R defined by f(z) =
Yoy acos(b"mz) — where a € (0,1) and b is a positive odd integer, such that
ab > 1+ 3w /2. Recall that it is continuous but differentiable nowhere. Therefore,
the continuous function g: R — R with g(z) := 22f(x)(1 — a) is differentiable at

zero and nowhere else, by 5.12.

Note 5.27. The set of differentiable points can even be made to contain a limit

point.



https://www.desmos.com/calculator/mrqtduqqli
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differentiable?

at zero, but |f]| is.

0.001

69

Figure 5.13: (Desmos)

N e =
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It is also possible to make it an infinite set with no limit points.
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entiable at only one point?
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Figure 5.14: (Desmos)

Question 5.28. Is there a uniformly continuous function f:

-
-——
— ————

R — R that is nowhere

Question 5.29. Is there a uniformly continuous function f: R — R that is differ-

Observation 5.30. It is possible that f: X — R (where X C R) is not differentiable


https://www.desmos.com/calculator/bzed22xfxu
https://www.desmos.com/calculator/11nr6ydoyt
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Proof. Consider f: R — R with

Then, |f| is the constant function 1. .53

=4

Claim 5.31. Let X,Y C R be dense in X UY. It is impossible for f: X UY — R

to be differentiable on X and nowhere else.

Claim 5.32. Let X C R and f: X — R be differentiable. Then, f’ cannot contain

a jump or removable discontinuity.

§5.8 (Self) Parametric derivatives

Some motivation: Consider £ C R and z,y: F — R. In calculus, one comes across the

(informal) notion that
dy  dy/dt
de  dz/dt’

which is often just handwaved to be the chain rule. Yet, in the first place, we do not have
definition for dy/dx — the derivative of one function with respect to another function is
undefined. We are only afforded z/(t) and 3/(¢) from the usual definition of the derivative

of real functions.

Of course, if x is invertible, then it is easy to recover dy/dz in a natural way: Since

z /
dydx(t)(t) = () ) = i’(t)

from the usual definition, defining dy/dz = y'/x’ makes perfect sense.

However, in general there is no need for x to be locally invertible at any point, or for x
and y to be differentiable. A simple example: the identity function on the reals y(z) = =
can be parametrised by z(t) = y(t) == t* Y > a" cos(b"nt) for t € R, where a € (0,1)
and b is a positive odd integer. See Figure 5.12.

But clearly, regardless of how we parametrise y(xz) = x, its derivative dy/dz should

always exist. After a number of revisions, this is what I came up with:

Definition 5.33. Let £ C R and z,y: E — R. Then, y is differentiable at s € E

with respect to x iff both following conditions are upheld.

(x(s)) - (x(t))
y(s) y(t)

e x(s) is an interior point of {x(t) : '

< n} for each n > 0.
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e For some d,y(s) € R and all € > 0, there is § > 0 such that

(x(s)) - (z(t))
y(s) y(t)

The number d,y(s) is called the derivative of y at s with respect to x. When d,y(s)

y(s) —y(t)
x(s) — z(t)

—dzy(s) < 0.

<e if |

exists for every s € X, we say that d,y is the derivative of y with respect to x.

Note 5.34. Sanity check v': When z = idx, we recover the usual definition of the

derivative: d,y(s) = 1/(s) for all interior points s of X.

Question 5.35. Suppose z: F — R and y: £ — R are differentiable at s, where
E C R. Then, must dyy(s) = y'(s)/2'(s) if 2’(s) # 0?7 If not, what additional
conditions are sufficient for d,y(s) = y/(s)/z'(s)?

Claim 5.36. Let z: E — R and y: E — R, where E C R. When d,y(s) exists,

neither 2/(s) nor y'(s) need to exist.

§5.9 Theorems

Theorem 5.8 (Fermat). If f: R — R is differentiable at z € R and has a local

extremum at z, then f/(x) = 0.

Proof. Wlog, f(z) is a local minimum. Let § > 0 such that f(¢) > f(z), for all
|t — x| < 0. Since M >0fort <z and f@)=f(t) < 0 for ¢t > x, we have that

T— r—1

f'(z) > 0 and f'(x) < 0. Hence, f'(z)=0. BT

=g

Theorem 5.9 (Cauchy's mean value theorem). If f, g: [a,b] — R are both continuous

everywhere and differentiable on (a,b), then

for some x € (a,b).

