James Marshall Reber, ID: 500409166 Math 6211, Homework 1

Problem 1. Two metric spaces p1, p2 on X are called equivalent if there is a C' > 0 such that

(1) C ' p1(z,y) < palz,y) < Cpi(z,y), Yo,y € X.

Show that equivalent metric spaces induce the same topology on X. That is, show that U C X is
open with respect to p; if and only if it is open with respect to ps.

Proof. (=) Recall that an open set in a metric space is a subset U C X such that for all z € U,
there is an € > 0 so that B, (z) = {y € X : p(z,y) < e} C U. Assume that U is open with
respect to p1. Then for all z € U, we have an € > 0 so that B, () C U. Fix z € U. We need to
then find an appropriate € > 0 so that B, «(z) C U.

Taking ¢ = C~'e, we see that for all y € By ,, () the equivalence (1) gives

Clpi(z,y) < pa(z,y) < € = C e & pi(z,y) <6

and so we see that y € U, and so B, ((x) C U. Since the choice of 2 was arbitrary, we get that
U is open with respect to pa. Hence, we have that if U is open with respect to p1, it is open with
respect to psa.

( <= ) Assume that U is open with respect to ps. Then for all z € U, we have that there is an
€ > 0 so that B, (x) CU. Fix x € U. We need to then find an ¢ > 0 so that B, «(z) C U. If we
take ¢ = C~'¢, then we have for all y € B, ~(z) that

pi(z,y) <€ =C e Cpi(a,y) <e

and so the equivalence gives us
pg(x,y) < Cpl(xay) <6,
and so y € U. Hence, B, «(x) C U, and since the choice of x was arbitrary we have that U is open
with respect to p1. Hence, if U is open with respect to po, it is open with respect to p;.
Thus, we have that these metrics induce the same topology on X. O

Problem 2. Let (X, p) be a metric space.
(1) Let o : [0,00) — [0, 00) be a continuous, non-decreasing function satisfying:
e a(s) =0 if and only if s = 0, and
o a(s+1t) <as)+ aft) for all s,t > 0.
Define o(z,y) := a(p(z,y)). Show that o is a metric, and o induces the same topology on X
as p.
(2) Define p1,p2 : X x X — [0,00) by

p(z,y) if p(z,y) <1
pi(z,y) = (z.9) . (@y)
1 otherwise.

p(,y)
p2(z,y) = :
1+ p(z,y)
Use (1) to show that p; and p2 are metric spaces on X which induce the same topology on X

=o(y,x) for all z,y € X.
<o(z,y) +o(y,2) for all z,y,2 € X.
1

)
) o(z,y)
) o(xz,y) =0 if and only if x =y for all z,y € X.
) o(z,y)
) o(z,2)



To see (a), we see that p is a metric and so satisfies (a), and furthermore « is non-negative, so
>

o(z,y) = a(p(z,y)) >0

for all z,y € X.
To see (b), we start with the implication. If o(x,y) = 0, then we have a(p(z,y)) = 0. Since
a(z) = 0 if and only if z = 0, this implies that p(x,y) = 0, and since p is a metric we must
have that x = y. For the converse, if x = y, then p(z,y) =0, (0) = 0, and so o(z,y) = 0.
To see (c), we have « is well-defined, so if x = y we get a(x) = a(y). Hence, using the fact
that p(z,y) = p(y, z) since p is a metric, we have

o(z,y) = alp(z,y)) = alp(y, ) = o(y, z)
for all z,y € X.
Finally, to see (d), take z,y,z € X. We see that

o(z,2) = alp(z, 2)).

Since p is a metric, we have

p(z,2) < p(x,y) + p(y, 2).

Notice that « is non-decreasing, so

a(p(z,2)) < alp(z,y) + p(y, 2)).

Finally, « is subadditive, so

a(p(z,y) + py, 2)) < alp(z,y)) + alp(y, 2)) = o(z,y) + oy, 2).

So we have for all z,y,z € X,
o(z,z) <o(z,y)+o(y,z).

Thus, we see o satisfies properties (a)-(d), and so it is a metric.

We now wish to establish that ¢ induces the same topology as p on X. That is, U is open
with respect to o if and only if it is open with respect to p.
(= ) Assume that U is open with respect to o. Then we have for all x € U, there is an € > 0
so that By(x) C U. That is, if y € B, (x), we have

o(,9) = alp(a, ) < e
Take A € (0,¢) such that a=1(\) = {z € [0,00) : a(z) = A} # @; such a A exists, since « is
continuous and a(s) = 0 if and only if s = 0. Take € € a~!()\). Then we have that if y is such
that

plz,y) <€,
that is, y € B, «(x), then

o(z,y) = alpla,y) < ald) =A< e

by the monotonicity of o, and so y € By(x) C U. Hence, B, () C U.
( <= ) Assume U is open with respect to p. Taking z € U, we have that there is an € > 0 so
that B, (x) C U. Take ¢ = a(e) > 0. Then we have that if y is such that

o(x,y) = alp(z,y)) < € = a(e),
then we must have
p(r,y) <e,

since a is non-decreasing. Hence, we get B, ¢ (x) C U. So these two metrics induce the same

topology on X.
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(2) Let

1 otherwise.

rifxr <1,
a1 (x) ::{ -

x
as(x) == T2

We need to establish that aj,as : [0,00) — [0,00) are well-defined functions which are
continuous, non-decreasing, subadditive, and which satisfy «;(z) = 0 if and only z = 0.
We note here that it’s clear that the image of oy will be in [0, 00), since x € [0, 1] maps to x and
x > 1 maps to 1. Likewise, we see that the image of ag will be in [0, 00), since if z € [0, c0),
then 1+ 2 € [1,00), and so /(1 + z) € [0,00) as well. So this condition is satisfied.
Well-defined: (a1): If x = y € [0,1], then we have that a1(z) = =z = y = aq(y). If
x =1y € (1,00), we see that a1(z) =1 = a;(y). So the function is well-defined.

(ag): If x =y €]0,00), then 1 +z =14y as well. So as(z) =z/(1+2) =y/(1+y) = as(y),
and the function is well-defined.

Continuity: («;): For all € > 0, if we take 0 = ¢, we have that |x — y| < § implies |a;(z) —
a1(y)| < e. To see this, let x < y, x,y € [0,00) throughout. We break it up into cases based
on where z and y are. If z,y € [0, 1], then we have

lai(z) —oa(y)| = |z —y| <e,
and so we are done. If z € [0,1], y € (1,00), we have a1 (y) < y, and so
la1(y) —ar(@)] = ar(y) —an(z) <y —z =z —y| <
and so we are done. If z,y € (1,00), then we have
lai(y) —ar(z)| =0 <e

Since these are all the possibilities, we see that «j(x) is continuous.

(c2): Recall from undergraduate analysis that if f, g are continuous, g # 0 on the domain, then
f/g is also continuous. Notice that the function z is clearly continuous, adding 1 to it is still
continuous, and since 1 + x # 0 for all x € [0, 00), we have that ag is continuous.
Non-decreasing: (aj1): Again, this is clear. If z,y € [0,00), z < y, then we have a;(z) <
a1(y). To see this, break it up into cases again; if z,y € [0,1], then a;(z) = z < a1(y) = y;
if z € [0,1], y € (1,00), we have ay(z) = = < a1(y) = 1 by definition; if z,y € (1,00), then
a1 (z) = o (y)-

(o) If z <y, x,y € [0,00), we have

Y L y—

l+y 14z (@+Dy+1)
Since y > x, we have y — z > 0, and since x,y >0, 1+ z,1 4+ y > 0. So, we get that
Yy x
m_ 1+

>0« as(y) > as(x),

so this is non-decreasing.
Subadditive: («aj): Take z,y € [0,00), < y. We can break this up into cases by z,y, and
x+y € 0,00).
If z,y € [0,1], z +y € [0, 1], then we have
a(z+y) =2+y=oa(z) + az(y).
If x,y € [0,1], z +y € (1,00), then we have

al(z+y)=1<z+y=ai(z)+a(y)
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If x €[0,1], y,z +y € (1,00), we have
a(zt+y)=1<z+1=0a1(x)+ a1(y).
If z,y,x +y € (1,00), we have
a(r+y)=1<2=m(@)+ oy

Since these are all the possibilities, we have that oy is subadditive.
(a2): Notice that, for z,y € [0,00), we have

xr+y
a2($+y):m7
T y  2zytx+ty

az(z) +asly) = 1+x+ l+y ayt+aot+y+1’

Subtracting, we have
ry(r +y+2)
r+Dy+D(z+y+1)

Since x,y > 0, we get that this is greater than or equal to 0, and so

az(r) + as(y) > as(z +y).

aa(r) + a(y) — oz +y) = (

a;(z) =0 if and only if 2 = 0: (a1): This follows by definition.
(cg): Algebra gives us that

Y 0o z=0.

Since all the conditions from (1) are satisfied, we have that p; := ay 0p, p2 := ag0p are metrics
which induce the same topology on X as p.
]

Problem 3. A collection of subsets {F;};c; of X has the finite intersection property (abbreviated
FIP) if, for any finite J C I, we have

(—1 fg‘§é J.
JjeJ
Prove that for a metric (or topological) space, the following are equivalent:

(1) Every open cover of X has a finite subcover.
(2) For every collection of closed subsets {F;};cr with the finite intersection property,

(Fi# 2.

i€l
Proof. (1) = (2): We proceed by contradiction. Assume that every open cover of X has a finite
subcover, {F} };cr is a collection of closed subsets satisfying the finite intersection property. Assume

that
ﬂ F=0.
el
DeMorgan’s then gives

(ﬂﬂ)C:UFf:X

el i€l
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Since the F; are closed, we have that the U; = FZ-C are open. Since X is compact, we can take a
finite subcover to get
U Ul = X7

ieJ
but applying DeMorgan’s again gives
(F =2,
ieJ
contradicting the FIP assumption. Hence, we must have that
(F#o.
el

(2) = (1): We proceed by contradiction again. Take an open cover of X;

Um:x

el

NF =2

where F; = UZC are closed subsets. If X does not admit a a finite refinement of the cover {U;}icr,
then we have that there are no J C I finite so that

m F, = @,
ieJ
but this tells us that {F;};c; has the FIP, and so by assumption we have

(F# 2,

el

DeMorgan’s gives us

a contradiction again. Hence, we must have that there is some J C [ finite so that
YUu=x
i€J
That is, X is compact. ]

Problem 4. Let X be a set. A w-system on X is a collection of subsets IT C P(X) which is closed
under finite intersections. A A-system on X is a collection of subsets A C P(X) such that

e X €A,
e A is closed under taking complements, and
e for every sequence of disjoint subsets {E;} in A, |J E; € A.

(1) Show that M is a o-algebra if and only if M is both a 7-system and a A-system.
(2) Suppose A is a A-system. Show that for every set E € A, the set
AME)={FCX : FNE €A}
is also a A-system.
Proof. (1) ( =) Assume that M is a o-algebra. Then recall that this means that
e X € M,

e M is closed under complements,
e M is closed under countable unions.



We first want to establish that M is a mw-system. If M is closed under complements and
countable unions, then DeMorgans gives us that it is closed under countable intersections, and
more specifically under finite intersections. Thus, M is a m-system.
We then want to establish that M is a A-system. This just follows from the following:

e X € M, since M is a o-algebra,

e M is closed under complements, since M is a o-algebra,

e M is closed under countable unions, since M is a o-algebra, and so more specifically closed

under countable unions of disjoint subsets.

Thus, M is a A-system.
(<) If M is a A-system and a m-system, then we get for free that X € M and M is closed
under complements. It remains to check that M is closed under countable unions. That is, if
we let {E;}°, be a collection of sets in M, then we want to show that

(o ¢]
U E; e M.
i=1
Construct a sequence of disjoint sets as follows: let Hy = F4, and
Hi=ENE’,Nn---NnE’.
Then it’s clear that, for all i # j, we have
H; N Hj =J.

Furthermore, we have that H; € M for all ; this is because it is closed under complements
(from being a A-system) and finite intersections (from being a 7-system). So we have

(o]
U H,; € M,
=1

and by construction we have

o0 oo
U E; = U H;,
i=1 i=1

SO

o0
U E; e M.
i=1
Hence, M is closed under countable unions, and so a o-algebra.
Let E € A be arbitrary. First, notice that FNX = F € A, so X € A(E).
Next, if F € A(E), we want to show that F© € A(E); that is, F“ N E € A. Using DeMorgan’s
laws, and noticing that £ N E¢ = @, we can write this as

ENFC=(ENFY)U(ENEY)=En(FNE) =(E°U(FNE)°

Now, FNE,E € A by assumption, E¢ € A since it is closed under complements, and notice
that £ N (F N E) = @; that is, they are disjoint. Thus, we have that E U (F N E) € A.
Again, using the fact that A is closed under complements, we have (E€ U (F N E))¢ € A, but
this translates to F¢ N E € A. Hence, A(FE) is closed under complements.

Finally, we need to show that it is closed under disjoint unions. Let {F;} be a collection of
disjoint sets in A(E). Then we have, for all i, F; N E € A. Furthermore, since F; N F; = & for
i # j, we have (F; N E)N(F;NE) =d. So,

UFENE) = (UF) NE €A,
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since A is closed under disjoint unions, and so
UJF e

Hence, A(F) is closed under disjoint unions. Since it satisfies the three properties, we get that
A(FE) is a A-system.
O

Problem 5. Let II be a m-system, let A be the smallest A\-system containing II, and let M be the

smallest o-algebra containing II.

(1) Show that A C M.

(2) Show that for every E € II, Il C A(E), where A(E) was defined in the problem above. Deduce
that A C A(F) for every E € II.

(3) Show that IT C A(F) for every F' € A. Deduce that A C A(F) for every F € A.

(4) Deduce that A is a o-algebra, and thus M = A.

Proof. (1) From Problem 4 (1), we have that M is a 7-system and a A-system. Since A is the
smallest A-system containing II by assumption, we get that A C M.

(2) Fix E € II and take F' € II. Since II is closed under finite intersection, we get that FNE €
IT C A. But since FNE € A, we must have F' € A(F). Since F' was arbitrarily chosen in I,
we get that II C A(FE) for all E € II. From Problem 4 (2), we know that A(E) is a A-system,
and since A is the smallest A-system containing II, we must have A C A(E) for all E € II.

(3) Fix F € A and take E € II. Since A C A(E) from (2), we have that for all G € A, ENG € A.
Hence, in particular, we have E N F' € A, but this implies that E € A(F). Thus, II C A(F).
Since A(F) is a A-system by Problem 4 (2), this implies that A C A(F') by minimality.

(4) Notice that for all F' € A, we have A C A(F). In other words, for all E,F € A, we get
ENF € A. We can then extend this to finite intersections, and so we have that A is closed
under finite intersections; in other words, A is a m-system. Since A is both a 7-system and a
A-system, Problem 4 (1) tells us that A is a o-algebra. Since M is the smallest o-algebra
containing IT, we get M C A. Coupling this with (1) from this problem, we have that M = A.

O



James Marshall Reber, ID: 500409166 Math 6211, Homework 2

Remark. Thomas O’Hare was a collaborator for this.

Problem 6. Let II be a m-system, and let M be the smallest o-algebra containing II. Suppose p

and v are two measures on M whose restriction on II agree.

(1) Show that if x4 and v are finite and p(X) = v(X), then p = v.

(2) Suppose that X =| |72, X; with (X;) C IT and pu(X;) = v(X;) < oo for all J € N. Show that
w=v.

Proof. (1) We proceed via the hint. Consider A :={EF € M : v(E) = u(F)}. By assumption,
II C A, and we’d like to show that A is a A-system. If we do so, we get that M C A by the
prior homework, which implies that 4 and v are equal on all of M.

Recall that a A-system needs to satisfy three things:

e X € A;

e A is closed under taking complements;

e For every sequence of disjoint sets {E;} in A, |J E; € A.

First, we want to show that it’s closed under disjoint unions. Let {E;} be a sequence of
disjoint sets in A. Then we have

% <|_|Ez) = ZM(Ei) = ZV(Ez‘) =v <|_|E,)

since p and v are measures, and we have countable additivity. So | | E; € A.

Next, it follows that X € A since pu(X) = v(X) < oc.

