ANALYSIS
Solutions: Problem Set 3
Math 201A, Fall 2006

Problem 1. Let X be the space of all real sequences of the form
r = (x1,2T2,23,...,2,,0,0,...), x; €R
whose terms are zero from some point on. Define
e = marx .

(a) Show that (X, || - ||«) is & normed linear space.

(b) Show that X is not complete.

(c) Give a description of the completion of X as a space of sequences.

Solution.

e (a) X is a linear space under component-wise addition and scalar mul-
tiplication: if A € R, z = (z;), y = (y;) then

Ar = (A\z;), x4y = (z;+vy).
The 0O-vector is the sequence (0,0,0,...).

e We have: ||z|| > 0 and ||z|| = 0 if and only if z; = 0 for every i € N, or
x = 0; for any A € R,

[Azloc = max |Az;| = |A] max ;] = A [|2]|o0;
and
[z +ylle = nifl&XIxmLyi\
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e (b) Define a sequence (x,) in X by

11 1
n — 1,_,_,...,—,0707... .
v ( 2°3 n )

For m > n, we have
1
n+1’

which implies that the sequence is Cauchy.

me - anoo =

o If y € X, then y = (y1,%2,...,Yn,0,0...) for some N € N. If n > N,
then

_ >
|7 = ylloo > N1

so (x,) does not converge to y as n — oo. Therefore, the sequence (z,,)
has no limit in X, and X is not complete.

e (c) The completion of X is the space ¢y of all real sequences (z;) such
that z; — 0 as i — co. The norm on ¢p is || - ||cc-

e The inclusion map ¢ : X — ¢, where ¢(z) = z, is an isometric imbed-
ding of X into ¢y, so by the uniqueness part of the completion theorem
we just need to show that X is dense in ¢y and ¢ is complete.

o Given y = (y1,92,---,¥i,-..) € ¢ let
Tn = (Y1,Y2,- -, Yn,0,0...) € X.
Since y; — 0 as i — oo, we have
[7n — Ylloo = I?>%Lx|yi| — 0 as n — oo.

Thus, every point in ¢ is a limit of a sequence in X, so X is dense in
Co-

(e e}

e Suppose that (z,)%2,
For each 7 € N we have

is a Cauchy sequence in c¢g. Let z, = (2,);,-

|$n,i - :Em,il S ||$n - ij”ooa

50 (x,4)92; is a Cauchy sequence in R. Since R is complete, there exists
y; € R such that x,; — y; as n — oo. Let y = (v;)72,. We will show
that x,, — y with respect to || - ||oo and y € co.



Since (z,,) is Cauchy in ¢y, given € > 0, there exists N depending only
on € such that

|z — 2], <€ for all n,m > N.

Hence for each i € N and all n,m > N,

|Tni — Tma| <€
Taking the limit of this inequality as m — oo, we get
|Tn: —yi| <€ foralli € Nand n > N.
Taking the supremum of this inequality over i, we find that
|2 — ylloo < € for all n > N.

Hence ||z, — yl|oo — 0 as n — 0.

Given € > 0, there exists N € N such that
€

7 =yl < 5

Since zn,; — 0 as ¢ — 00, there exists K € N such that
€ .
lzni| < 3 for i > K.
It follows that
’yz’ < ’yi—xNyi’+|xN7i|<€ fori > K.

Hence, y; — 0 as i — 00, so y € ¢y, and ¢ is complete.



Problem 2. Suppose that (X, dx) and (Y, dy) are metric spaces and (Y, dy)
is complete. If D is a dense subset of X and f : D — Y is uniformly
continuous on D, prove that there exists a unique continuous function F' :

X — Y such that F|p = f.
Solution.

o If x € X then there exists a sequence (a,) in D such that a,, — x as
n — oo, since D is dense in X. The sequence (a,) is Cauchy in D, and
the uniform continuity of f implies that (f(a,)) is Cauchy in Y. Since
Y is complete, there exists y € Y such that f(a,) — y as n — oco. We
define F(x) = y.

e This function F' : X — Y is well-defined. If (a,), (a!,) are two sequences
in D that converge to € X, then dx (a,,al,) — 0 as n — oo, and the
uniform continuity of f implies that

dy (f(ay), f(a,)) — 0  asn— .

n

It follows that

lim f(a,) = lim f(a)),

n—oo n—0o0
so the value F(z) is independent of the choice of sequence converging
to x.

e If a € D, then we may choose a,, = a for every n € N, which gives
F(a) = f(a), so that the restriction of F' to D is equal to f.

e To prove the continuity of F', suppose that z, 2" € X. Choose sequences
(a,), (al) in D such that a, — z, a, — 2’. Given € > 0, the uniform
continuity of f implies that there exists 6 > 0 such that a,a’ € D and
dx (a,a’) < ¢ implies that dy (f(a), f(a')) < €/3. Choose N such that

dlaxa) <5 dy (flax). F@) < 5
A1) < 3, dy (Flay) FG) < &

Then

dx (an,ay) < dx (ay,z) + dx (z,2") + dx (2', dly) .