Note. Even if f: [a,b] — R is differentiable at some point z, it does not have
to be differentiable on some neighbourhood of x. A simple example: consider
f:[—1,1] — R defined by

0 if t =0,
F@) =S [t ifteq,
— |17 ittt ¢ Q.

It is clear that f is differentiable at only z = 0, where f’(z) = 0. See Figure 5.15
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for an illustration.
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Figure 5.15: An illustration of f, which is bounded by +2? and +4x2 (Desmos).

Claim. Consider when f: R — R is differentiable at x € R.
(a) If f'(z) > 0, then there exists 6 > 0, such that f(u) < f(z) < f(v) for all
O<zrx—u<dand 0<ov—z <.

(b) If f’(x) =0, then x is a local extremum.

Proof.

(a) This is true. Consider when, for all § > 0, there is 0 < z —u < 0 with f(x)—
f(u) <0,0r 0 <v—x <6 with f(x)— f(v) > 0. Then, f(xg:i(u), f(xg:fj(v) <
0so f'(z) <O0.

(b) No, this is false, for there exists stationary points of inflection. Consider
f(t) =13 and = 0. Then, f'(0) = 0.

Theorem 5.11. Suppose f is differentiable in (a, b).
(a) If f'(x) >0 for all z € (a,b), then f is monotonically increasing.
(b) If f'(z) =0 for all z € (a,b), then f is constant.
(c) If f'(z) <0 for all z € (a,b), then f is monotonically decreasing.

Proof. Parts (a) and (c) are proven similarly to part (a) of the above claim. For
(b), suppose wlog that f(z) # f(y) for some z,y € (a,b). Then, by theorem 5.9,
we have f/(z) = L@=7W) £ 0 for some z € (x,y). 2.5/

r—y =

Theorem 5.12 (Darboux). If f: [a,b] — R is differentiable on [a,b] with f'(a) <
A < f'(b), then f'(z) = X for some z € (a,b).

Lemma. Let X C Y and Z be metric spaces f: X xY — Z. If L =

limg_p limy . f(x,y) and limy_,, f(x,y) exist, then lim,_,, limy_,, f(z,y) exists



https://www.desmos.com/calculator/2pqjg4apei
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and evaluates to L.

Proof. Let ¢ > 0, L, = limy,, f(z,y), and K = limy_,;, f(x,y). Pick p, 65,9, >
0 such that

o d(Lg, L) <e/3 for all z € N5, (p).

e d(f(z,y),Ly) < /3 for each y € Nj,(x).

o d(f(z,y),K;) <e/3 for every y € Ny (p).
Now pick & € Nyings,,5,/2}(P) and y € Ningsr 5,/23(p). We see that

d(K,, L) < d(f(2,9), Ky) + d(f(2,9), L) + d(Lo, L) < e.

Lemma (Improved x). Let X C Y and Z be metric spaces f: X xY — Z. If
L = lim,_,, limy_,, f(z,y) exists, then lim,_,,lim,,, f(z,y) exists and evaluates
to L.

Proof. Let € > 0 and L, = limy_,, f(z,y). Pick d; > 0 such that d(f(x,v), L) <
¢/2 for each y € N;, (x). For a sequence y, — p, choose N such that d(yn,p) <
6z/2 if n > N. For x € N;_/5(p), notice d(x,yn) < 0z s0 d(f(z,yn), f(z,ym)) < &.

Hence, K, exists. The proof continues as above. x e o]
AN

\P,p)

7 N

Figure 5.16: An illustration of how the improved lemma can fail.

Question. Given two metric spaces X and Y, is there any canonical metric on
X x Y? What about when X C Y?

Theorem 5.13 (B L'Hospital's Rule). Suppose f,g: X — R are differentiable on
(a,b) C X CR, and ¢'(x) # 0 for all x € (a,b), where a,b € [—00, 00]. Assume that
f(x)/d(x) = Aas z — a. If lim,_, f(x) = lim,—y, g(z) = 0, or if lim,_,, g(z) =
+oo, then f(z)/g(z) = A as x — a.