Finally, we want to show that it’s closed under complements. Let A € A. Since AUA® = X
and p(X) = v(X) < oo, we have that

H(A) + p(AC) = p(AU AC) = p(X) = p(X) = s(A U A°) = 1(A) + #(AC),
and since p(A) = v(A) < oo we can subtract them from both sides to get u(A®) = v(A%).
Hence, AC € A.

Remark. Prior to Dr. Penneys fixing the problem, I had done this with an increasing cover.
To remediate this, let E, = U ;X;. Then we have an increasing cover E, , X and the
argument below applies.

(2) We do the same trick, letting A ={F € M : pu(F) =v(E)}. Again, we get that it’s closed
under disjoint unions by the same argument from prior.
Next, to see that X € A, we get that

p(X) = lim u(E;) = lim v(E;) = v(X),

using the continuity from below property.
Finally, we want to show that if A € A, then A® € A. Notice that we have

(AuAC UE) (ij(AﬂEiWCJ(AC”Ei)) (LJDMOE) (G

i=1 i=1 i=1 %

(Al_lAC L_JE) (Q(AOE uZNlACﬂE) (G(AmE) ,,(

=1

(A N E) )
1
N
UACmE >
=1

By assumption,



so we can subtract it from both sides to get

N N
m (U(AC N Ei)> = <U(AC N Ei)> .

i=1 i=1
Since this applies for all N, we can use continuity from below to get that

1 (G(AC N EZ)) = lim u(A°NE,) = u(A°) =v(A%) = lim v(A°NE,) =v (G(AC N EZ)> .

) n—o0 n—00 )
=1 =1

Hence, we get A® € A. So A is indeed a A-system.
O

Problem 7 (Folland 1.14, Folland 1.15). Given a measure p on (X, M), define v on M by
V(E) :=sup{u(F) : F C E and p(F) < oco}.
(1) Show that v is a semifinite measure. We call it the semifinite part of p.
(2) Suppose E € M with v(E) = oco. Show that for any n > 0, there is an F' C E such that
n < v(F) < oco.

(3) Show that if u is semifinite, then p = v.
(4) Show there is a measure p on M which assumes only the values 0 and oo such that u = v + p.

Proof. (1) We need to show the v is a measure. That is, it satisfies two properties:
(i) v(2) = 0;
(i) if {E;} € M disjoint, then

v <U El) = ZV(EZ)
For (i), we see clearly v(@) = 0.

For (ii), let {E;} be a sequence of disjoint sets in M. We see

I/<|_|EZ) :sup{,u(F) . F C |_|EZ and p(F) < oo}.

Since these are disjoint, we see that the F' C | | E; can be seen as a disjoint union of F; C E;
by setting F; = (F'N E;); that is, F' = | | F; C | | ;. Using the fact that p is a measure and the
F; are disjoint, we can write this as

v <|_| Ez> = sup {Z w(F;) : F; C E; and p(F;) < oo for all z} )
Notice that this is equal to

Zsup{,u(Fi) : F; C E; and u(F;) < oo} = ZV(El)
So this is indeed a measure.
We need to now show that v is semifinite. Recall that v is a semifinite measure if, for all
E € M with v(E) = oo, there exists an F' € M such that /' C E and 0 < v(F) < oo.
Take E € M where v(E) = oo. Then this is equivalent to saying that

sup{u(F) : F C F and p(F) < oo} = 0.

But this then implies that there is an F' C E so that 0 < u(F) < oo (the empty set will always
be in this set, and if the supremum is infinity we must have something which is not 0 since the
supremum is the least upper bound). We see that

v(F) =sup{u(G) : G C F and p(G) < oo},

and the monotonicity of u tells us that any such u(G) < p(F) < oo. It follows that the
supremum will be p(F') and therefore 0 < v(F') < oo. Thus, v is a semifinite measure.
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(2)

Assume otherwise. That is, let n =sup{F : FC E, Fe M, 0 <v(F) < co}. Then we have
that n < oo by assumption. Since this is a supremum property, for each k > 1 an integer we
have that there are corresponding sets F} so that

n—1/k <v(F;) <n.

Let H,, = U?Zl Fj.. This is a measurable set, since M is a g-algebra. Notice that F, C H,,
for all 1 < k < m, and so we get that for all such k,

n—1/k <v(Hp) <n.

Taking a union over all m, calling this set H, we get an increasing sequence, and so we can use
continuity from below to get that

n—1/k<v(H)<n

for all k, and so therefore
v(H)=n
and H C FE. Now, since these are measurable sets, we can use the measure property of v to
write
v(E)=v(ENH)+v(ENH).

Since v(F) = 0o, H C E, we get that

0o =n+v(ENHC),

or in other words,
v(E — H) = 0.

Now, v is a semifinite measure, so we have that there is a measurable set, say G, so that
G CFE—H and 0 < v(G) < o0. Since G C E — H, we have that it is disjoint from H, and so
we have

n<v(HUG)=v(H)+r(G) < co.

Notice as well that H C E, G C FE, so we have that H UG C E. But this implies that
HUGC{F : FCE, FeM, 0<v(F) < oo}, and so therefore we have

sup{F' : FCE, FeM, 0<v(F)<oo}>v(HUG) > n,

which is a contradiction. Thus, we cannot have such an n.

We want to show that, for all £ € M, we have u(F) = v(E). If u(E) < oo, then the proof in
(1) establishes that u(E) = v(E). If u(E) = oo, then the proof in (2) applies (since we didn’t
use any property of y in this proof), and so we have for all n > 0, there is an F' C E so that
n < u(F) < co. Hence, we get that

v(E) =sup{u(F) : F C E and pu(F) < oo} = o0,

and so u(F) = v(FE). We conclude that p = v.
Throughout, let o-finite denote p-o-finite. Let p : M — [0, oo| be defined by

0 if F is o-finite
p(E) = . .
oo if F is not o-finite.

It’s clear to see that p(@) = 0. Next, we check countable additivity. We show this by breaking
it up into cases
10



Case 1: Assume | | E, is o-finite. This tells us that there is a disjoint collection { K;} such that
w(K;) < oo for all ¢ and | | K; = | | E),. Taking E; arbitrary, we have that E; C | | K;,
and so E; = | |(K; N E;), p(K; N E;) < p(Kj) < oo, and thus we have that Ej is
o-finite. So, the following formula applies:

0:,0<|_|En) =3 p(E.) =0.

Case 2: Assume | | E, is not o finite. Then there is at least one n such that E,, is not o finite;
if otherwise, we have that E, = | | K;, for all n, u(K;,) < oo for every i, and so
UE, = U EKn: = LUEK;, p(K;) < oo, giving us a contradiction. Since there is at
least one, we get the following equality:

oo:p(|_|En> :Zp(En) = 00.

So, we have that p is indeed a measure. Next, we check that for all E € M, u(E) = p(E)+v(E).

We do this by breaking it up into cases.

Case 1: Assume p(FE) < oo. Then this clearly follows, since v(E) = u(FE), E is o-finite and so
p(E) =0.

Case 2: Assume p(FE) = oo. Furthermore, assume E is o-finite. Then we have that E = | | F},
pu(E;) < co. Define Gy, = |J;—; Fi. Then we have v(G,) < v(E) for all n, and so
therefore v(E) = oo, p(E) = 0.

Case 3: Assume p(F) = oo. Furthermore, assume E is not o-finite. Then we have that
p(E) = oo, and we're done.

Thus, we have that p = p + v.

O

Problem 8. Suppose A is an algebra on X, and let M be the o-algebra generated by A. Let pg be
a o-finite premeasure on A, u* the induced outer measure, and M* the o-algebra of p*-measurable
sets. Show that the following are equivalent:

(1) E e M¥
(2) E=F — N, where F' € M and p*(N) = 0;
(3) E=FUN, where FF € M and p*(N) = 0.

Deduce that p is a o-finite measure on M, then p*|p+ on M* is the completion of 1 on M.

Proof. Recall that pp induces an outer measure via

,u*(E) = inf{i,ug(Aj) : Aj €A EC DA]}
1 1

We proceed as how Folland does it. We start with a claim.
Claim. For any F C X and € > 0, there exists A € A, with E C A and p*(A4) < pu*(E) + €.

Proof. Fix E C X, € > 0. Since u*(E) is an infimum, we have that there must be a cover A = J; 4;,
where A € A, since it is a countable union, of F so that

p @) =t (U | <304 = 3 ol4y) < ' (8) +e.

Notice here we used the fact that, on A € A, we have u*(A4) = uo(A). Thus, since the choice of

E and € > 0 were arbitrary, we get that for any £ C X and € > 0, there is an A € A, so that

pr(A) < p*(E) +e O
11



(1) = (2): Since pyo is o-finite, we have that there is a cover
Uki=x
i

such that po(K;) = p*(K;) < oo for all i. Let E € M* and write E, = EN K,. Then we have
w*(Ey) < p*(Ky) < oo by monotonicity. Fix an e > 0. By the claim above, we can find {F,,} C M,
E C F, for every n, so that

* * €
% (Fn)gﬂ (En)+27

Since p*(Ey), p*(F,) < oo, and E,, F,, are measurable, we can subtract u*(E,) from both sides

and rewrite it as
€

p(Fn) — 0 (En) = p* (Fy — Ep) < on’
Now, letting F' = |J F},, we have
F—Ec|JF, - En),
and so using subadditivity of measures we get
W (F—B) < S 1 (P — En) < c.
Taking € = 1/k, let F} be the set such that £ C Fj, and

. 1
K (Fk_E)S%-

If we let F' =), F, we see that we have an F such that for all € > 0,
p(F—FE)<e.
In other words, p*(F — E) = 0. Notice that we can write E now as
E=F—(F-F),

where p*(F — E) =0 and F € M, as desired.
(2) = (1): We have E = FF = N, FF € M and p*(N) = 0. We want to show that for all
G C X, we have

1 (G) = (GNE)+p (GNE®) = " (GNFNNY) + p*(Gn (FC UN)).

Notice ahead of time that

pH(G) < (GNE)+ p"(GNEY)
by subadditivity, so it suffices to show that

p(GNE)+p"(GNEY) < pu*(G).
Rewrite this as

p(GNFNNS) + 15 (GN(FCUN)) =1 (GNFNN) + 1*(GNFC) U (GNN)).
Subadditivity then gives
p (GNFANS) + 1 ((GNFEYU(GNN)) < (GNFANY) + 15 (GNFO) + p*(GN N).
Monotonicity gives
pw(GNN) < p*(N) =0,
S0 we get
p(GNE)+p (GNEY) < p*(GNFNNY) + u*(GNFY).

We use monotonicity again, noticing that GNFNN® c GNF, so

p(GNEFNNY) < p*(GNF).
12



Hence, we have
WG E) + 1" (G N E) < 5 (GNF) + u*(G N FC) = 17(G),

since F' € M and p* is a measure on M by Theorem 1.14. So we have that £ € M*.

So we have established (1) < (2).

(1) = (3) : Since E € M*, M* is a o-algebra, we have E¢ € M*. By (1) <= (2), we can
write B¢ = F — N=FNN® Fe M. Let G = F, then G € M since it is a o-algebra and we
have E¢ = G¢ N NC. Taklng the complement of both sides gives us ¥ = G U N, where G € M
and p*(N) = 0.

(3) = (1) We have E= FUN, F € M and p*(N) = 0. We want to show that £ € M*.
That is, for all G C X, we have

pH(G) = p(GNE) +p (G NE°).
Subadditivity gives us
pH(G) < p*(GNE) + p*(GN E),
so it suffices to show the other direction. Notice that
p(GNE)+ p*(GNE®) = p*(GN (FUN)) 4 u*(GnN (FC N NYY).
Letting H = F©, we have that H € M and
p(GNE)+ p*(GNE®) = p*(GN (HY UN)) + pu*(Gn (HNNYY),
and we see that this is the same scenario as the argument in (2) = (1). Hence, we have
p(GNE)+ u*(GNEY) < u*(G),

and so E € M*. Thus, we have (1) <= (2), and (1) <= (3), so we can deduce (2) < (3).
Thus, (1), (2), and (3) are equivalent.

From the above equivalence, we have that M* = {FUN : F € M and p*(N) = 0}. Hence,
M* is the completion of M, and furthermore p* is the completion of p. O

Problem 9. Let p* be an outer measure on P(X), M* the o-algebra of p*-measurable sets,

and g := p*|pm+. Let uT be the outer measure on P(X) induced by the (pre)measure u on the

(0-)algebra M*.

(1) Show that u*(F) < u(E) for all E C X, with equality if and only if there is an F' € M* with
E C F and p*(E) = p*(F).

(2) Show that if u* was induced from a premeasure pg on an algebra A, then p* = u™.

(3) Construct an outer measure p* on the two point set X = {0,1} such that p* # p*.

Proof. (1) We have

:inf{Zu(Aj) : Aje M*,E C UAj}.
1 1

We have p*(E) < pt(F) since for all such covers of E we have

* (U Ai) < Zu*(Ai) = ZM(AZ)

by monotonicity and subadditivity, and the fact that the A; are p* measurable. Thus, p*(E)

is a lower bound of ) j1(A;) where the A; € M* and they form a cover of E. Since p ( ) is

the infimum, we have it is the greatest lower bound over all such covers. Thus p*(E) < pt(FE).
13



Assume that p*(E) = pt(F). In the case that p*(E) = oo, take F' = X. Otherwise, we have
p*(E) < co. So, for all € > 0, we can find a cover {F;} C M™* so that

pH(E) <> uF) < i (B) +e

Noticing that p(F;) = p*(Fi) for F; € M*, p*(E) = p*(E), and p*(E) < p* (U, ) <
> w*(F;), we can write this as

() < (UR) < (F) < w'(B) +e.
Taking € = 1/k and the corresponding |J; F; as J; Fj x, we have that

p(E) < p” (U sz) < p'(E)+1/k.

(2

Let F =, U; Fik- Then F' C |, F;, for every k, and E C F still, so we have

pH(E) < p(F) < p* (ﬂUm) < p*(E) +1/k.
k

Since this applies for every k, we have that for all € > 0,
pH(E) < p(F) < p(E) + 1/k,
and so therefore p*(F) = p*(E). Since M* is closed under countable intersections and unions,
we get that F' € M*.
Going the other direction, we have that p*(F) < u™(E), and we assume there is an F' € M*

with £ C F and p*(E) = p*(F). We would like to show that ™ (E) < p*(E). To do so, take
the cover E C FU|J5” @. Then we have that

pH(E) < p(F) 4+ (@) = w(F) = p*(F) = p*(E).
2

Hence, pt(F) = p*(E).
If p* is induced from a premeasure pg, then we have

N*:inf{ZNO(Aj) : AjE.A, ECUA]‘}.
1 1

We would like to show that, for arbitrary £ C X, p*(F) = pt(F). From (1), we see that it
suffices to show that there is an F' € M* so that E C F and p*(E) = p*(F). In the case that
w*(E) = oo, notice that we can take X € M*. Then F C X by assumption, u*(E) < p*(X),
and so p*(F) = p*(X). Therefore, u*(FE) = u*(E).

Assume now that p*(E) < co. From the claim in Problem 3, we have that we can find
F e A, C M* so that u*(F) < u*(F) + €. Take e = 1/k, F} the corresponding set so that

w* () < 1 (B) + 1/k,
and let F' = (| Fr € M* to get that p*(E) = p*(F). Thus, ut(F) = p*(E).

Notice that P(X) = {@,{0}, {1}, X}. Then let pu*(&) = 0, p*(0) = 2, u*(1) = 2, p*(X) = 3.
We have that p* is subadditive, monotone, and p*(@) = 0, so it is an outer measure. Recall
that M* is the collection of all ;* measurable sets, meaning the sets A such that for all E C X,
we have p*(E) = p*(AN E) + u*(A° N E). We have X, € M, but we see that {1} and {0}
are not in M; this is since

8= " (X) # u* (X N {1}) + 17 (X N {0}) = w* ({1}) + 1" ({0}) = 4.
14



By definition, we see that
pr({1)) =3#2=p"({1}),
so pu* # pt.
O

Problem 10. Suppose pg is a finite premeasure on the algebra A C P(X), and let pu* : P(X) —
[0, 00| be the outer measure induced by pp. Prove that the following are equivalent for £ C X:
(1) E € M*, the p*-measurable sets;
(2) w*(E) + p*(EC) = p*(X).
Proof. Throughout, let M = M(A); the o-algebra generated by A.