Hence, if dx (z,2") < §/3, then dx (an,d)y) < 0, and

dy (F(z), F(z')) < dy (F(z), f(an)) +dy (f(an), f(ay))
+dy (f(dy), F(x") <e.

It follows that F'is uniformly continuous on X



Problem 3. Fix a prime number p. For any nonzero rational number r € Q
there is a unique integer k € Z such that r = mp*/n, where m, n are integers
that are not divisible by p. We then define |r|, = p~*. We define |0], = 0.

(a) Prove that | - [, : Q — R satisfies:
1. |r|, > 0 and |r|, = 0 if and only if r = 0;
2. [ =rlp = rpl;
3. [r+ sl < max{[r|y, [s],}-
Deduce that d : Q x Q — R defined by
d(r,s) =|r — s,

is an ultrametric on Q. Show that (Q, d) is not complete.

(b) Let (Q,,d,) denote the completion of (Q,d). Use the result of Problem
2 to prove that addition + : Q x Q — Q extends to a unique continuous
function +, : Q, x Q, — Q,.

Solution.

e (a) The first two properties follow directly from the definition. To prove
the last property, suppose that 7 = mp*/n and s = ap’ /b, where m, n,
a, b are integers that are not divisible by p and j > k. Then

i—k
rts— (M) o
bn

Since d = bn is not divisible by p, we have

Cpe

r4+s=—
d

where ¢ > k = max{j, k}, so

1 11
|+ 5[, = — < max o = max {[rp, [s[,} -

e The properties of | - |, imply immediately that d is an ultrametric.



e We only give a brief outline of a proof that (Q,d) is not complete.
(Perhaps there is a simpler one.) We use a long-division algorithm to
prove that every rational number € Q has a |- |,-convergent expansion
of the form

r:Zripi with k,r; € Zand 0 <r; <p—1 (1)
i=k

in which the r; are periodic functions of i.! For example,
1 o0
i
— = c Q.
i ;p Q

It then follows that the partial sums of a series with non-periodic co-
efficients cannot converge to any rational number. For example, the
series (r,,) defined by

Tnzzpi!:p+p2+pﬁ+."+pn!
i=1
is Cauchy in @, but does not converge to any r € Q.

e The completion Q, may be thought of concretely as the space of all
sequences of the form (1).

e (b) We equip Q x Q with the product metric dgxo = d X d,
dQXQ ((Tv 8)7 (Tlv SI)) = d(ry TI) + d(S, SI>.

We will temporarily use the notation +(r,s) = r + s for the addition
function.

ITo obtain this algorithm, write

M N

— i — i _ i

m—E mip-, n—E ip, T—E rip
i=0 i=0

i>k

where 0 < m;,n;,7; < p—1 and mg,ng # 0, multiply the series in the equation nr = mp*,
carry multiples of powers of p to the succeeding terms so that all coefficients of p’ are
between 0 and p — 1, and equate coefficients of p*. One finds that r; is determined by the
previous N coefficients {r;_1,...,7;—n}. Since there are only finitely many such sequences,
a sequence must eventually repeat, and then the coefficients r; will repeat.



o If (r,s), (1", ') € Q x Q, then by the ultrametric property of | - |,,

d(+(r,s),+(r',s")) = Ir+s=(0"+5),

r—r' +s—45)|

P

max{]r—r’]p,|s—s’)|p}
/ /

[r =7, + s =5,

d@XQ ((T7 5)7 (’l”/, 3/)) s

which proves that + : Q x Q — R is uniformly continuous.