L’Hospital is pronounced as loh-pee-tahl.
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lim f'(z)

lim g’(:):) = lim lim

Jx)

gx)

(a) The graph of f(z) = e*" (1L7T-07" 4 4 —
1 against g(x) = 2 and some selected points

(9(xn), f(xn))-
Figure 5.17: Notice that the

by the above lemma, when lim,_,, f(z) = lim,_,, g(z) = 0.

f@ni1)—f(zn) and fzn)

74

Proof. Wlog, (for each z) there is § > 0 for which g(¢) # g(z) if t € Ns(x). So,

f(@) — £(®)
e g(z) — g(1)

S @)

gradient =

gradient =

== g
(b) The line segments joining the origin and
the selected (g(zn), f(x,)); the
joining (g(zn), /() and (9(zns1), f (ns1)).

and blue line segments both converge

to the green tangent; the gradients

(Desmos).

g(wn+1)79($n) g(zn)

converge to the same limit 1


https://www.desmos.com/calculator/ih1lrexva9
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S @) S

gx)

(a) f(z) = 2%sin(1/x) + z against g(x

/

7
//

gx)

\

() m>30

Figure 5.18: Notice the same behaviour as in 5.17. (Desmos)


https://www.desmos.com/calculator/3itpi63nct
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o ar ()
gradient = dg = \(\)
!

gradient = lim _ 2((:))

/&

gradient = lim _ o)

(a) (b)

Figure 5.19: The case of lim, 4 g(z) = oo, with f(z) = g(x) + 1 + sin(g(x)?)/g(z)?
(Desmos).

Theorem 5.14 (Taylor). Suppose n is a positive integer and f: [a,b] — R, such that
f=Y: [a,b] — R is continuous and f(™(t) exists for every t € (a,b). Let a, 8 be
distinct points of [a, b] and define

n—1 (k) a
P(t) := / k'( )(t—a)k
k=0
Then )
78 = P(8)+ T 2ig oy,

for some z € (a, 5) U (B, a).

§5.10 Hw 9

Exercise 5.1. Let f: R — R and suppose that

1f(z) = f(W)] < (& —y)?

for all real x and y. Prove that f is constant.

Proof. Since ‘%{:@)‘ < |z — y|, we notice that f'(z) = 0 for all z € R. Hence,
f is a constant function, by theorem 5.11. w

Exercise 5.2. Suppose f'(z) > 0 in (a,b). Prove that f is strictly increasing in



https://www.desmos.com/calculator/yborbedyw4
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(a,b), and let g be its inverse function. Prove that g is differentiable, and that

g (f(z)) = (@ <z <b).

Proof. This preceding claim suffices to prove that f is strictly increasing. Pick a

sequence y, — f(x) and let x,, = g(y,). Since z,, — x by continuity,

) = tim IG@) —alym) _ g—z, 1
g(f(z)) _nlﬁoo flx) —yp n—oo f(x) — f(xy) f’(ﬂf)

O

I.G
2ERY

Remark. Notice that

g (f(x)) = lim

=) fl@)—y o f(z) - f() f(x)

is also a viable alternative, courtesy of continuity.

Exercise 5.3. Suppose g: R — R has a bounded derivative (say |¢'| < M). Fix
e > 0, and define f(x) = z + eg(x). Prove that f is injective if ¢ is small enough.
(A set of admissible values of € can be determined which depends only on M)

Proof. Pick ¢ < 1/M. Then, for ¢'(x) < 0, we have f'(z) = 1+ e¢'(z) > 1+
g (x)/M > 0. ie. f is strictly increasing.

/\ \\\\‘ 4 6 /

' ///, - | 7,/
7, P 7
s ’ )
i 7 277
, P ., - ‘ i
A ey (R L Ll
-7 7 -
P 7 77
7 s , i ) VA <4
s

T ‘ 7
’ . //’ ///’
\

N
\ \ |
(a) € is too big. (b) € is just small enough. (c) € is very small.
Figure 5.20: An example for exercise 5.3 given by ¢(z) = sin(z). The black curves

indicate the region in which f is injective and the green line is the tangent to g at x = 7
(Desmos) (mp4 animation).