(1) = (2) : The definition of £ € M* says that for all A C X, we have

W(A) = w(ENA)+p (9N A).

Taking A = X gives us (2).

(2) = (1) : We want to show that we can write E = F — N for F' which is M* measurable
and p*(N) = 0. We see that the claim from Problem 3 gives us that there is aset F € M, E C F
so that p*(F) < p*(E) + €, and since pyg is a finite measure, we get p*(F) — u*(E) < e. Since E is
not necessarily measurable, we can no longer deduce that p*(F) — pu*(F) = pu*(F — E), so we need
to proceed a different route.

Choosing € = 1/n and the respective F' which satisfies this as F,, we get (), F, = G € M is
such that p*(G) — p*(F) = 0; that is, u*(G) = p*(E). Since G is p* measurable, we have

pH(E) + pf(BY) = p*(X) = p*(G) + p(GY).

Since p*(E) = p*(G) and p*(X) < oo, this gives us u*(G¢) = p*(E®). The measurability of G
then tells us that

W (EC) = (G 1 EY) + 1w (GY 0 EC),
so that

pH(GY) = (G N EY) + p*(G° N ES).
Since E C G, we have G¢ ¢ E® so that G N E¢ = G¢. Hence, we may rewrite this as

W (GE) = (G N E) + () 1"(G — F) = 0.

Hence, write E = G — (G — E) to get that E € M* by Problem 3. O
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James Marshall Reber, ID: 500409166 Math 6211, Homework 3

Problem 11. (1) Show that every open subset of R is a countable union of open intervals where
both endpoints are rational.
(2) Suppose U C R is open and suppose ((a;,b;));jes is a collection of open intervals which cover

U:
U c | J(a;,b5)
jeJ
Show that there is a countable sub-cover, i.e., show that there is a countable subset I C J such

that
UcC U(aiabi)
i€l
(3) Suppose ((a;,bj]);es is a collection of half-open intervals which cover (0, 1]:

(0,1] < [ J(ay, b).
jeJ

Show that there is a countable sub-cover, i.e., show that there is a countable subset I C J such

that
(0,1] < [ J(as, bi
el
Proof. (1) We first establish it for open balls, (a,b) where —co < a < b < co. Since the rationals

are dense, we have a decreasing sequence a,, € (a,b), a, rational, such that a,, — a as n — oo.
Likewise, we have that there is an increasing sequence b, € (a,b), such that b, — b as n — o0
and the b, are rational. Thus, we need to show that we can write this as

(o)

(a7 b) = U (a’Ih bn)

n=1

[jan,n C (a,b).

For the other direction, take z € (a b) Then we have either x < a1, a1 <z < by, or x > by. If
a1 < x < by, we get that z € (o2, (an, b,) and we’re done. Without loss of generality, assume
that x < aq. Since a,, — a, and x > a, we have that there must be some n such that z > a,; if
otherwise (that is, for all n, z < a,), then we notice that for all € > 0 there is an N such that
for all n > N, we have ay — a < €. Thus, we have for all € > 0, a < x < a + ¢, which forces
r = a, a contradiction to the choice of x. Thus, there is some n such that x > a,, which says
that = € (an,by), and therefore x € | J;2 , (an,bn). The argument for z > b; is analogous, and
so we get for all z € (a,b), z € U,~(an, b,). Hence,
o)
(a,b) = U (an, bn)-

n=1

Notice that

Now, we’ve established for open balls, and we notice that open balls form a basis for the
topology of R. So, if U C R is an open set, then we can write it as

U = G(an,bn
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and from our prior step we can write
[e.e]
(an,bn) = U (an,ja bn,j)a
j=1

where the a, j, b, ;j are rational numbers. Hence, we can write
o0

U= (any:bny),

nj=1

or after reordering indices that
o0
U= (a be),
k=1

where the ay, by are rational numbers. This is a countable union.
From (1), we can write U open as

k=1

where the py, g are rational numbers. Now, let I = {i € N : (p;, ¢;) C (a;,b;) for some j € J}.
This is clearly countable, since it is a subset of a countable set. For each i € I, take (a;, b;) so
that (pi,¢) C (as,b;). Then we see that

U C U(ai,bi),
i€l
since the (pg, qx) cover U, and so we’re done.
Let
U= U (aj, bj)
jeJ
Then U is an open set, and so by (2) we can refine it so that

U= U(CLZ’, bl),
i€l
where I is countable. Now, let’s examine Y := (0,1] — U. Take x € Y. Notice that z = b; for
some j € J; if otherwise, we have that it must be in (a;, b;) for some j € J, since these cover
(0,1], but then this would be in U, a contradiction. So we have that all of the points that we
missed are endpoints.

To get that there are countably many, take some rational number ¢, € (aj,b;), where j is
such that = b;. The existence of such a rational number comes from the density of rationals.
Notice that (g,x) C U. Construct a function f : ¥ — Q such that f(z) = g5, where g, is
the associated rational number chosen in the interval given above. If we can show that f is
well-defined and injective, we get that Y is countable, and so we can throw in the intervals of
the form {(a;,b;] : b;j € Y} into U to get a countable cover of (0, 1].

To see that f is well-defined, notice that + = y implies that f(z) = ¢, = ¢, = f(y) so long as
we are consistent with our choice of rational. Assuming that we are, we get that this function
is well-defined.

To see that f is injective, we check if f(z) = f(y), then = y. We do this by contrapositive;
that is, if  # y, then f(z) # f(y). To do so, assume that z < y, but ¢, < ¢,. Then we have
¢y < ¢z < x < y. But this implies that € (gy,y) which is in U; a contradiction to the fact
that we chose x,y € Y. Hence, we must have that ¢, > ¢,; that is, if x # y, then f(z) # f(y).

17



Since the function is injective and well-defined, we get that Y must be countable. Hence, by
the argument given from prior, we can form I’ := I U{j € J : bj € Y} to be a countable set,
and we have

(0,1] | (as, bi).

iel’

Problem 12. Define the h-intervals
H={2}U{(a,b] : —co<a<b<oo}U{(a,00) : ae€R}

Let A be the collection of finite disjoint unions of elements in H. Show directly from the definitions
that A is an algebra. Deduce that the o-algebra M(A) generated by A is equal to the Borel
o-algebra Bg.

Proof. We proceed from the definition. We need to show three things:

e R € A (not necessary, but useful for future parts);
e If Ac A, AC € A;
o If {A;}7 , C A, then |-, 4; € A.

We first show that R € A. Take some point b € R. Then we have (—o0,b] € H, (b,00) € H,
(—00,b] N (b,00) = @, so (—oo,b] U (b,00) = R € H, since for all € R we have either < b or
x> b.

We now show complements. Take A € A. Then we can write A as

where the F; € H. Notice then that

L=

AY = ( F) = ﬁF
7 =1

We have that the F; could be of three forms; either F; = &, F; = (a, b], where —co < a < b < 00, or
F; = (a,00), where a € R. If F; = @, then ¢ = R, if F; = (a,b], then F¢ = (—o0, a]U(b, 00), and if
F; = (a,00) then FY = (—o0,al. In all of the above cases, we still have that the F; are at most finite
disjoint unions of H intervals. Notice that if we have an FZ-c of the first form intersected with any
of the other two, we just get a finite disjoint union of H intervals. If we have an FZ-C of the second
form (say F = (—o0,a’] U (b,o0)) intersected with an ch of the third form (say ch = (—00,al),
then there are three things that can happen: if a < o, then F N ch = (—o0,al, if < a <b,
we have F© N ch = (—00,d'], and if we have a > b, then we get F N FjC = (—o0,d’] U (b,a].
In all of the cases above, we see we get at most a finite disjoint union of H intervals, and so the
intersection under this complement will be at most a finite disjoint union of H intervals; in other
words, A® € A.

Finally, we show it’s closed under finite unions. It suffices to show that if A,B € A, then
AUB € A. Write



where F;, G; is of one of the forms given above. We can then write

AUBZlile‘UElGj.
i=1 j=1

If the F;,G; are disjoint, then we are done. Otherwise, we have that there is an 4,j so that
F; N G; # @. We iterate through the three cases (since F; = @ or G = @ cannot result in this):
If F; = (a,b], G; = (c,d], then F; N G; # @ implies that either G; C F;, F; C Gj, a < ¢ < b < d,
orc<a<d<b If F; CGj, then G; UF; = G, and so we are done. Assume without loss of
generality that a« < ¢ < b < d. Then F; UG, = (a,b] U (¢,d] = (a,d], which is still an # interval.
So, in this case, we have F; U G is just a single H interval.

If F; = (a,00), Gj = (b, c], then we see that F;NG; # @ can be due to two things; either G; C F;
or b < a <c. In the first case, we see that F; UG, = F;, and so we get a single H interval. In the
second case, we see that F; UG = (a,00) U (b, ¢] = (b,00), which is still a single H interval. Thus,
we see that the union here is a single H interval.

Finally, we consider the case where F; = (a,00), G; = (b,00). If F; N G; # @, then we either
have a < b, b < a, or b = a. If a < b, we get that F; UG, = (a,00) U (b,00) = (a,00), and an
analogous result for if b < a. If b = a, then F; UG; = F;. So we see that we get that the union
here is a single H interval, like before.

So, iterating this, we see that we can union all of the non-disjoint intervals F;, G; to get a disjoint
union of H intervals. Thus, AU B € H.

To see why it suffices to show it for two A elements, we proceed by induction on the number of
A elements. It clearly holds for n = 1,2 from above work, so assume it holds for n — 1. We want
to then show it holds for n. We have

n n—1
UAZ-: UAZ-UAn:BUAneA,
=1 =1

since U?;ll A; € A by assumption, we write it as B € A, and from the n = 2 case we see that
BUA, € A. Thus, it holds for all finite unions.

Since we have the three properties, we get that A is an algebra. Furthermore, notice that we
can write every open ball as a countable union of elements in #; that is, if we have some open ball
(a,b), —00 < a < b < 00, we can write it as the countable union

o0

U (a,b+1/n].

n=1
If we have an open ball (a, c0), we see this in ‘H by assumption. Thus, we get all possible open balls
from this construction. Since the open balls form a basis for the topology of R, we can write open
sets in R as countable unions of open balls, and so as countable unions of elements from H. Thus,
Br € M(A) by the minimality of Bg, since we have all of the open sets. For the other direction,
we clearly note that A C Bg, since intersecting open and closed sets will give us ‘H intervals and
we can use the o-algebra property of Bg to get all of the disjoint unions. Thus, by the minimality
of M(A), we have M(A) C Bg, which implies they are equal. O

Problem 13. Assume the notation of the prior problem. Suppose F' : R — R is non-decreasing
and right continuous. Extend F' to a function [—o0, c0] — [—00, 00], still denoted F', by

F(—o00) := aEIPoo F(a), F(o0):= bli>n<;lo F(b).

Define pg : H — [0, 0] by

b /’LO(®> =0,
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o 1p((a,b]) := F(b) — F(a) for all —o0o <a < b < oo, and
e 1p((a,0)) := F(o0) — F(a) for all a € R.

Suppose (a,00) = |_|°i Hj, where (H;) C H is a sequence of disjoint h-intervals. Show that

= Z po(H.
j=1

Proof. One direction follows from the class notes: we have for n € N fixed that

n
|_| Hj C (CL, OO),
j=1
and monotonicity and finite additvity gives gives

| | #; ZMO ) < no((a, 00)).
=1 i=1

This applies for all n € N, so we can take the limit to get
ZMO ) < no((a, 00)).

It suffices then to prove the other dlrectlon. Notice that, from our work in the prior problem, if we
have a disjoint union of H; intervals, we must have it’s of the form

CLO, |_| a/]7
J=1

or
00

| J(ay. 050,
j=1
where the b; 0o as j — co. The fact that we do not have multiple intervals of the form (a, o)
follows: for all a,a’ € [—00,00), we have that (a,00) N (a’,00) # @; this follows from the fact that
either a < a’ or @’ < a. If a < d/, then we have (a,00) C (d’,00), and so they’re not disjoint, and if
a’ < a we have a similar issue.
We can convert sets of the first type to sets of the second type by simply observing that
o0
(ap, 00) = |_| (aj7 bj]?
j=1
where a; = ag, and the b; are some sequence of rationals increasing to infinity, where aj4+1 = b;.
So it suffices to study (H ) of the second type in order to prove the statement.

We follow the trick from the notes, with a slight modification. Take M finite such that M > a.
Then we have (a, M] C (a,00) = | |2, Hj. So the Hj cover (a, M]. Take ¢ > 0 fixed (but arbitrary),
then since we assumed F' is right continuous, we have there is a § > 0 such that F(a+9)—F(a) < €/2,
and for every j, there is a §; so that F(b; + d;) — F(bj) < €/27T1. Notice that

{(aj, b5+ 6;)}7
forms an open cover of [a + ¢, M]. Since this is compact, we can take a finite refinement; that is,

we have

[a+d,M] C (aj,bj—i—éj).

C=

1

l\.’)h'
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Now, we get
pol(a, M) = F(M) — F(a).
Adding and subtracting F(a + 0) gives
M))=F(M)—F(a+9)+ F(a+ ) — F(a).

po((a,
We chose 6 so that F(a +0) — F(a) < €/2, so we substitute this in to get

po((a, M) < F(M) — F(a + 6) + %

Now, we can use the fact that po((a + 9, M]) = F(M) — F(a + 6) to rewrite this as

€
po((a, M]) < po((a+ 6, M]) + 5.
We can now use the open cover, monotonicity, and finite subadditivity to rewrite this as

N
pol(a, M) < pol(a+8,M)) + = < po | (J(az b5+ 83]) | +3
j=1

o((aj, b; +6;]) +

IN
1=
=

We can rewrite this as
N
€
) < (bj +65) — F(a; —.
; + (a))] + 3

Add and subtract F'(b;) inside the sum to get

<

Mz

F(by +35) = F(by) + F(b;) = Fla)] + 5
j:1

Recall that we had F(b; + ;) — F(b;) < €/2971, so substituting this in gives

€
CLM <Z|:F+F F(CLJ)]+§

7=1
N
= [F(b;) = Flaj)] +e.
j=1

These are all positive values, since F' is non-decreasing, so we can bound this above by

N ]
o((a, M]) <Y [F(bj) — F(aj)] + € <) [F(b;) — Flay)] + €
=1

oo
E ((aj,b4]) + e

Notice now that the left hand side can be written as

F(M) — F(a) <Y po((a;, bs]) + €
=1
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Since this works for arbitrary M > a, we can take the limit as M — oo of both sides to get

F(o0) — Fla) = po(a,00)) < 3 po((az.;]) + .
j=1

Since this works for all € > 0, we get that

((a,00)) <Y po(Hy)
j=1
or in other words,

= Z po(H;)
j=1

O

Problem 14 (Folland 1.28). Let F' : R — R be increasing and right continuous, and let up be the
associated Lebesgue-Stieltjes Borel measure on Bg. For a € R, define

F(a—) := lim F(b).

b fa
Prove that
(1) pr({a}) = F(a) — F(a—),
(2) pr(la,b]) = F(b) — F(a—),
(3) pr(la,b)) = F(b—) — F(a—), and
(4) pr((a,b)) = F(b—) — F(a).

Remark. I switched the order around to make things a little easier; what was (2) in the homework
is (3) and vice versa.

Proof. (1) Notice that {a} C (a — 1/n,a] for all n € N, and we have
o
1
m <a - ,a] = {a}.
n
n=1
Notice that pp(a —1,a] = F(a) — F(a — 1) < 0o. So, using continuity from above, we have

ur((eh) = tim o ( (0= oa] ) = i F@) = F (o ) = Fl@) -~ Fla-)

(2) Write [a,b] = {a} U (a,b]. Then we can use (1) to write this as
pr(la,b]) = pr({a}) + pr((a, b)) = F(a) = Fla=) + F(b) = F(a) = F(b) - F(a—).

(3) We break this up into cases.
Case 1: (b < o0) Notice that we can write this as

o0

U [a,b— H = [a,b).

n=1
Using (2) and continuity from below, we have

pr(a.b) = lim pp(a.b—1/n)) = lim F(b—1/n) ~ F(a=) = F(b=) ~ F(a-)
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Case 2: (b= 00) Let {¢gn}72; be a countable sequence of increasing rational numbers greater
than a which tend to infinity. Then we can write this as

o0

U [a, qn] = [a,]).

n=1

Using (2) and continuity from below, as well as the definition of the extension of F' to [—o0, 00],

we have
pr(la, )] = Tim pp((a,qn]) = lim F(gn) — F(a—) = F(oc) = F(a—) = F(b) — F(a—),
as desired.