IA

IA A

If (X,dy) and (Y, dy) are metric spaces with completions (X, dz) and
(Y, dy), respectively, then the completion of (X x Y, dx x dy) is (X x
Y,dg x dg). (The proof is left as a exercise.) Thus, the completion
of (QxQ,dxd)is (Q, x Qp,d, xdy,), and it follows from the result
of Problem 2 that + : Q x Q — R extends to a unique uniformly
continuous map +|, : Q, x Q, — R.

e The sum of p-adic numbers r, s € Q, may be computed by adding their
series expansions and carrying any multiples of p. For example, if

r=1+0p+0p*+...,
s=p-1)+@-p+p@p-1p*+...,

then r +s = 0, so s is the additive inverse of 1 in Q,,, meaning that the
sum of the series for s is —1.

Remark. Elements of QQ, are called p-adic numbers, important in algebraic
number theory. Multiplication of rational numbers also extends continuously
from Q to Q,, so Q, is a complete field. Analysis on (Q,, |-|,) is an ultrametric
analog of the more familiar analysis on the Euclidean real line (R, |- |).



Problem 4. A metric space is said to be: connected if it is not the union of
two disjoint non-empty open sets; totally disconnected if the only non-empty
connected subspaces consist of a single point; and perfect if every point in
the space is an accumulation point, meaning that it is a limit of a sequence
of other points in the space.

Let X = {0, 1}" be the space of all sequences consisting of zeros or ones:

X:{(Sl,SQ,Sg,...) | Sp € {0,1}}
Define d: X x X — R by

OO(Sn

d(S,t) = 2_n

n=1

where s = (s1, $2,83,...), t = (t1,t2,13,...), and

5 — 0 if s, =t,,
"l 1 ifs, #t,.

(a) Prove that d is a metric on X.
(b) Prove that X is compact, totally disconnected, and perfect.

(c) Prove that the Cantor set C, regarded as a metric subspace of [0, 1]
with the standard metric, is homeomorphic to X. (You can assume that the
Cantor set is in one-to-one correspondence with the set of numbers that have
a base-three expansion 0.b1bsbs . .. with no 1’s, and that for any such number
this base-three expansion is unique.)

(d) Define the shift map o : X — X by

o(s1,892,83,...) = (S2,83,84,-..).

Prove that o is continuous.

(e) Let 0™ = gocoo...o0 denote the n-fold composition of o with itself. Show
that there exists a > 0 such that for any s € X and any neighborhood U
of s, there exists t € U and n € N with

d(c"(s),o"(t)) > 0.
(f) Prove that there is a point s € X such that the orbit of s under o,

{0"(s) [n=0,1,2,...},



is dense in X.
Solution.

e (a) The series defining d converges, since the terms are bounded by the
terms 27" of a convergent geometric series. The function d is clearly
symmetric and nonnegative. If d(s,t) = 0, then 4,, = 0 and s,, = ¢, for
every n € N, so s = t. Finally, if s = (s1, $2,83,...), t = (t1,t2,13,...),
r = (ry,79,73,...), and

5 — 0 ifs, =t,, ] 0 ift, =mr,, ] 0 ifs,=m,,
"l 1 if s, #ty, =1 if t,, # 7y, =11 if s, # 7y,

then 7, <, + €,, so d(s,r) < d(s,t) + d(t,r).

e (b) To show that X is compact, we prove that it is complete and totally
bounded. We use the following properties of the metric:

1. if d(s,t) < 1/2" then s, = t, for 1 <n < N;
2. if e > 1/2" and s, = t, for 1 <n < N then d(s,t) < e.

e Suppose that (s;)7; is a Cauchy sequence in X. We write

S — (817]6, 52,k, e 7Sn,ka .. ) .

For any N € N, there exists K € N such that d(s;,s;) < 1/2" for all
J,k > K, and hence s, ; = s, for all n < N. Thus, the terms in the
sequences are eventually the same. We denote the eventual common
value of (s,,%)52, by s,, and define

S = (81,82, 8n,...).

Then for k£ > K we have

dses) < O o
n=N-+1
1
< 5w

It follows that s, — s as k — 00, so X is complete.



Given € > 0, choose N € N such that e > 1/2V. If
S = (51,52,53, -+, SN, SN+1, SN42, - - -)
then the open ball B.(s) contains all sequences of the form
t=(s1,...,8N, tNt1, ENG2 .- ) where ¢, € {0,1} for n > N.

There are 2% initial sequences (si,...,sy) € {0,1}", so X is covered
by 2V balls of radius €, and X is totally bounded.

Next we show that X is totally disconnected. Given N € N, let
UN:{SEXISN:O}, VN:{SEX‘SNzl}.