Exercise 5.5. Suppose f is defined and differentiable for every > 0, and f/(z) — 0
as ¢ — oo. Put g(z) = f(z + 1) — f(x). Prove that g(z) — 0 as z — co.

Proof. Pick M € R such that |f’(z)| < ¢, for each x > M. By the mean value
theorem, there exists ¢ € (z,z + 1) with |f(z + 1) — f(2)] = |f'(¢)| < e.
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Exercise 5.6. Suppose
(a) f is continuous for x > 0,
(b) f'(x) exists for > 0,
(c) f(0) =
@ f

Put

fis monotonlcally increasing.

and prove that g is monotonically increasing.

Proof. Let z > 0. By the mean value theorem, f’(x) > f’(c) = @ for some
€ (0,x). Hence, ¢'(z) > 0. 2

Remark. The above holds for f(0) < 0, since we have that f’(c) > @ Fur-
thermore, Cauchy’s mean value theorem yields the following generalisation. Let
f,9:[0,00] — R be continuous everywhere and differentiable on (0, c0), such that
f(0) < 0 and ¢g(0) > 0; both f" and ¢’ are monotonically increasing. Then,
h: (0,00) — R with h(z) = f(z)/g(z) is monotonically increasing.

Note. Let f,g: (0,00) — R with g(z) := f(z)/z. For g to be monotonically in-

creasing, it is necessary that f(0,4) C (—oo, 0] for some § > 0.

Proof. Suppose wlog that there is a sequence x,, — 0% and some & > 0, with

f(zn) > e. Then, limy, o0 g(zy) > lim, o0 £/, = 00. So, g is not monotonically
increasing. 0.5

=g

Exercise 5.7. Suppose that f'(z) and ¢'(z) # 0 exist, with f(z) = g(x) = 0. Prove

that
f@) _ f'(=)

=z g(t)  g'(z)

(This holds also for complex functions.)

Proof. Observe that

(We are allowed to combine the limits into one because ¢'(z) = 0 implies x is not

a limit point of the zeros of g.) w

78
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(a) All conditions are satisfied, so g is mono-

T

1 £

(b) When f(0) # 0 and g is decreasing

tonically increasing (Desmos). (Desmos).
L 1 2 3 4
\ -0:5
\
2 3 4 5 1

(¢) When f’ and ¢ are both decreasing

(Desmos).

Figure 5.21: Some examples for exercise 5.6.

denotes g.

.

Bh]

T

(d) When f’ is decreasing, but g is increas-
ing (Desmos).

The red curve denotes f and the blue curve

AN
A

e W

-1

(a) (Desmos)

2

-1 -

(b) (Desmos) (c) (Desmos)

Figure 5.22: Some examples illustrating exercise 5.7. Red denotes f, blue denotes g, and

green denotes f[/g.
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§5.11 Other exercises

Exercise 5.8 (uniform differentiability). Suppose f’ is continuous on [a, b] and £ > 0.
Prove that there exists > 0 such that
f(t) — f(=)

t—=x

- f/(l’) <g,

whenever 0 < |t —z| < §, and a < x < b, and a <t < b. (This could be expressed
by saying that f is uniformly differentiable on [a,b] if f’ is continuous on [a,b].)

Does this hold for vector-valued functions too?

Claim. Let X C R be compact and f’: X — R be continuous. Then, f is uniformly
differentiable.
Hint by Eric: Apply the Mean Value Theorem.

Proof. Let ¢ > 0. By compactness, f is uniformly continuous: Pick § > 0, such
that |f'(z) — f'(t)] < eif 0 < |z — t| < 0. By the Mean Value Theorem,

fz) — ()

x—t

—f@)|=1f'y) - f@)<e

for some y.

Note. The converse is trivial: the triangle inequality implies that any uniformly

differentiable function has a uniformly continuous derivative.

Question. Let X C R and f: X — R be differentiable. If |f’| is bounded, must f

be uniformly continuous?

Claim. Let X C R. A function f: X — R is uniformly continuous iff the difference

quotient
f(x) = fy)
=Yy
is bounded, over all z,y € X.