(4) We again break this up into cases.
Case 1: (b < co) We can write this as

G (a,b— H — (a,b).

n=1

Using continuity from below, we have

pr((@.b) = lim pp((a.b—1/n)) = F(b—1/n) ~ F(a) = F(b-) ~ F(a).

Case 2: (b = 00) Again, take a sequence of rational numbers increasing to co which are greater
than a (which may possibly be —oc0). We can write this as

o

U (a,qn] = (a,b).

n=1

Using continuity from below and the definition, we get
pr((@.)) = lim pr((a.q,]) = lim F(g,) ~ F(a) = F(b-) — F(a),

since we defined F'(b) = F(b—) in our extension of F'.
O

Problem 15. Let (X, p) be a metric space. A subset S C X is called nowhere dense if S does not
contain any open set in X. A subset T' C X is called meager if it is a countable union of nowhere
dense sets.

Construct a meager subset of R whose complement is Lebesgue null.

Proof. We proceed via the construction of a generalized Cantor set, found on page 39 of Folland.
Let {a;}32y C (0,1) be a sequence of decreasing numbers; we can form a decreasing sequence { K}
of closed sets by taking Ko = [0,1] and K is recursively defined by remove the open middle a;_;th
from each of the intervals that make up K;_1. Setting K = ﬂj’;l K, we get the generalized Cantor
set. Notice that A\(K}) < oo, and so we can use continuity from above to deduce that

j=1

Jj—o0
Taking our «; to be constant, say r, we see that

j a1
N Zkk+1_ r—2r)
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For appropriate choice of r, (that is, take it to be r < 1/3) we have

Am3:1—<1f%>.

Thus, fixing € > 0, for appropriate choice of r we can get that we can construct K. C [0,1] so that
ME)=1—e

Taking e = 1/n, n > 0, we have
1
Furthermore, we see that K, is nowhere dense; we note that Ky, is closed, since its a countable

intersection of closed sets, and so it suffices to show that it has empty interior (thus saying that
it does not contain any open set, since the interior is the largest open set contained in S). To see
that it has empty interior, we go by contradiction. Take a point 2 € C, then we can form an open
ball of radius z centered at x, but we can find an p large enough so that P < z, which contradicts
the existence of the open ball.

Now, we can let G = J,2 | K3 /n- Then G is meager, and we see that

KypmCGCl0,1]

for each n, and so
MK ) SMG) <1,
which implies that
1—%§M®§1
for all n > 1. Thus, we have \(G) =1 and it is a meager set. Furthermore,
AMG)+AMG) =1+ MG)=0

We can now translate this set around; notice that

R = G G +n.
Call _OO
X = U G+ n.

Then we see that X is a countable union of nowhere dense sets, since each G is, and so it is meager.
Furthermore, we see that

oo
AR-X)< > AG)=0
n=—oo
using the translation invariance property of A, and so we have a nowhere dense set X whose
complement is Lebesgue null. O
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James Marshall Reber, ID: 500409166 Math 6211, Homework 4

Remark. Thomas O’Hare was a collaborator for this homework set.

Problem 16. Suppose E € £ and A\(E) >0

(1) Show that for any 0 < o < 1, there is an open interval I C R such that A(EN1I) > aA(]).
(2) Apply (1) with o = 3/4 to show that the set

E-E={x—y : z,y € E}
contains the interval (=\(1)/2, A(1)/2).
Proof. (1) Step 1: If & = 0, then it suffices to find an open interval I so that A\(ENI) > 0. Assume

for contradiction that, for every open interval I, we have A\(E N 1) = 0. Cover R with disjoint
open intervals, say

00
R = |_| Pn, Qn
n=1

Then we have

o0 o0
E=ENR=EnN Ll(pnaQn |_| (EN (P, an))

n=1
Hence,

)‘(E) =A (I_I (E N (pnaQn))> = Z )‘(E N (pnaQn))'

n=1 n=1

But since A(E N I) = 0 for all open intervals, we have \(E N (pp,qn)) = 0 for all n. Hence,

=> 0=0.
n=1

But this is a contradiction, since we assumed A(E) > 0. Hence, there must be some open
interval I so that A(EN1I) > 0.
Step 2: Fix 0 < o < 1. Assume that 0 < A(F) < oo. Then, for every € > 0, we can find an
open set ¥ C U such that
AMU) < AE) + ¢
Since 0 < a < 1, we can write

€= —\NE) — \E) >0,

Q
and so there is an open set U so that

AU < A(EB) + é)\(E) CA(E) = é/\(E).

Notice that we can write U as a countable (disjoint) union of open intervals using properties

of R; that is,
U=||(an bn)
n=1

Step 3: Assume for contradiction that A(E N 1) < aA(I) for all open intervals I. Since we
chose £ C U, we have that ENU = E. That is,

00 00
E:EQU:EHU(GH,»@ |_|E1ﬁ an,n
n=1

n=1
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So,

o

A(E) = A <|_| (EN (an,bn») = > AMEN (an, by))-
n=1

n=1

Now, by assumption, A(E N (an,by)) < aX((an,br)), so we get

AME) <Y aM(an,bn) = Y A((an, bn)) = oA <|_| (an, bn)> = a(U).

n=1
But from Step 2, we had
1
AMU) < =A(E) <> aA(U) < A(E),
o
so we have
AME) < ME),
which is a contradiction. Hence, we must have A(E N I) > aA(I) for some open interval I.

Step 4: Assume now that A(E) = oo. Take a cover of R by bounded disjoint open balls;

that is, write
oo

R = |_| (G, bp).
n=1

Then we have

E=ENR=EN]| |(an,bn) = | |(EN (an,bn)).
n=1 n=1

Notice that
AE N (ap,by)) < oo,

and furthermore there is at least one n so that
0 < AMEN (an,by))-
For such an n, we can use Step 3 to get that for all 0 < a < 1, there is an interval I so that
A(EN (an,bp))NI) > aA(]).
But montonicity gives
MENI) > AM(EN (an,by))NI) > a(]),

and so we are done.

Thus, we’ve shown that for all £ so that A(F) > 0 and E € £, and for all « € [0, 1), we can
find an open interval I so that A(EN1T) > a\(I).
Take o = 3/4. Then we can find an open interval I so that

NENT) > Z)\(I).

Let F:= ENI C E. Then we have F — F C E— E. If we can show that (—1/2\(I),1/2X(I)) C
F — F, then we are done. To do that, we need to show that if |zg| < (1/2)A(I), then 29 € F—F.
We first establish a claim that F'N (F + x¢) # @ implies zp € F — F. If F N (F 4 x9) # 9,
then we have y € F N (F + xp); that is, y = x, where x € F, and y = z 4+ xp, where z € F.
Then we have x = z 4+ xg, or  — 2z = xg, and so xg € F' — F.
Since FN(F+0)=FNF =F # @, since A(F') > aA(I) > 0, we get that 0 € F. Let z be
such that |z| < (1/2)A(I). Notice that

ME)4+AF+2)=AMFN(F+2)+AMFU(F +2))
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from Quiz 1. Since A is translation invariant, we can bound this below by

gxngAuqu+z»+A@INF+Z»

By monotonicity, we can see that

AMFU(F+2) <A+ [ +2)).
Now, assume |z| = %)\(I). Then writing I = (a, b), since it’s an open interval, we can see that

TU(I+2)=(a,b+2z),
and so
MIU(T+2)=b+z—a= ;W)-
Since this is a strict upper bound, we get
AMFN(F+2)) >0,

(1/2)A(I),(1/2)A(I)). Hence,

and so it’s non-trivial for z € (—
1 1
C?(DQMD)CF—FCE—E

as desired.
O

Problem 17. Let By be the Borel g-algebra of R. Suppose p is a translation invariant measure
on B such that x((0,1]) = 1. Prove that u = Ag,, the restriction of the Lebesgue measure on £
to BR.

Proof. Notice first that we have u((0,z]) = x for all z € Z~y. To see this, we see that we can
decompose (0, x] into
z—1

| |(non+1] = (0,2].
n=0

Hence

z—1
u((0.2]) =Y ul(n,n +1)).

=0
Translation invariance tells us that p((n,n + 1]) = p((0,1]) = 1, so we have

z—1
(0,2 =Y 1=
n=0
Translation invariance again tells us that

n((a,b]) =b—a

for a, b finite integers greater than 0. Similarly, we have

pu((x,0]) = =,
where © € Z.o. Now, taking n € Z~q, we wish to establish u((0,1/n]) = 1/n. Notice that we can

write
e
, n n |
7=0
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Then we have

OG- (D) -

Translation invariance tells us that all of these intervals have the same measure, though, and so we

v ((02])=ren((0]) =1

We can further deduce using translation invariance that for all rational numbers a,b with a < b,
we have u((a,b]) = b—a. Now, take a, b real numbers with a < b. Then there is a rational number
p such that a < p < b, so we have (a,b] = (a,p] U (p,b]. So

p((a, b)) = p((a, pl) + p((p, b))

Now, recall that the rationals are dense in the reals. So we can form a sequence {¢,} of rationals
such that ¢, > a and ¢, \, a. Hence, we have

(a,p] = | (gn: ),

n=1

Continuity from below then gives us that
1((a,p]) = lim p((gn,p]) = lim (p—gn) =p —a.
n—oo n—oo

Likewise, we can write
oo

(p,b) = () (P, qn);

n=1
where {g,} a sequence of rationals where g, > b and g, ~\, b. Noticing b < ¢; < oo, we have
w((p,q1]) = ¢1 — p < o0, and so we can use continuity from above to deduce that
pu((p, b)) = lim p((p, gn]) = lim (gn —p) = b—p.
n—oo n—o0
Chaining these things together, then, we have

p((a,b]) =(p—a)+ (b—p) =b—a.

Let U be a bounded Borel set. Then we can cover it with a half open interval, letting b = sup(U)
and a = inf(U), and noticing that U C (a,b]. Hence, u(U) < p((a,b]) = b—a < co. So all bounded
Borel sets are u finite, and so by Theorem 1.16 in the book, we get that for

w((0,z]) if z > 0,
F(z):=40ifx =0,
—u((x,0]) if z <0,

= ppr on Br. But notice that

zif z >0,
F(z):=40ifx =0,
—xif z <0,
or, in other words, F'(x) = x. Hence, up = Ag,, and so we get that \g, = p. O

Problem 18. Suppose E € L is Lebesgue null, and ¢ : R — R is a C'! function (continuous with
continuous derivative). Prove that ¢(F) is also Lebesgue null.
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Proof. We break this up into steps.

Step 1: Let I be a bounded open interval, say (a,b). Then we have that ¢ is Lipschitz on (a, b);
to see this, take the closure, [a,b]. Since ¢’ is continuous, and this is compact, we have that it is
bounded, which implies that ¢ is Lipschitz on [a,b]. Restricting down to (a,b), we get that ¢ is
Lipschitz on (a,b), as desired.

Step 2: If I is a bounded open interval, we have A(p(I)) < KA(I), where K > 0 is a constant.
Since [ is a bounded interval, say (a,b), we have that \((a,b)) = b — a. Since ¢ is continuous, we
see it maps open intervals to intervals, and so we have A(¢(I)) = ¢(b) — ¢(a). By Step 1, since I
is a bounded open interval, we have that ¢ is Lipschitz on it, and so

A1) = ¢(b) — p(a) < K(b—a),

where K is a real constant such that K > 0.

Step 3: Assume that F is a bounded set of Lebesgue measure 0. Since it is bounded, for fixed € > 0
we can find an open set G such that A(G) < e. Furthermore, since E is bounded, we have E C (a,b)
for some interval. Since ¢ is Lipschitz on this interval, we get that we have a Lipschitz constant
K associated to this interval, and the inequality descends down to the subintervals. Throughout,
then, we use this associated K.

Notice as well we can cover G with disjoint open intervals, and so we get

Z AM(an,byp)) <€
n=1

It suffices to show that, for all € > 0, we can cover ¢(E) with intervals where the sum of their
measures is less than €. By Step 2, using this global K on the interval covering E, we get that

Ap(E)) SA(I_Ilso tn, by > ZA (an,bn))) SKZIA((an,bn)) < Ke.

Since this applies for all € > 0, we get that

and so ¢(F) is Lebesgue null.
Step 4: Assume that F is unbounded and has Lebesgue measure 0. Recall that we can cover R
with disjoint open intervals; that is,

n:l
Hence, we can write
(o] o0
E=ENR=EN| |(an,bn) = | |(EN(an,b
n=1 n=1
So, we have
(o]

and furthermore
=3 Me(EN (an,bn))).
n=1

Notice that E N (ay, by,) is bounded and is Lebesgue null by monotonicity. By Step 3, we have

A((E N (an,bn))) =0
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for all n, and so
Ap(E) = 0=0.
n=1

Putting this all together, if E is a set which is Lebesgue null, and ¢ is a C! function, then (E)
is also Lebesgue null. O

Problem 19. Find an uncountable subset of R with Hausdorfl dimension 0.
Proof.

Remark. I got inspiration for the solution from a Stackexchange thread
https://math.stackexchange.com/questions/1966537 /hausdorff-dimension-of-a-cantor-set
though the details worked out are my own. It also seems to follow along a hint given in the recitation
and discussion with other students.

Recall that we have the following definitions:

If (X, p) is a metric space, p > 0, € > 0, we define

(p,e(E) := inf {Z[Diam(Bn)]p : {Bn} is a sequence of open balls, Diam(B,) < e Vn, E C U Bn} ,
1 n

where we have the convention inf @ = co. Furthermore, we define
G(E) = lg]% Cpoe(E).

We showed in class that this is a metric outer measure. We define the Hausdorff dimension of a set
E € Bx to be

HDim(FE) := {infp > 0 : (,(E) = 0}.
So to find a set with Hausdorff dimension 0, it suffices to show that for all p > 0, € > 0, the infimum
of the sum of the diameter of open balls which cover E to the pth power, where the diameter less
than or equal to €, is 0. This suggests we think of a generalized Cantor set.

The standard Cantor set has Hausdorff dimension log(2)/log(3), so it’s clear this will not suffice.
We again use the construction of the generalized Cantor set. Recall that, given some sequence {«,, }
of numbers, we define Ky := [0, 1] and K, to be the middle «,, segments removed from K,_1, and
our Cantor set is defined to be

K = ﬂ K,.
n

Notice that step n of this sequence, we have 2" intervals. In the standard Cantor construction, the
length of each of these intervals is 37"; however, we are not restricted to taking powers of some
number.

Taking away the middle n/(n + 1) intervals, we see that we can get the Hausdorff dimension to
be zero. Notice that the length at step n of the 2" intervals is given by a recurrence relation;

1
lln)=—————,1(0)=1.
Solving this recurrence relation gives the formula
1
) =G

Notice that for all k& > 0,
lim 2"I(n)k =0

n—00
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Hence, for all € > 0, we can find N sufficiently large so that [(N) < ¢, and hence
Cpe(K) < 2NI(N)P.

Taking € — 0 gives
G(K) < lim 2™(n)? =0.
n—oo

However, this applies for all p > 0, and so we get that
inf{p >0 : (p(K)=0}=0.
Hence, we see that
HDim(K) =0,
or K is a set with Hausdorff dimension zero.
Since K is a generalized Cantor set, it shares the property that it is uncountable (since it is a
perfect set), and so we get that K is an uncountable subset of R with Hausdorff dimension zero. [J

Problem 20. Suppose (X, M) is a measurable space, and (Y, 7), (Z,60) are topological spaces,
i:Y — Z is a continuous injection which maps open sets to open sets (i.e. an open map), and
f: X — Y. Show that f is M — B; measurable if and only if i o f is M — By measurable.

Deduce that if f : (X, M) — R only takes values in R, then f is M — Bg if and only if f is
M — Br measurable.