Then Uy and Vy are open. For example, suppose s € Uy. If d(s,t) <
1/2V then ¢ty = sy = 0, so t € Uy, meaning that By~ (s) C Uy,
so Uy is open. (It follows that X = Uy U Vy is the disjoint union of
non-empty open sets so it is not connected.)

Suppose that A C X contains at least two distinct points s, t. There
exists N € Nsuch that sy # ty. Let U = ANUy and V = ANVy. Then
U, V are disjoint, non-empty sets that are open in A, and A=UUV.
Hence A is not connected and X is totally disconnected.

Suppose that s = (s1,$2,...,8n,...) € X and define
Sk = (81’]@, 82Ky vy Snky - ) e X

by spx = s, if n # k and s, # s, if n = k. Thus, s, differs from s
only in the kth term. Then s, # s and d(sg,s) = 1/2%. Hence s, — s
as k — oo, and X is perfect.

Compare the Cantor set with the closed interval [0,1] — a compact
space that is perfect but connected — and the finite set {1,2,..., N}
with the discrete metric — a compact space that is totally disconnected
but not perfect.

(c) If a € C has the base-three expansion a = 0.a1az2a3 ... with no 1’s,
we define ¢(a) =s € X where s = (s, s9, S3, .. .) is given by

| 0 ifa, =0,
=Y 1 ifa, =2



Then ¢ : C' — X is one-to-one and onto. We need to show that ¢ and
its inverse are continuous.

The metric on C' C [0, 1] is the Euclidean metric d(a,b) = |a — b|.
Suppose that a = 0.ayasas3 ..., b = 0.b1bsbs ... are the base-three ex-
pansions (without 1’s) of a,b € C. If a, = b, for 1 <n < N, then

o

2 1
a—bl < > o =xx

n=N-+1

since the furthest such numbers (the endpoints of one of the closed
intervals in the construction of the Cantor set) have the expansions
0.a1...any222...,0.a1...a5000.... If ay # by, then

o0

| o > 2 2 1
a — — — — = —
— 3N 3n 3N
n=N+1
since the closest such numbers have the expansions 0.aq, ..., ax_12000...

0.@1, e ,(IN_10222 N

Let ¢(a) =s, ¢(b) =t. If N € Nand |a — b| < 1/3V, then a, = b, for
1<n<N,s0s,=t,for1 <n <N, and d(¢(a),p(b)) < 1/2V. This
proves that ¢ : C' — X is continuous.

If d(s,t) < 1/2V then s, = t, for 1 <n < N,so a, = b, for 1 <n <
N, and |¢~'(s) — ¢~ (t)| < 1/3"N. This proves that ¢! : X — C' is

continuous. Thus, ¢ is a homeomorphism.

(d) We have
d(o(s),o(t)) = Z Ot _ zz o < 2d(s

which implies that o is continuous.

(e) The stated condition holds for any 0 < § < 1. If U is a neighborhood
of s € X, then U contains a ball B.(s) for some € > 0. Choose N € N
such that 1/2N < ¢, and definet € X by t, = s, for 1 <n < N and



t, # s, forn > N + 1. Then d(s,t) = 1/2Y < ¢, s0t € U. On the
other hand,

0'N<S) = (SN+1, SN+2, - - .), O'N(t) = (tN+l,tN+2, .. )
differ in every term, so

d (o (s),oN(s) =1>4.

e (f) Define s € X by listing all one-term sequences, followed by all two-
term sequences, followed by all three-term sequences, and so on. For
example, we could define

s=(0,1,0,0,0,1,1,0,1,1,0,0,0,0,0,1,0,1,0,0,1,1,1,0,0,..".).

Then for every t € X and every N € N there exists an n € N such that
0™(s) and t have the same first N terms. Hence, d(c"(s),t) < 1/2%,
which proves that the orbit of s under o is dense in X.

Remark. The metric space X is an example of a symbol space. Such symbol
spaces arise in the study of chaotic dynamical systems, and the representa-
tion of chaotic dynamical systems by shift maps on symbol spaces is called
symbolic dynamics. In this context, the property in (e) is called ‘sensitive
dependence on initial conditions.’

For example, consider the logistic map F, : A C [0, 1] — [0, 1] defined by
F,(z) = px(1 — z). For g > 4 the map F), has an invariant Cantor set A of
points that remain in [0, 1] under all iterates F}}. One can prove that there
is a homeomorphism ¢ : A — X such that F,, = ¢! o 0 0 ¢ is topologically
conjugate to the shift map o.