Proof. No, this is false. Consider f: [0,1] — R with f(x) := \/z, which is uni-

formly continuous. Then, lim, o f'(x) = oco. f‘:ﬁ

=g

Claim. The difference quotient M: X2 — R of a function f: X — R is given by

f@) = fy)

M(z,y) = — —
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There exists f and some z € X, such that

f(z)# lLm  M(t,u).

(t,u)—(z,z)

Question. Is there anything special about the class of functions f: X — R with

fl(x)# lim  M(t,u)

(t,u)—=(x,z)

for all x € X (where X C R)?

Exercise 5.14. Let f: (a,b) — R be differentiable. Prove that f is convex iff f’ is
monotonically increasing. Assume next that f” exists, and prove that f is convex
iff f > 0.

Proof. If f is convex, then f’ is monotonically increasing by exercise 4.23. Con-

versely, when f’ is monotonically increasing and y < t < x,

f) = fly) _ flz) = fy)
t—vy - Tr—y

by the mean value theorem. Simplifying,

t—y t—vy
7)< =2 )+ (1- 222) 1)

Convexity follows from letting ¢ = Az + (1 — \)y. Finally, the equivalence of
a differentiable function being monotonically increasing and its derivative being

nonnegative makes the final equivalence trivial. le.s]

=rd

Exercise 5.15. Suppose a € R and f: (a,00) — R is twice-differentiable, and
My, My, My are the suprema of |f|, |f| and |f”|, respectively. Prove that

M? < 4My M.

Exercise 5.16. Suppose f is twice-differentiable on (0, 00), such that f” is bounded
on (0,00) and f(z) — 0 as x — oo. Prove that f'(z) — 0 as x — oc.

Exercise 5.17. Suppose f: [—1,1] — R is three times differentiable, such that

Prove that £ (z) > 3 for some € (—1,1). Note that equality holds for (z3+x2)/2.

Exercise 5.19. Suppose f: (—1,1) — R and f(0) exists. Suppose —1 < a,, < 3, <
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1, a, = 0, and 5, — 0 as n — oo. Define the difference quotients

f(Bn) = flan)

B, = @iy

D, = .
Prove the following statements:

(a) If @, <0 < By, then lim D, = f/(0).

(b) If 0 < o < By, and (B /(Bn — ) is bounded, then lim D,, = f/(0).

(c) If f"is continuous in (—1,1), then lim D,, = f/(0).
Give an example in which f is differentiable in (—1,1) (but f’ is not continuous at
0) and in which a,, 5, tend to 0 in such a way that lim D,, exists but is different
from f(0).

Exercise 5.21. Let E be a closed subset of R. We saw in exercise 4.22 that there
is a real continuous function f on R whose zero set is E. Is it possible, for each
closed set F, to find such an f which is differentiable on R, or one which is n times

differentiable, or even is infinitely differentiable on R?

Exercise 5.26. Suppose f is differentiable on [a,b], and f(a) = 0, and there is a
real number A such that |f'(z)| < A|f(z)| on [a,b]. Prove that f(z) = 0 for all
z € [a,b].

Exercise 5.27.
(a) Let ¢ be a real function defined on a rectangle R in the plane, given by
a<z<band a <y <. A solution of the initial-value problem

y/:¢($,y), y(a):c (OéSCSB)

is, by definition, a differentiable function f: [a,b] — R such that f(a) = ¢,
and a < f < 3, and

f'=9¢(= f(z)) (a<z<Dh).

Prove that such a problem has at most one solution if there is a constant A
such that

’(Z)(ﬂ?,yg) - <;3(a:,y1)| < A|y2 - yl‘

whenever (x,y1), (x,y2) € R.

(b) Note that this uniqueness theorem does not hold for the initial-value problem

y =y%  y(0) =0,

which has two solutions: f(z) = 0 and f(z) = 22/4. Find all other solutions.
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Proof.
(a) Let f and g be two solutions. Then,

|(f = 9)'(@)] < Al(f - 9)(=)]

implies that f = g, by exercise 5.26.