Proof. (=) Assume f is M — B, measurable. Then this says that if £ € 7, then f~1(E) € M.
To show that i o f is M — By measurable, we just need to show that, for all E € 6, (io f)~™! =
f~toi~!(E) € M, since the open sets generate By. Notice that since i is a continuous function, we
get i~1(E) is open, i.e. i }(E) € 7. From our prior remark, f~!(i7!(E)) € M. Since this applies
for all £ € 0, we get the desired result.

( <= ) Suppose i o f is M — By measurable. Since i is an open map, for arbitrary E € 7
we have i(E) = F € 6. Since i is an injection, we have that it admits a left inverse, and so
i~toi(E) = E =i '(F). Hence, for all E € 7, there is an F' €  such that i *(F) = E. So, taking
E € 7 arbitrary, we get that the associated F pulls back to a measurable; i.e., (i o f)~}(F) € M.
But this implies that f~}(E) € M for all E € 7, and so we get that f~}(E) € M for all E € B,
by the proposition in the class notes, giving us the desired result.

We can take the natural inclusion i : R — R via i(x) = z. This is clearly injective. We also see
that this maps open balls to open balls, and so therefore maps open sets to open sets. Furthermore,
i~(d£00) = @, so we get that it pulls back open balls to open balls as well. Hence, i is a continuous
injection which is also open, and since f only takes values to R, we have the set up given in the
problem. Hence, we deduce that f is M — By measurable if and only if f is M — Br measurable,
where here we note that i o f = f. g
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James Marshall Reber, ID: 500409166 Math 6211, Homework 5

Remark. Thomas O’Hare was a collaborator for this homework.

Problem 21. Let (X, M, 1) be a measure space.
(1) Show that a simple function

n
=) erxa,
k=1

where ¢, > 0 for all K =1,...,n is integrable if and only if u(E)) < oo for all k =1,...,n.
(2) Show that if a simple function
=) erxa,
k=1

is integrable with p(Ey) < oo for all k, then
[o- > cunl )

Proof. (1) We have that v integrable and the linearity of integration for L™ functions gives
n n
/1/)<oo = /(ZCkXEk> <0 = ch/XEk<OO
k=1 k=1

= ) cpu(Br) < o0,
k=1
and since ¢, > 0 this tells us that this is true if and only if u(Ex) < oo for k=1,...,n
(2) Notice that we have

/¢ = /ickXEk = kzn:lck/XEk = éCkM(Ek)

by linearity of the integral for L™ functions.
O

Problem 22. Suppose f : (X, M, pn) — [0,00] is M-measurable and {f > 0} is o-finite. Show
that there exists a sequence of simple function {%,} such that

* Un 1 f,

e 9, is integrable for every n € N.

Proof. If {f > 0} is o-finite, we can cover it with disjoint measurable sets { X, } such that u(X,) <
oo for all n; that is, we have

{f>0}= |_|Xn, w(Xy,) < oo.

n=1

Eﬁ:={k f_2n <|1|Xn>

k=1

Define

n:—{2"<f<oo}ﬂ<|_|Xn
k=1
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Then we set

2271, k 1
Wﬂ—E:( on mw)+TW&-

k=1
We notice that v, is integrable for every n, since pu(EF) < co and u(F,) < co. Furthermore, the
proof of the lemma from class gives us that ¢, 7 f. O

Problem 23. Assume Fatou’s Lemma and prove the Monotone Convergence Theorem from it.

Proof. We want to prove if {f,} C L is an increasing sequence and f = lim, 00 fn = sup,, fn,
then
/ f=lim [ f,.
n—oo

/hm inf f,, < hm mf/fn,

n—oo

Fatou’s Lemma tells us that

and we can note that lim,,_,o fr = f = liminf,, fn, so we have

/f<hmﬁ/h

Moreover, we note that f, < f by assumption, so in particular we have

JEEYE

for all n by the monotonicity of integration. As a result, we have

/s [

Taking the limit as n — oo of both sides, we have

limsup/fng/f,
n—oo
limsup/fng/fgliminf/fn.
n—00 n—0oo

i [ £~ [ £

n—oo

as desired. OJ

and so

In other words, we have

Problem 24. Let (X, M, u) be a measure space.
(1) Suppose f € L1 and [ f < co. Prove that {f = oo} is g-null and {f > 0} is o-finite.
(2) Suppose f € L(u,C). Prove that {f # 0} is o-finite.

Proof. (1) Let A, = {f > n}. Then we have

/Annznu(An)</Anf§/f,
<71l/f

for all n. Since [ f = C < oo, we can write this as

C
n(An) < s
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for all n. Since A = {f = o0} C {f > n} = A,, we have that u(A) < u(A,) for all n. So for
all € > 0, u(A) <€, which implies u(A) = 0; that is, {f = oo} is p-null.
Let X,, = {f > 1/n}. Then by an analogous argument, we have

/X i:“(f“s/f,

u(Xn)Sn/f<oo.

Moreover, notice that {f > 0} = [J;2; X;, where 1(X;) < 0o. So {f > 0} is o-finite.
(2) We repeat the argument above, except for X,, = {|f| > 1/n}. Hence, we have

[ o

H(X,) < n/|f| < oo,

SO

and so we get again

and so

{Ifl >0} ={f #0} = | Xn, n(Xn) < 0.

n=1

Hence, {f # 0} is o-finite.
t

Problem 25. Suppose (X, M, i) is a measure space and f € L'(u, C). Prove that for every e > 0,
there exists a § > 0 such that for every E € M with u(FE) < 4,

fin<e

Remark. This was adapted from a proof in Royden and Fitzpatrick.
We have f € L'(C, i), so |f] € L. Fix € > 0, then we have there exists a ¢ € SF™ such that

o< fir- [u<s

Now notice that ¢ € SF* tells us that there exists an M such that 0 < 1 < M on X. Hence, we

Proof.

have
€

L1n= [ o+ [a1-v) < yue)+ 5.

E E E
Solving

Mo+ % =,
we get
€
6 - m.

So, if E € M is such that u(E) < d, then we have that

i<

as desired. ]
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James Marshall Reber, ID: 500409166 Math 6211, Homework 6

Remark. Thomas O’Hare was a collaborator.

Problem 26. Let u be a Lebesgue-Stieltjes Borel measure on R. Show that CC(R)ithe continuous
functions of compact support, is dense in £!(u,R). Does the same hold for R and C-valued
functions?

Proof. We follow the proof of Theorem 2.26

Step 1: We want to show that the integrable simple functions are dense in £'(u,R). Take f €
LY(p,R). Then from prior problems/the lecture notes (Theorem 2.10 b), we can construct
a sequence of integrable simple functions such that |¢,|  |f|, since f integrable implies that
{f # 0} is o-finite. Furthermore, we have |¢,, — f| < |¢n| + | f] < 2|f|, and since f € L (1, R) we
have |f| € £!(u,R). The dominated convergence theorem then tells us that

i [ (6, fldu= [l o, ~ fidu =0,

Thus, we have that these integrable simple functions are dense in £!(y, R).
Step 2: We now want to show that we can use continuous functions with compact support to get
arbitrarily close to simple integrable functions. Write ¢,, = Zjvzl ajXE;- We have that u(Ej) =

la;| =1 ij 9] < laj|™! [|f] < oo for all j. Examine yg for E measurable where u(E) < co. We use

Proposition 1.20 from the book, which tells us that if £ measurable with p(F) < oo, then for
every € > 0 we can find a set A that is a finite union of open intervals such that

[ e = xal = n(Ean) <
To see this, notice that Theorem 1.18 tells us that u(E) is the infimum over open sets containing
it and the supremum over compact sets contained in it. Recall that
EAA=(E-A)U(A-E).
Take K C E C U such that K compact, U open, and
wU—FE)<e/2, w(E—-K)<e¢/2.

Since U is open, we can write it as a union of disjoint open intervals, U = | |2, I;. Hence, we have
K C |2, I;, and so using the compactness of K we have K C |_|Z]\L1 I;. Write A = ||, I;. Then
we have K C A C U, and furthermore we have

E-ACFE-K,
A-FECU-E,
and so
WEAA) = (B —A)+pu(A—E)<u(E—-K)+upu(U —-FE)<e/2+4+¢€/2=c¢.

So for all €, we can find this desired construction. Since we have that

W(EAF) = / e — xzl,

we can approximate yg in £! for u(E) < co with xa,, where 4, is a finite disjoint union of open

intervals.

Step 3: We can approximate open intervals I}, = (a, b) with continuous functions (h.) in £!, where
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he =1 on [a+¢€/2,b—¢€/2], hj = 0 on (o0, a] and [b,c0), and is a linear interpolation between 0
and 1 on [a,a + €/2] and [b — €/2,b]. Notice that in £!, we have that

/|he—m<a

and these h. have compact support. So we can approximate x;, by a continuous function with
compact support in £1.
Step 4: Let

n
dj - Z an X En
i=1

be an integrable simple function given as in Step 1. Let M = max{|a;|}}_;; this is finite by the
observation made in Step 1. For each i we can find A; a finite disjoint union of open intervals such
that

€
. — <
/ IXE; — XAl e

by Step 2. Write A; = Ufz 1 Lij. Let J = max{k;} ,. By Step 3, for each (7,7), we can find a

continuous function h; ; such that

€
hii — XTI, ; .
[ s =l < 5355

Let h=>",a; (Z?;l hi,j) =Y, a;hi, where h; = Zf’:l h; j. Notice that h is continuous, since

it is a linear combination of continuous functions. Furthermore, we see that this choice of h gives

[in=vi= |

n n n n ki
Zai(XEi —h;)| < Z|ai|/|XEi_hi| < Z ai|/‘XEi_XAi|+Z‘ai|/ ZXIM — hi
=1 =1 =1 =1 =1

< €.

n n k;
<Yl [ b= xal+ Ykl Y- [ by oy
i=1 i=1 j=1

We also see that h has compact support. Notice that if f,g € C.(R), then f + g € C.(R), since
Supp(f + g) C Supp(f) U Supp(g), and so Supp(f + ¢g) is bounded and closed and hence compact,
and for a # 0, we have Supp(af) = Supp(f), so we get h has compact support.

Thus, we have that for all integrable simple functions v, we can construct a sequence (hy) of
continuous functions with compact support such that h, — ¢ in £'.
Step 5: Finally, we wish to use all of these approximations to show that we an approximate our
integrable function f in £'. That is, for all € > 0, we can find a function with compact support h

such that
/ h— f| = 0.

Fix € > 0. From Step 1, we have that we can find an integrable simple function such that

[lw-n<s

From Step 4, we can find a continuous function h with compact support such that

[in=vi<s.
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Hence, we have that for this choice of € > 0, we get that we can find a continuous function A such

that
Jin=s1= [in-vsv-1

< fin-vl+ [wo-fi<e

Since this applies for all € > 0, we can construct a sequence (h,) such that h, — f in £, and
furthermore we see that our choices of h, are such that they have compact support. Since the
choice of f was arbitrary, we get that C.(R) is dense in £!(u,R).

For C, the same argument applies; we can approximate the real and imaginary parts with simple
functions by the same theorem, approximate those simple functions with continuous functions with
compact support, and therefore approximate the integrable functions with continuous functions
with compact support. N N

For R, we have it’s finite almost everywhere, so define f = f where f is finite and f = 0 where f
is infinite. Then the integral is the same, and we can apply the previous cases to f to get compact
functions which approximate it in £, and therefore also approximate f in £1. O

Problem 27. Suppose f : [a,b] — C is Lebesgue measurable and ¢ > 0. There is a compact set
E C [a,b] such that A\(E°) < € and f|g is continuous.

Proof.

Remark. Adapted from a proof from old notes.
Step 1: Let

N
f= Z i XE;
=1

be a simple measurable function on [a,b] — C, where [a,b] = | |, E;. For each 4, choose a closed

subset F; C E; such that

€
wW(E; — F) < N

which we can do by inner regularity. Let F' = |_|fi 1 Fi; F'is closed since we took a finite union of
closed sets. We get

n N
WE—F)=p <|_|(Ei —F») = ulEi - F) < Z% =e.

i=1 i=1 i=1
The F; are closed and disjoint, so we get

lim f(z) = f(zo),

T—x0
zeF

since xg € F; for some ¢, and so for any sequence x,, — zg, we must have z,, € F; for n large
enough, and so we must have

lim f(x) = a; = f(x0).
z€F
Since this holds for all g € F', we have f is continuous relative to F.
Step 2: Take f measurable. We can construct v, such that v, — f pointwise and the 1, are
simple measurable functions. Since each 1), satisfies the property, we can pick F,, C [a,b] closed

such that

€
1(la,b] — F) < BYESE
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Take as well Fyy C [a, b] such that

plla.t] — Fo) < 5

and v, — f uniformly on Fj, which we can do by Egoroff’s theorem, and take it to be closed,
which we can do using the inner regularity of the measure. Take E = (1,2, Fi C [a,b]. Then E is
closed, and p([a,b] — E) < e. Since 1, — f uniformly on E, 1, continuous on E for all n by Step
1, we have that f is continuous on F. Since F is closed and bounded, it is compact. ]

Problem 28. Suppose f € £1([0,1],)) is an integrable non-negative function.

(1)
(2)

Show that for every n € N, /f € £1([0,1], \).
Show that ({/f) converges in £! and compute its limit.

Proof. (1) We can write

/ VAN = Y/ fdx + Y/ fdx
[0,1] {f>1}

{r<1}
and note that this is bounded above by

/ Y fdx < Y fdx+ 1.
[0,1] {r>1}

Notice that /z < x for z > 1, so we have

/ WdAg/ fdAg/fdA<oo.
{F>1} {F>1}

Y/ fdX < oo,

[0,1]

Hence, we have

or {/f is integrable.
We'd like to show that {/f — x o in £1. Write this as

im [ /7 — xpsoldr = hm/ /T = xppoldh + hm/ /T — Xy z0ldA
] N0 JUf>1} N0 JLf<1}

n—oo [0

Notice that based on the bounds we may write this as

Jim / (’{/f—l)dA+/ (1— /Fdr ),
oo \JH{r>1y {o<r<1}

where we drop the case where f = 0, since both are equal to 0 and give us 0 integral. For the

left integral, we have
WVi-1<yr<f

on the domain {f > 1}, and so we can use the dominated convergence theorem to write this as

lim (V/f—=1)dx=o.

oo J{f>1}

on the domain {0 < f < 1} C [0,1], which is integrable, and so therefore the dominated
convergence theorem again gives us

lim (1— /flax =o.

On the right, we have
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Hence, we have
lim H@?—X#wuzo,
1

and so it converges in £! to 1.
O

Problem 29. Suppose (X, M, u) is a measure space and f, — f in measure and g, — g in
measure. Show that

(1) |fn] = |f| in measure.
(2) fo+ gn — f + g in measure.
(3) fngn — fg if p(X) < oo but not necessarily if u(X) = oco.

Proof. (1) We want to show that for all € > 0,
u({I1fnl = 1f1] = €}) = 0.

Notice that the reverse triangle inequality gives

ful = 111 < 1 fn = 1,
and so we get
{fnl =[£Il = €} C{lfn = f1 = €},

and so

p({{[ful = 11l = €}) < p({|fn — fI = €}) = 0.

Thus, we have convergence in measure.
(2) The triangle inequality gives us, for all € > 0,

{fntgn—=f—glze cAlfo = fl+lgn—gl 2 ¢ ={fn = fl = €/2} U{lgn — g = €¢/2}.
Since f, — f and g, — ¢ in measure, we have that the measure of both of these on the right
go to 0, and so

w{lfn+gn—f—gl =€) <pu({lfa— fl = €/2}) + n({lgn — gl = €/2}) = 0.
Since the choice of € > 0 was arbitrary, we have f, + g, — f + ¢ in measure.

3)

Remark. Solution adapted from the old class notes.
Since pu(X) < oo, we can write

X = J{IfI <n},

The continuity of measure gives
00 > p(X) = lim u({[f| < n}),
and so therefore we have that the tails must go to 0; that is,
lim p({|f] > n}) = 0.
n—oo
Hence, for all ¢ > 0, we can choose M; sufficiently large so that we get

p({|f] > Mi}) < C.

We can do an analogous argument for |g|. Taking M = max(Mj, M), we have that these
functions are bounded by M outside sets of arbitrarily small measure.
We can write

Jngn — f9=(fn—F)gn—9)+ flgn —9) + 9(fn — ).
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This gives us that
{fngn — fal = €} C{Ifn = fllgn — gl = €/3Y U{[Sfllgn — gl = €/3} U{lgllfn — f] = €/3}

Notice as well that

{Ufn = fllgn — gl > €/3} C{lfa — fI = \/6/73}U{|9n_9’2 \/6/73}7

and since these converge in measure we have that this goes to 0 as n — co. So without loss
of generality, we can take this term to be 0. For the remaining terms, we can use the fact we
derived earlier. Choose ( > 0. Let F} be the set where f is bounded by M and F> be the set

where g is bounded by M, where M is chosen such that u(FC) < ¢/2 for i € {1,2}. Then we
have

{Ifllgn — gl = €/3} C {lgn — gl > ¢/3M} UF{,

{gllfn — fI = €/3} C{|fu — f] > €/3M} U FY,

and so chaining all these together and using the fact that f, — f and g, — g in measure, we
get

nll_{gou(ﬂfngn - fg‘ > E}) <.

Since the choice of { > 0 was arbitrary, we can let ( — 0. Since € was arbitrary, we get that it
works for all € > 0. Hence, it converges in measure.

If we assume p(X) = oo, we do not necessarily have that these functions are bounded. Take
fa(@) = 22+ (1/n) X (nn+1)> In(2) = (1/n)X(nnt1). We have g, (z) = 0, f(x) — 2* in measure,
and for z € (n,n+1),n > 1,

| fugn — fgl = 22(1/n) + (1/n*) >n +1/n* > 1.

So we do not have convergence in measure, since p({|fngn — fg| > 1} =1 for all n > 1.

Problem 30. Suppose (X, M, i) is a measure space and f,, — f in measure.

(1) Show that if f, > 0 everywhere, then [ f <liminf [ f,.
(2) Suppose |f,| < g € L. Prove that [ f =lim [ f, and f,, — f in £

Proof. (1) Fatou’s Lemma gives

/lim inf f,, <lim inf/fn,

since f, > 0. Thus, we can construct a subsequence f,, — liminf f,,, and so we get

/ lim f,, = / liminf f, < liminf / .
J

Now, since f, — f in measure, we have f,, — f in measure as well, so we can construct a
subsequence f"jk — f almost everywhere. Hence, we have

(2) It suffices to do this for real valued functions, since if f,, — f in measure, we have

[fn = fI < [Re(fn) = Re(f)] + [Tm(fn) — Im(f)| < 2|fn — f1,

and so f, — f in measure if and only if Re(f,) — Re(f) and Im(f,) — Im(f) converge in
measure, and so we can consider both separately.
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If |fo| < g € L', we have f, < g and —f,, < g, or in other words, 0 < g — f, and 0 < g+ f,,.
Using (1), we get

/ /f /g f) <hm1nf/(g—fn)Z/Q—Iimsup/fn,
/g+/f /g—i—f <hmmf/g+fn —/g+liminf/fn.

Since g € L', we can subtract it from both sides and rearrange terms to get

limsup/fn S/fﬁliminf/fm
lim/fn:/f.

To see that f, — f in £!, we need to show that [|f, — f| — 0. Notice that f, — f in
measure implies |f, — f| — 0 in measure as well, and so we can use this and h = g + |f| >
|fnl + |f] = |fn — f] to get that, by what we’ve just shown,

lim/\fn—f\:/O:O.

and

or that

Hence, f, — f in L.
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James Marshall Reber, ID: 500409166 Math 6211, Homework 7

Remark. Thomas O’Hare was a collaborator.

Problem 31. Suppose f : R? — R is such that each z-section f, is Borel measurable and fV is
continuous. Show that f is Borel measurable.

Proof.

Remark. Followed the solution given in
https://math.stackexchange.com/questions/647235 /counterexample-to-measurable-in-each-variable-
separately-implies-measurable
which also matches closely the hint given by Stefan in recitation.
We define a sequence of functions f,(z,y) : R> = R for x € [i/n, (i +1)/n), i € Z by

)
falz,y) = f (y) :
n
Fix € > 0. Since we have fY is continuous, we have that at each x = i/n it’s continuous, and so we
can find a ¢ such that
i
T — —
n

<) =

1
f(xay) _f <7y>‘ <e

n
So, for any n > 1/4, any fixed (z,y) € R? where = € [i/n, (i + 1)/n), we get
1

< — <6,
n

(3
r— —
n

i () — 9| = 'f (ny) —f(xuy)‘ <e

Since € fixed was arbitrary, we get that f, — f pointwise. We then need to check that f, is
measurable; that is, {f,, > a} is measurable for each a € R. But notice that

=Y ([ 5) e (50) o).

which is a union of measurable sets, since z-sections are measurable, and so {f,, > a} is measurable.
Hence, we have that f is a limit of measurable functions, and so it’s measurable. ]

Problem 32. Suppose (X, M) and (Y, N') are measurable spaces and (E,,) C M x N. Prove the
following assertions about z-sections.

(1)

[U En]r = U(En)z,
[ﬂ En]x = ﬂ(En)x,

(3) (Em - En)z = (Em):r - (En)x:
(4) xE,(7,y) = X(B,),(y) forall z € X and y € Y.

Proof. (1) Recall that we define

[UE”L = {yEY : (z,y) € UE"}
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https://math.stackexchange.com/questions/647235/counterexample-to-measurable-in-each-variable-separately-implies-measurable
https://math.stackexchange.com/questions/647235/counterexample-to-measurable-in-each-variable-separately-implies-measurable

Take y € {y € Y : (z,y) € UE,}. Then we have (z,y) € |JE,, or in other words
(x,y) € E, for some n. But this implies that y € J{y €Y : (z,y) € E,} = U(En)z-

Hence we have
U En]m c | JEn).-

Now take y € |J(En)z. By definition, we have (z,y) € E, for some n, but this says
(x,y) e UEn,orye{yeY : (z,y) € JE,}. Hence, we have

E,): C { En} ,
and so we have equality.

(2) Let y € [ En],. Then we have (z,y) € () Ey, which says that (z,y) € E, for all n, or
ye(WHyeyY : (z,y) € E,}. Hence,

N EnL c N(En)e-

Now, take y € ()(En)z. Then again, for all n we have (z,y) € E,, which tells us that
(z,y) € N En. So we get

N(En). C [ﬂ EnL
Thus, we have equality.

(3) Takey € (E—Ep)z ={y : (z,y) € Epy—E,}. Then we have that (z,y) € En,, (z,y) ¢ En,
so we have that y € (Epn)e N ((En)2)® = (Em)e — (Ep)z, of (Bpm — Ep)e C (En)e — (Ep)s.
Taking y € (Epm)z — (En)e ={y : (v,y) € En}N{y : (z,y) ¢ En}, we have y is such
that (z,y) € E,, and (x,y) ¢ E,, which tells us that (z,y) € E,, — E,, or y € (Ep, — Ep) .
Hence, we have equality.

(4) Assume xp, (z,y) = 1. Then we have that (z,y) € E,, and so we get y € (E,);, which
implies that x(g,), (y) = 1. Assume xg, (z,y) = 0. Then we have (z,y) ¢ E,, or y & (En)a,

and 80 X(g,), (y) = 0. Hence, xg, (z,¥) = X(E,). (%)
O

Problem 33.

(1) Let X =Y = [0,1], M =N = By}, 4 = A Lebesgue measure, and v counting measure.
Let A = {(z,z) : = € [0,1]} be the diagonal. Prove that

//mww
/ / xadvdy,

/XAd(M X V)

and

are all unequal.
(2) Let X =Y =N, M =N = P(N), and 1 = v counting measure. Define
lifm=mn,
fim,n) =< —1ifm=n+1
0 otherwise.

Prove that

[ 151dtux 1) = o
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Proof.
(1)

and

| [ sua
/ / fdvdy

We have A C [0,1]? is closed, since it is closed under sequential limits, and so A € Bio,1j2-
By a proposition from class, we have that this tells us that A € B 1) X By 1}, and so we
can calculate

and

both exist and are unequal.

/ xad(i x v) = (1 x v)(8).

Notice that the outer measure construction gives us

(u x v)(A) = inf {i,u(An)u(Bn) : AC [j (A, X Bp), A, € M,B,, € /\f}
n=1 n=1

Observe as well that for any such cover, we have

Ac | JAn x By).
n=1
Since A = {(z,x) : z €[0,1]}, we get that this is the same as

o0

0,1 ¢ | J(4nnB,).

n=1

Since Ay, B, C [0, 1], taking the Lebesgue measure of both sides gives

A[0,1) =1< i/\(An N By).

This implies that, for some N, we have that
)\(AN ﬂBN) >0 = /\(AN) > O,A(BN) > 0.

Recall that A(By) > 0 implies that v(By) = oo, since we have shown that By fi-
nite/countable implies A(By) = 0. So, this tells us that for all possible covers of A,
we must have that there is an N such that

(ux v)(An X By) = oc.
Hence, we have
[ xadtuxv) = (ux v)(a) =
Now fix some x € X. Then we have
| xateivte) = vifah) =1
and so
[ [ xale vt = [ dute) = uo.1) =1
xJy X
Finally, fix some y € Y. Then we have

/ xa (@, y)du(z) = p({y}) =0,
X

44



and so
[ [ xatedutyiv) = [ odvi) o
Y JX Y
So we have they are all unequal.

Remark. Throughout the next two parts, I use the fact that integrating with counting
measures gives sums. This can be seen by setting v to be the counting measure and noticing

[ 1@t Z | @@ =3 1)
n n=1
since N=| |2, {n}.
(2) We first show that

[ 171G xv) =

Notice that for sets U,V C N, we have (u x v)(U x V) = p(U)v(V), since it’s just measure
the sizes of each set. We then write

E = U {(n,n)}U{(n,n+ 1)},

n=1

and this is such that | f| = xg. Hence, we see

/Ifld(u xv)=(uxv)(E)=>» 2=o0c.
n=1

Next, we want to calculate [ [ fdudv and [ [ fdvdp. For the first, we write it as

/Y /X f@,y)dp(z)dv(y).

Fix y e Y ={1,2,...}, then we have

/Xf(a?,y)du(x) =f(y,y)+ fly+1,9) =0.

Hence, we get
[e.e]

//fa:ydu )dv(y Zo_o

Now, fix x € X ={1,2,...}. Then we have

/Y Fy)dv(y) = f(2,7) + fla,z— 1) = {1 =1

0 otherwise,

since if # =1 thereisnoy =2z —1=0¢€ {1,2,...}, and so we just have f(1,1) = 1. So we

can write this as
//fxydu Ydu(z ZZfacy—l

z=1y=1
We have that these are not equal.
0

Problem 34. Show that the conclusions of the Fubini and Tonelli Theorems hold when (X, M, u)
is an arbitrary measure space (not necessarily o-finite) and Y is a countable set, N'= P(Y), and
v is counting measure.
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Proof. We show first that Tonelli’s theorem holds. That is, we want to show for f € LT (X x

YvMXN)v
acr—>/ fzdv
Y

(1)
yH/Xfydu

is M-measurable and

is N-measurable,

(2)
/Xxyfd(uXu / [/ Jedv(y ]d,u T) = /[/Xfydu(x)} dv(y).

Let’s first show it for characteristic functions. Let f = xg, E € M x N. We wish to show that

wHﬁjme@—M&)

is M measurable. Notice that we can write this as

E) =) xm(@v{y}) =D xm(z

yey yey

We have that EY is a measurable set for each y, so xgv is a measurable function for each y. Moreover,
since Y is countable, we get that this is a countable sum of measurable functions, and so measurable
(we have that finite sums of measurable functions are measurable, and limit of measurable functions
are measurable, so the countable sum of measurable functions will be measurable). Hence, v(E;)
is measurable.

Clearly, we will have

y = p(EY).

is measurable, since N' = P(Y’), and so every set is measurable. So (1) holds.
For (2), notice that we can write

E=|](Ex{y}),
yey

which is a countable union. Using this and the fact that Y is countable, we get

/Xxyfd(uXV)Z(NXV)(E)Z(MXV) LB > {y}) | =D (ux v)(EY x {y}) = > u(EY)

yey yey yey

=5 [xe@uta) = [ ([ raue) av)

yey
We see that Theorem 2.15 gives us

Z/XEy )dp(x /ZXEy )dp( /(/fm )dv(y ) ().

yey yey

Hence, we have (2).
We now follow the proof of Theorem 2.37. Since we have it for characteristic functions, we
get that it holds for nonnegative simple functions. Take f € L™ (u x v). Take 9, C SFT such that
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Y " f asin Theorem 2.10. Then MCT gives that the corresponding g, = (¢,)Y and hy, = (¢n)x
converge to g = fY and h = f,, and they are such that

[ £r@nte) =tim [ g,()dute) =tim [ vuduxv) = [ g,
/fx )dv(y —hm/ y)dv(y —hm/z/}n WX v) /fd,uxu

Hence, we have that Tonelli’s theorem holds in this scenario.

Since Tonelli’s theorem holds, we get that Fubini’s theorem holds, since we can apply Tonelli to
the positive and negative part of the real and imaginary parts and then use linearity. Hence, we
have that it holds for f € L'(u x v).

O

Problem 35. Suppose f,g € L1(R, \).

(1) Show that y +— f(z — %) is measurable for all z € R and in £}(R,\) for a.e. z € R.
(2) Define the convolution of f and g by

(f * 9)a /fx—

Show that f* g € L1(R,\).
(3) Show that £!(RR, )\) is a commutative C-algebra under -, -+, *.

(4) Show that
[ira=< [ [ 1ol

i.e. || -]|1 is submultiplicative.

Proof.

(1) Fix x € R. Then we have that f(x —y) =: h(y) = f ot, where t is the map t(y) = z — y.
Since ¢ is continuous for fixed z, we get that h is the composition of a (Borel) measurable
function with a continuous function, and so is measurable (while f is not necessarily Borel,
we can redefine it using Proposition 2.12 to get that it’s equal almost everywhere to a
Borel measurable function and so we get that it’s Borel measurable almost everywhere,
which is sufficient for all that comes). Since the choice of = was arbitrary, we get that it
applies for all z € R.

Remark. Irealize that this part is a typo, but I prove the correct statement in (2) anyways,
so I decided to leave it.

Using Property (7) from the class notes, we have

[rwar= [ f@-par= [ rwir <.

so h(y) = f(z —y) € LYR, ).
(2) We first need to show that f(z —y)g(y) € ﬁl(R, A) for almost every x. We first assume
fyg > 0. Then we have that

/U*@@WMW%:/(/f@—ymwMMw)dM@

is such that Tonelli’s theorem applies, since products of measurable functions are measurable
and these are nonnegative. Thus, using the translation invariance of the Lebesgue (found
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on pg. 74 of Folland), we have

([ fa=awar) ixa = [ ( [ 16 - i@ ) s = [t ([ 16~ narxe) x)
= [t ([ @tx@) axi =  [sarnm ) ([ s@nw) <o

For general f, g integrable, this gives us

[ ([ 1=l axe = [ ( [is- y)Hg(y)]d)\(:c)) )
</\f )dA(x ></|g )Mz >

and so f(z —y)g(y) € L! for a.e. z € R by Tonelli/Fubini. Furthermore, we also see that
f*ge L since

[(f * 9)(x)] = ’/f(w - y)g(y)dk(y)’ < / (@ —y)llg(y)|dA(y)

for a.e. x € R, and so by Proposition 2.22 we have

155 p@lar /‘/f:v ()]dm)s/(/wy>||g(y>|dx<y>>dA<x><oo

(3) We have that £' is a Banach space from the recitation notes, hence a vector space, and so
it suffices to show that it satisfies left and right distributivity, compatibility with scalars,
and commutativity. Throughout, let f,g,h € L', a,b € C.

We first need to check left distributivity; we have

((f+g)*h)(x)=/(f+g)(x— y)dA = /fx— dA+/ (x — y)h(y)dA

= (fxh)(@)+ (g h)(x).
We have right distributivity as well;

(f*(g+h)) /f x—y)(g+h)(y)dr= /fx— y)d)\—i—/f(x—y)h(y)d)\
= (fxg)(@) + (f xh)(z).

Finally, we have compatibility with scalars;

(af) * (bg) () = / af (z — y)bg(y)dA = ab / £ — 1)g)dA = (ab)(f * g)(x).