(b) The set of zeros Z(f) of any solution f is closed. So pick zg ¢ Z(f) and
v :=max{z € Z(f)|z < zo}. Then, f(z) = (x —v)?/4 for all v < x < m.
By continuity, f(z) = (z — v)?/4 for every x > v. So, the general solution is

0 ifu<z<w,
f(x) =14 (z—uw)?/4 ifz<u,

(x—v)?/4 ifx>w.
where —oo <4 <0 and 0 < v < 0.

)

Exercise 5.28. Formulate and prove an analogous uniqueness theorem for systems

of differential equations of the form
yi=o@y,- ), yila)=¢  (G=1,... k).
Note that this can be rewritten in the form
y =®(@y), yl)=c

where y = (y1,...,yxr) ranges over a k-cell, ® is the mapping of a (k + 1)-cell into
the Euclidean k-space whose components are the functions ¢1, ..., ¢ and c is the

vector ¢1,...,ci. Use Exercise 26, for vector-valued functions.



https://www.desmos.com/calculator/dhd98rcevq

Chapter 6

Miscellaneous
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Figure 6.1: Here’s an illustration of the function that I tried to use to answer my question
in chapter 4. But I realised it obviously doesn’t work. .. after I had spent the time to
draw out the graph and all. For the curious, it is the function f: [0, 1/n%] — R

defined by f(z) = SV 1/i2 +n (:1: — 5y /i3), for © € [Z?;f 1/3,5°0 1 /i3],
and f(3°1/n%) ==>"1/n? (Desmos).

Modified to allow any length and gradient for the line segments: (Desmos)
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Chapter 7

(Self-Chapter) A rabbit hole?

Note. This chapter is still very much a work in progress. This is the core question of

this chapter:

Question 7.1. Let E be a subset of a metric space X and Y be a metric space.
Then, what conditions are strong enough for all bounded functions f: F — Y to

have a continuous extension to X7

From Figure 4.5 and the associated collection of self-exercises, we see that ‘holes’ in Y
might be the main issue in preventing continuous extensions from always existing. So,

let us try to “patch” it up with new points p.

The idea is to define each point p based on its distance from every point in Y, hence
uniquely identifying the point p. That is, p = {(y,d(p,y)) |y € Y}. Take Y = R — {0}
for example: po = {(y,y) |y € Y} = idy is the new point representing the hole 0 ¢ Y.
All other points x are represented by p,: Y — Ra“ where p, == |z —y| for all y € Y. So,
the ‘patched version’ of Y is Y® :={p, |z € Y} U {po} = R.

Notice that the metric |-| on R = Y® was what enabled us to define Y® easily. In general,
however, we lack this luxury. We may attempt to circumvent this issue by broadly
defining Y® as the set of all functions Y mapping into Rar . Immediately, we sense that
this definition is inappropriate: there can exist p; # pa such that pi(z) = pa(x) = 0 for
some x. But the latter implies, informally, that d(p1,z) = d(p2,z) = 0 so p; = pa.

An easy fix is found by imposing this condition:

If p(x) = 0 for some z, then p(y) = d(z,y) for all y € X.

Yet,

Definition 7.2. For a subset E of a metric space X, its exterior Extx(E) is the

maximal connected subset of X — E' (which exists by Hausdorff’s Maximal Princi-

ple).
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Definition 7.3. x A metric space X is perforated iff Exty (X) # XC for some metric
space Y which X can be (isometrically) embedded into.

Definition 7.4. x A metric space X is perforated iff it contains a disconnected

subset.

Question 7.5. Let E C X and Y be metric spaces. If Y is not perforated, then do

all bounded functions f: E — Y have a continuous extension to X7

Definition 7.6. The LL-patch point of a metric space X, that lies a distance r from

x on the line segment joining = and y, is as the function p;,,: X — Rar, such that

Pryr(y) =d(z,y) —r and

d(z,2)? = [r+d(z,y) — d]2‘

. d(yv Z)2 B
Pays(2) = \/7“2 +d(z,2)? + rlr+d(z,y) — d]

Definition 7.7. The line patching Lx of a metric space X, is defined as the set of
functions pg 4, X — RS” for z,y € X and r > 0. That is,

Lx == {pryr|z,y € X and r > 0}.

Question 7.8. Let £ C X and Y be metric spaces. Does a bounded function
f: E — Y such that f[Frg(E)] C Int(Y) always have a continuous extension to X7
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