Thus, we have that £' is a C-algebra. To get that it’s commutative, we need to show
(f*g)(z) = (g* f)(z). But this is clear, since we have

(F9)(@) = [ 1= po)ir)
and doing a change of variables with u =z — y, we get
[ Hwgte — wir) = (9 £)(o)

Notice that the change of variable is valid by Theorem 2.47. So we get that £! is a
commutative C-algebra.
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) Notice that in (2) we established that

/ Frglar= [ \ [ 16 = st ixmaxa < [ ([ 116 = plswianm ) oo
= [Us1+1ahir = (/ 17 ([ tlar).

so we have the desired inequality.
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James Marshall Reber, ID: 500409166 Math 6211, Homework 8

Remark. Thomas O’Hare was a collaborator for this homework.

Problem 36. For f € £(\"), let M be the Hardy-Littlewood maximal function

1)) = s { 55 [ 1710w @ e o)

where C'(x) is the set of all cubes of finite length which contain x. Define

S f\x| <3
|ac|<1n(\x|)2 !
X
flw) = {0 if [z > 4

Show that f € LY(A\") but M f ¢ L]
Proof. To see that f € L1(\"), we have

1/2 1 1/2 1 0 1
fdA :/ ——dx :/ d:c+/ ———=dx.
/ e (@2 T o am@r T T e
If we need to careful about this, we can examine the first integral (and similarly for the second

integral) as
1/2 dx 1/2 dx
lim RS :/ )
a—0t J,  xIn(z)? o xln(z)?

loc®

and use Riemann integral tricks to evaluate this.
For the first integral, let u = In(z), then du = (1/z)dx, so we have

1/2 1
0 In(2)

du 1
u?  In(z)

Similarly, for the second integral, we have

0 1
- /;1/2 X ln(—$)2d$ '

let uw = In(—x), then du = (—1/x)dx, so

/du_ - Lyp ()

2
A\ = —
& @) =
so fisin £1(N).
To see that M f ¢ L], we need to show that for some bounded H we have

/HMfd)\— .

0 1

)

Hence,

Take H = [0,1/4]. Then we have
1 [* dt 1
p@ =+ | -

x tIn(t)? xln(x)’
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Notice that on [0,1/4] we have

1/4 1/4 T 1/4
| omn@de = [T~ ma(al)| =
0 0

xIn(z) 0
So M f is not locally integrable. O

Problem 37. Suppose E C R" (not assumed to be Borel measurable) and let C be a family of
cubes covering E such that

sup{l(Q) : Q €} < .

Show there exists a sequence (Q) C C of disjoint cubes such that

SOX(QL) = 5 A (B).
k=1

Remark. Follows the proof given in Wheeden and Zygmund, “Integral and Measure.”

Proof. Let t7 = sup{l(Q) : @ € C}. Then we can choose )1 such that @Q; > (1/2)t]. Write
C = C2 UC), where we have Cy is the collection of cubes which are disjoint from @; and C is the
collection of cubes which intersect Q1. Let 6/2\1 be the cube which is concenteric with ()1 and has
edge length 5/(Q1). Hence, since 21(Q1) > t;, we have that every cube in C} is contained in @\1

Continue this algorithm, letting ¢7 = sup{l(Q) : @ € C;}, choosing Q; € C; where I(Q;) > %t;f,
and we split C; = Cj41 U C; 41, Where the former contains all the cubes disjoint from @); and the
latter contains all the cubes which intersect @;. Notice that we have ¢7 > ¢7,, by construction,
and moreover for each j, we have @)1, ...,Q; are disjoint from eachother and every other cube in
Cj+1, and every cube in C;- 41 is contained in the cube @\J We have that the process terminates if
Cj41 is empty.

We now break it up into cases. Consider the case where we have C;; is empty for some j. Since

C=Cj11UCj  U---UCy,

and F is covered by the cubes in C, it follows that F is covered by the cubes in C} U UGy

Hence, since (); contains all cubes in the respective collection, we get

(N(B) < 3_XQ) = 5" 3 X(Q0):

Hence, we have

On the other hand, we have it does not terminate at some point. Since ¢t > ¢35 > ---, we either
have that there is a § > 0 such that ¢; > ¢ for all j or ¢7 — 0. In the first case, we have that
1(Q;) > (1/2)6 for all j, and so we get

=1

Hence, we win.
In the second case, we need to show that every cube in C is contained in Uj Q;. This follows,

since if a cube wasn’t contained in this, we would have that there would be a cube @ such that
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it does not intersect any @;, and so [(Q) < t; for every j, and hence would have length 0, a
contradiction. Hence, we have that

Y N(Q) = (V) (B).

as desired. O

Problem 38. Let (X, 7) be a topological space. A net (x;);ea is called universal if, for every
subset Y C X, (z;) is either eventually in Y or eventually in Y°.

(1) Show that every net has a universal subnet. (Optional)
(2) Show that (X, 7) is compact if and only if every universal net converges.

Remark. The solution to (1) was inspired by Howes’ “Modern Analysis and Topology.”

Proof.

(1) Let C={A C X : xis eventually in X}. Notice that C has the property that, if
is eventually in A € C, x is eventually in B € C, then we have that A N B = &, since there
is an N such for all n > N, z, € AN B. Notice that this gives us that C has the finite
intersection property from Homework 1; that is, if {4;} ; C C is a finite collection of

sets, we have
n
m A =0
i=1

by the above remark. Notice as well that z is frequently in every member of C. Notice that
C is a directed set; that is, it is equipped with the obvious binary relation C, and we have
that, for every A, B € C, there is a C' € C (can take it to be X as a whole) such that A C C
and B C C.

Examine now P(X), and take S C P(X) to be the set of collections of sets which contain
C and satisfy the finite intersection property and the fact that z is frequently in each member
of the collection. We can order S via inclusion (C). If we take a chain {K,} in S under
this ordering, then we want to see that | K, also has these properties. First, it’s clear that
C is in |J K, since it is contained in each K,. Next, if A, B € | J K, we have that there is
an o such that A, B € K,,, and so AN B = @. Finally, taking a set A € |J K,, we have
that A € K,, for some ag, and so (x;) is frequently in A. Hence, |J K, € S. We can then
use Zorn’s Lemma to get that there is a maximal collection containing C and which has the
two properties. Call this maximal collection T'.

Take A C X. We wish to show that A € T or A° € T. Assume for contradiction that
A ¢ T and A° ¢ T. Since A ¢ T, we must have that there is a B € T such that AN B = @.
However, we have B C A€, and so since B € T we have that x is frequently in A¢. Taking
any C € T, we notice that C N B C C'N A° by assumption, and hence since C N B # & we
must have that C'N A¢ # @. Thus, A° C X is such that it has the desired two properties,
and so we get a contradiction on the maximality of T. Hence, either A € T or A° € T.

Thus, z is frequently in each member of T', and we wish to construct a subnet such that
it is eventually in every member of 7. We can make a space £ = {(i,A) e AxT : z; €
T}. Using the finite intersection property, this is a directed set via the natural choice; if
(io,Ao), (’il,Al) € FE, then (io,Ao) < (il,Al) if 19 < 47 and A; C Ap. Notice that for all
(0, Ag), (i1,A1) € E, we have that there is a (iz, A2) such that (ip, Ag) < (i2, A2) and
(11, A1) < (ig, A2); this follows by the fact that Ag N A; # &, AgN Ay € T, and so z is
frequently in Ag N A; as well. Define a function f : E — A by f(i,A) = i. We need to
check that this gives us a subnet; that is, it’s monotone and for every i; € A, there exists
a (ig, Ag) € E such that f(ig, Ag) > ¢ (Wikipedia calls this cofinal in the image). To
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see monotonicity, if (ig, Ag) < (i1, A1), then we have f(ig, Ag) = i9 < i1 = f(i1, A1). The
cofinal property follows immediately from definition.

So we have that {y; 4y : A € E} is a subnet defined by y; 4y = Z(; ). If we establish
that it’s eventually in each member of 7', then by the remark earlier we see that since for
all A C X, either A € T or A € T, we have that the subnet is eventually in either A or
A¢, and so is universal.

Take Ag € T. We have that (z;) is frequently in A by one of our two assumptions
on T. Hence, there exists a i9g € A such that z;, € Ag, and so (ip, 4p) € E. Taking
(i1, A1) € E arbitrarily such that (ig, Ag) < (i1, A1), we have that ig < i; and A; C Ay, so
Y(ir,Ay) = Tiy € A1 C Ap, and so the subnet is eventually in Ag. Hence, we have found a
subnet which is either eventually in A or A€ for every A C X.

(2) (= ) If (X,7) is compact, then by the theorem from the notes we have that this is

equivalent to every net having a cluster point and also equivalent to every net having a
convergent subnet. We need to show that every universal net converges. Let (z;) be a
universal net on (X, 7), and let x € X be a point at which it clusters. Then for every
neighborhood V' such that = € V, we have that (z;) is frequently in V. Since (z;) is
universal, we must have that it is eventually in either V' or V¢. Since it is frequently in V,
we cannot have that it’s eventually in V¢ and so it must eventually be in V. Since this
applies for all neighborhoods of x, we have that (x;) converges to z.
( <) Assume that every universal net converges. By (1), every net has a universal subnet,
and so we have that every net has a subnet which converges. By the equivalence established
in the notes, this tells us that X is compact.

O

Problem 39. Suppose (X, 7) is a locally compact Hausdorff topological space, and suppose K C X
is a non-empty compact set.

(1) Suppose K C U, where K compact and U open. Show there is a continuous function

f:+X —[0,1] such that f|x =1 and f|ye = 0 (in other words, prove the LCH version of
Urysohn’s Lemma).

(2) Suppose f : K — C is continuous. Show there is a continuous function F' : X — C such

Proof.

that F|x = f (in other words, prove the LCH version of the Tietze Extension Theorem).

(1) It’s clear that a subset of a Hausdorff space is Hausdorft (if X Hausdorff, A C X, then for

every x # y in A we can find open subsets U,V in X suchthat x e U,y € V,UNV =2. In
the relative topology, we have UN A, V N A are open, they are still disjoint, and x € UN A,
y € VN A). Moreover, being locally compact means that for all z € X, there is an open U
such that € U and U is compact.

Step 1: For each z € K, we would like to find U, such that z € U, C U, C U. Notice
that we can find z € V, open where V,, is compact. Since U may not be compact, we set
V :=UnNV, C U. Notice that V is compact and V open. We have V — V is a closed set
of V, and since V is compact this tells us that V' — V is compact. For each y € V — V, we
can find disjoint open sets W, E, C V such that = € Wy, y € E,. Since V — V compact,
V-VcC Uer—V E,, we can find a finite subcover, V —V C (Ji_; E;. Corresponding to
each E; is a W, and so setting W = (", W;, E = J;_, E;, we have WNE = @, W and
E are open relative to V, and € W, V — V C E. Notice as well

WCV-EcCV-V-V)=vVn{lnv)=vniluv)=vnv =Y,
so that T is open in X. Moreover, since V N E€ is closed,

WcV-ECYV,
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hence W is compact subset of V. So letting U, = W, we have that for each x € K, we can
find a U, such that

KcU,cU,cCU.

Step 2: By Step 1, we have that

Kcl|JU.cvU
zelU

where U, is such that K c U, C U, C U. Since K is compact, we can choose a finite
subcover; that is, we have

n
Kcl|Juicu,

i=1
where Uj; is such that U; is compact. Set V := [JI_; U;. Notice that V = [JI_; U;. So we
have K CV Cc V Cc U, V is open and V is compact. Since V is closed and compact, as well
as Hausdorff, we have that it’s normal. Furthermore, K compact implies it’s closed, and
KN (VNV® = @, so Urysohn’s Lemma from the notes applies to give us a f € C(V,[0,1])
such that f|xg =1 and fly,c =0. Weset f =0 on V* to extend it to all of X.

We now need to show that f is continuous. Take E C [0, 1] closed. If 0 € E, we get that
f7HE) = (fl) " (E)uVe. Since V open, V¢ closed, and since f continuous on V we have
that (f|;7) "' (E) is closed as well, and finite unions of closed sets are closed. Hence, in this
case, it pulls back closed sets to closed sets. If 0 ¢ E, we have that f~'(E) = (f|3) 1 (E),
which is closed since f is continuous on this domain. Hence, it pulls back closed sets to
closed sets, and so is continuous.

(2) From (1), we have that there is a U open such that K C U C U, and U is compact. Hence,
U is a normal space. We can use the Tietze Extension Theorem from the notes in this
case, noting that K is closed, to find a F' € C'(U,C) where F|x = f. We now use a bump
function type of argument to extend this to the whole space. We can find g : X — [0,1]
continuous such that g|x = 1 and g|ye = 0 by (1) (that is, the LCH Urysohn’s Lemma).
Define

ﬁ(:c) - {F(m)g(az) iteelU

0 otherwise.
We would like to then check that this is continuous. Notice that a product of continuous
functions is continuous, and so F is continuous on U. Take E C C closed. We have
FH(E) = F ' ([En{0}]u[EN{0}]) = F- (EN{0}) U F~(EN{0}°).

Notice that
(F-g)~'({0}) if EN{0} # @
@ otherwise

FY(EN{0}) = {

P e -y =F®)nT = (Fly) (&)

so the preimage is a union of two closed sets, which is closed. Hence, Fis continuous, and
is such that F|x is f.
O
Problem 40. Suppose (X, 7) is a locally compact topological space and (f,) is a sequence of

continuous C-valued functions on X. Show that the following are equivalent:
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(1) There is a continuous function f : X — C such that f,|x — f|x uniformly on every
compact K C X.
(2) For every compact K C X, (fn|x) is uniformly Cauchy.

Proof. (1) = (2): Let K C X be an arbitrary compact set. Notice that this implies that for all
€ > 0, we have that there is an N such that foralln > N, z € K
() = f(2)] <

Fix € > 0. Then we have that we can find an N such that for all n,m > N, z € K

(@) = f(@) < 5 (@) = f(2)] < 5.

Notice that this then implies

[Fal@) = fn@)| = 1fal@) = (@) + S (@) = fin(@)| < |fale) = J@)] + (@) = @) < 5+ 5 =

Hence, for all € > 0, we can find an IV such that for all n,m > N, x € K, we have

|fn(x) - fm(x” <€

(2) = (1): Define f(x) := limy 00 fn(z). We see this is well-defined, since we can take a compact
set K around z and use the fact that (f,|x) is uniformly Cauchy on this. Furthermore, it’s clear
that f,|x — f|x uniformly on every compact K C X; given some compact subset K C X, € > 0,
we have that there is an N such that for all n,m > N, for all x € K,

|fn($) - fm(x)‘ <¢,
and so since the norm is continuous we can take the limit as n — oo to get
|f(x) = fm(z)] < e

Since this works for all z € K, all ¢ > 0, we have uniform convergence. It is a uniform limit of
continuous functions, and so we have that f is continuous on every compact set K C X.
It remains to show that f is continuous on all of X. That is, we need to show that

lim f(zn) = f(z),
n—o0
where x = lim,,_, z,,. Take the set
E:={x, : neN}U{z}.

Since X is locally compact, we have that there is an open U such that x € U and qis compact.
Since z;, — z, we have that there is an N such that for alln > N, z,, € U C U. Since U is compact,
we have that f is continuous on U, and so we have that lim, . f(z,,) = f(x), as desired. O
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James Marshall Reber, ID: 500409166 Math 6211, Homework 9

Remark. Thomas O’Hare was a collaborator.

Problem 41. A filter on a set X is a collection F of non-empty subsets of X satisfying
(1) A,B € F implies AN B € F, and
(2) A€ F and A C B implies B € F.

Suppose T is a topology on X. We say a filter converges to x € X if every open neighborhood U
of x lies in F.

(1) Show that A C X is open if and only if A € F for every filter F that converges to a point

in A.

(2) Show that F and G are filters and F C G (G is a subfilter of F), then G converges to z

whenever F converges to x.

(3) Suppose (zy) is a net in X. Let F be the collection of sets A such that (z)) is eventually

Proof.

in A. Show that F is a filter. Then show that z) — x if and only if F converges to x.

(1) (=) Assume A C X is open. Let F be a filter which converges to x in A. Then

we have that every open neighborhood of z lies in F, and A is an open neighborhood of z,
so A€ F.
( <) For every point z € A, take an open neighborhood U, such that U, C A. This is
possible, since A € F, the filter which converges to z, and since every open neighborhood
of z is in F the only way that A € F is if there is an open neighborhood contained in A.
Since we can do this for all z, we have

UUICAC UU@“’

€A r€A

Uuv. =4

or in other words,

Hence, A is open.

(2) If every open neighborhood of x is in F, then this implies that every open neighborhood of

x is in G, and so G converges to x whenever F converges to .

(3) We first show that A, B € F implies AN B € F. If A € F, this implies there is a point A\

such that, for all t > A\, we have x; € A. Likewise, B € F implies that there is a Ay such
that, for all £ > X\, we have z; € B. By assumption, we can find X such that ' > \; and
A > Xa. Hence, for all t > X, we have that x; € AN B. So x is eventually in AN B.

Now, if A € F, and A C B, then clearly if (x)) is eventually in A, it is eventually in B,
so B € F. Finally, F is non-empty, since (x)) is in X, so X € F.

We now show the if and only if statement.
(=) If zy — =z, for all neighborhoods U of x, we have that z, is eventually in U, so
this in particular holds for all open neighborhoods, and so all open neighborhoods are in
F. Hence, F converges to .
( <= ) If F converges to z, then for all open neighborhoods U, we have that (z)) is
eventually in U. For every neighborhood, we have that we can take the interior to get an
open neighborhood about the point, and so (x)) is eventually in every neighborhood of z,
and so () converges to x.

0

Problem 42. A filter F is called an wltrafilter if it is not properly contained in any other filter.
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(1) Show that a filter F is an ultrafilter if and only if for every A C X, we have either A € F
or A° e F.
(2) Use Zorn’s lemma to prove that every filter is contained in an ultrafilter.

Proof. (1) (=) Let F be an ultrafilter, A C X. Then if A € F, we win. Otherwise, assume
A ¢ F. We wish to show that A° € F. If A° ¢ F, then we can create a bigger filter as
follows: let G be the filter generated by F and A¢. That is, F C G, A° € G, and every set
containing A¢ € G, G contains BNE for all E € F, A° C B, and G contains all subsets which
contain BN E for E € F, A° C B. This is clearly a filter; it’s nonempty since F C G, we
have that it’s closed under finite intersections by construction, and we have that if £ € G,
E C F, then by construction F' € G. Hence, F C G properly, but this contradicts F being
an ultrafilter, and so we must have had A€ € F.

( <= ) Let F be the filter which for every A C X, either A € F or A° € F. Let G be
such that F C G. We wish to show that G = F. Assume for contradiction it did not; we
have that there is some L € G such that L ¢ F. This implies that L¢ € F. However, this
then gives us that L, L¢ € G, so @ € G, which contradicts G being a filter. Hence, F is not
properly contained in any filter.

(2) We need to create a chain of filters. Let F be a filter on X. If F is an ultrafilter, we
are done. Otherwise, let Fy = F, and since F is not an ultrafilter, it must be properly
contained in some other filter, say F;. Continue this process, creating a chain of filters;

FoC F1 C---.

f::U}"Z-

is also an filter; that is, the chain has an upper bound which is a filter. First, notice that
F is non-trivial, since all the F; are, and furthermore doesn’t contain any empty subsets of
X. We then show the first condition. Take A, B € F. Then A € F,, B € F,,,. Without
loss of generality, assume n > m. Then A, B € F,,, and we have that AN B € F,, C F. So
the first condition holds.

Next, take A € F. Then we have A € F,, for some n. If B is such that A C B, then
B e F, C F. So the second condition holds as well. Hence, F is a filter. So in the space of
filters on X, every chain has an upper bound which is a filter, say F. Notice that this upper
bound is such that there is no filter G which properly contains F, since this contradicts the
maximality of F. Since we can do this process for any choice of filter G, we have that every
filter is contained in an ultrafilter.

We then want to establish that

0

Problem 43. Show that the following collections of functions are uniformly dense in the appro-
priate algebras:

(1) For a < b in R, the polynomials R[] C C(]a, b],R).

(2) For a < b in R, the piecewise linear functions PWL C C([a,b],R).

(3) For K C C compact, the polynomials C[z] C C(K).

(4) For R/Z, the trigonometric polynomials span

{sin(2mnx),cos(2mnz) : n € NU{0}} c C(R/Z,R).
Remark. We need the following claim throughout (wasn’t sure if we need this, since we covered

something similar in recitation, but I'm leaving it in anyways).

Claim. Let A be a subalgebra of either C(X,R) or C(X,C). The closure of A, denoted A, is still
a subalgebra.
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Proof. Let F =R, C, B=A. We need to show that for all a, 3 € F, f,g € B, af + Bg € B. Notice
first that f € B implies there is a sequence (f,) C A such that f,, — f. Since af, € A for all n,
we get af, — af € B. So it really suffices to show that for all f,g € B, we have f + g € B. Notice
that f,g € B implies there are (f,) C A, (gn) C A such that f, — f, g — g. Since addition is
continuous and f, + g, € A for all n, we get f, + g, — f + ¢. Finally, we need to show that for
all f,g € B, fg e B. Let (fn,) C A, (gn) C A be such that f, — f, g, — g. Notice that

Jngn — f9 = falgn —9) + 9(fn — f).
So we have that
fngn = oIl < A1 fall - llgn = gl + llgll - [ fn = f1I.
Notice that
fn:f+(fn_f)a
and so we have
fnll < NLFIT+ 1 fn = SII-

Since f, — f, we can choose n sufficiently large so that ||f, — f|| < 1, so that

I full < T+I£1]-

Using this, we have

[ fngn = fall < (L FID - llgn — gl + Mgl - [ fn = fII = O.
Hence, we get that f,g, — fg, and so fg € B. Thus, B is a subalgebra. O

Proof.

(1) We apply the Stone-Weierstrass theorem. Notice that R[t] separates points in [a,b] by
taking p(z) = = € R[t]. Then if z # y, we have p(x) = = # y = p(y). We then need to
check that R[t] is a subalgebra of C([a, b],R). Notice that if f,g € R[t], then fg € R[t] (the
product of polynomials is a polynomial), and so it suffices to check it is a vector subspace
of C(X,R). Notice that, for o, 8 € R, f,g € R[t], we have af + Bg € R[], since scaling a
polynomial is still a polynomial and the sum of polynomials is a polynomial. Hence, the
theorem tells us that R[t] = C([a, b], R), since the constant function is a polynomial, and so
we have that it is uniformly dense.

(2) Let p(z) € C([a,b],R) be some arbitrary continuous function. Partition the interval [a, b]
using the uniform continuity of continuous functions on compact intervals. That is, fix € > 0.
Then since we are uniformly continuous on [a, b], we can find ¢ such that |z —y| < ¢ implies
Ip(z) — p(y)| < €/2. Divide up the interval into n subintervals such that (b—a)/n < §. Say
we have a = zg < 11 < --- < x, = b. Define f to be the piecewise linear function which is

equal to f(z;) = p(z;) for each i = 1,...,n, and where for x € (x;,2,11) we have f is the
line connecting these two points. Then we have that for each x € [a,b], x € [z;,x;41) for
somei=1,...,n—1or z € [x,_1,2,]. Let z; denote the minimum value on the interval.

Thus, we have
Ip(z) — f(2)] = |p(x) = f(z:) + f(2:) — f(2)] < [p(x) = fza)] + [f (i) — f(2)].
Using the fact that f(z;) = p(z;), we have that this is equal to
p(z) = p(i)| + |f(z:) = f(@)] < [p(zig1) — p(@)| + [ f(2:) — f(2)]
= |f(@ipr) = [zl + |f(2i) = fl2)].

Now, since |z;+1 —x;| < d by construction, we have that this is bounded above by €/2+¢/2 =
€. Since this applied for all x € [a, b], we have that

1f = pll <e
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So PWL = C([a, b],R), since we can approximate functions in C([a,b],R) arbitrarily well
under the uniform norm.
As stated, this problem is not true. Remediating it by throwing in Z, we have that it does
hold. To see this, first notice that C is Hausdorff, so K is a compact Hausdorff space, and
we're examining

Clz,z] C C(K,C).
We need to check that Clz,T] separates points, it is a subalgebra, and is closed under
complex conjugation. The identity function p(z) = z is in C[z,Z], so we have that it
separates points. Next, it’s a subalgebra, since for all a, 8 € C, f,g € C[x], we have
af + g € Clz], and furthermore fg € C|z] (product of polynomials is a polynomial,
scaling and adding polynomials still gives a polynomial). Finally, we need to show that it is
closed under complex conjugation, but this is clear since we’ve thrown in Z. Hence, Stone-
Weierstrass applies, and we have that it is uniformly dense since the constant functions are
in Clz,z].
We can interpret this to say that the span of the trigonometric polynomials are dense in
the real-valued functions on R that are periodic with period 27 (the way it’s written is
equivalent, just changing the period to be 1 instead of 2w. I did it this way so I could
use my old Fourier notes). Identifying it this way, we have that it’s a continuous function
f:8'=]0,27)/ ~— R, and we note that S' is compact and Hausdorff under the subspace
topology given by R2. Recall that trig polynomials are functions of the form

n
co + Z [ag, cos(kx) + by sin(kz)],
k=1
co, a;,b; € R. Let A be the space which is the span of all trig polynomials. It’s clear that
this is a vector subspace, since for o, 8 € R, g, h trig polynomials, we get ag + Sh € A.
Next we want to show that products of trig polynomials are trig polynomials. Once we
show that cos(kx)sin(lz), cos(kx) cos(lz), sin(kx) sin(lz) are trig polynomials, we are done
by distributivity. To do this, we use the fact that

€' = cos(z) + isin(x).

Hence,

e = cos(x) — isin(z),

. . 1 . ‘
e’ + e =2cos(x) > 5(6” + e ") = cos(x).

Similarly,

1 iz —iT\ __ o

% (e e ") = sin(x).
So

ikx —ikx ile _ —ilz
cos(kz) sin(lx) = <e —;e ) <e 2: >

i(k+D)x _ ji(k—Dz —i(k=l)z _ —i(k+)=x 1 1
_° ¢ T ¢ = 5 sin((k + ) — 5 sin((k — )2).
1

So this is a trigonometric polynomial still. Analogously, we have

ikx —ikx ilx —ilx
cos(kz) cos(lx) = (6 te > (6 te )

2 2

i(k+l)x i(k—l)x —i(k—=l)x —i(k+1l)x 1 1
e e T e te = 5 cos((k + )a) + 5 cos((k — ),

4
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ik _ _—ikx ile _ ,—ile
sin(kx) sin(lx) = (e 2; ) <e 2; )

_pi(k+l)z i(k—l)x —i(k—Dz _ —i(k+l)z 1 1
S— te —Ze ¢ =-3 cos((k + 1)) + §cos((k—l)x).

Hence, these are also trigonometric polynomials, so the product of two trigonometric poly-
nomials is still a trigonometric polynomial. Hence, it’s a subalgebra. Next, we need to
establish that it separates points. That is, for z,y € S', x # y we need to show that there
is a trigonometric polynomial where f(z) # f(y). Notice that sin and cos are projections
onto the x and y axis, and so we have that if sin(x) = sin(y) while z # y, this means that
cos(z) # cos(y), and vice versa. Hence, have that the algebra separates points. Finally, it’s
clear that constant functions are in this algebra, and so we have that A = C(S,R).

]
Problem 44. Let X,Y be compact Hausdorff spaces. For f € C(X), g € C(Y), define

(f ©@9)(x,y) == f(z)g(y).
Prove that span{f ® g : fe€ C(X),g € C(Y)} is uniformly dense in C(X x Y).

Proof. We apply Stone-Weierstrass. First, denote span{f ®g : fe€ C(X),ge C(Y)} =C(X)®
C(Y). Then since the constant functions are in C(X), C(Y'), we get that they are in C'(X)®C(Y),
and so this does not vanish entirely on any point. Next, let (z,y) # (a,b). Then we can find
f € C(X) such that f(z) # f(a), g € C(Y) such that g(y) # g(b), and so f(x)g(y) # f(a)g(b).
Hence, C(X) ® C(Y) separates points. Since C(X), C(Y) are closed under complex conjugation,
we see that C(X) ® C(Y') is as well; taking h € C'(X) ® C(Y'), we have

e) - (z f(x»g(y») S @ 5 € OX) & O,
=1 =1

Moreover, we have that the product of continuous functions is continuous, and so C(X) ® C(Y) is
closed under multiplication, and is clearly a vector subspace, so a subalgebra of C'(X x Y). Hence,
the Stone-Weierstrass theorem tells us that

CX)eCY)=C(X xY).
So it’s uniformly dense. O

Problem 45. Suppose X is LCH and noncompact, and A C Cy(X,C) is a subalgebra which
separates points and is closed under complex conjugation. Show that either:

(1) A= Cy(X,C) -

(2) there is a g € X such that A = {f € Co(X,C) : f(zo) = 0}.

Proof. We follow the hint outlined in Folland (and in the lecture notes). First, assume that there
isno z € X such that f(z) = 0 for all f € A. Then we let Y be the one-point compactification
of X, taking the point to be co. We have that there is a unique extension of f € Cy(X,C) to

f € Cy(Y,C) via taking
~ 0 if x = oo,
flx) = {

f(z) otherwise.

Notice that this is unique, since if there were another g € Cy(Y,C) where g(z) = f(z) for all
x € X, then the only thing that can happen is if g(x) = f(z) + ¢, where ¢ is a constant (see
Proposition 4.36), and this forces ¢ = 0. We can analogously extend all of the functions in A in

the same way, and so we get A’ = {f : ﬂ x € A}. Since A is a subalgebra, closed under complex
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conjugation, and separates points, A’ is a subalgebra, is closed under complex conjugation, and
separates points. So we have A’ satisfies the criteria for Stone-Weierstrass, and so we apply it to
get A/ = {f € C(Y,C) : f(oo) = 0}. By earlier, this is equal to the unique extension of Cy(X,C)
to C(Y,C), and so we must have that A = Cy(X,C).

Now, assume there is an z¢o € X such that f(zo) = 0 for all f € A. We look at the space
Xo = X — {9}, and take the one-point compactification Y of Xy. We can again uniquely extend
all of the functions, and again we get that A’ = {f € C(Y,C) : f(oc0) = 0}, and so we have that
this means that A’ = Cy(Xo,C). Hence, we have A’ = {f € Co(X,C) : f(x) = 0}. O
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James Marshall Reber, ID: 500409166 Math 6211, Homework 10

Remark. Thomas O’Hare was a collaborator.
Problem 46. Let UN be the set of ultrafilters on N. For a subset S C N, define
[S]:={F €UN : SeF}
Show that the function S — [S] satisfies the following properties:
(1) [¢] = @ and [N] = UN.
(2) For all S,T CN,
(a) [S] C [T]if and only if S C T.
(b) [S]=[T] if and only if S =T
(c) [SJU[T]=[SUT]
(d) [S]N[T] = [SNT].
(e) [9 =[5)°
(3) Find a sequence of subsets (5,,) of N such that [|JS,] # J[Sn)-
(4) Find a sequence of subsets (S,,) of N such that [ Sy,] # ([Sxn]-

Proof. (1) No filter contains the empty set, and so [&] = @. Similarly, every filter must contain
N, so [N] = UN.
(2) Let S,T C N.

(a) (=) Assume S ¢ T'. Construct a filter of sets which contain S. Then this is a filter
which does not contain T'. In particular, we can append T and all sets which contain
T¢ and SNT¢, and take the ultrafilter containing this filter (i.e. a filter F € [SNT*)).
Then we have an ultrafilter such that S € F but T' ¢ F, and so [S] ¢ [T].
(<) If S C T, then, in particular, any filter F which contains S will contain 7', and
so we get [S] C [T7.

(b) (= ) If[S] = [T, we have [S] C [T],so S C T, and [T] C [S],so T C S, and therefore

S=T.
( <= ) Similarly, if S =T, we have that S C T, so [S] C [T], and T' C S, so [T] C [5].
Hence, [S] = [T7.

(c) Notice that S C SUT, T C SUT, so we have [S] C [SUT], [T] C [SUT], and hence
[SJU[T] C [SUT]. For the other direction, let F € [SUT]. Then F is an ultrafilter
containing S UT. Since F is an ultrafilter, we have that it either contains S or S¢,
T, or T¢. Notice that it cannot contain S¢ and T°, since if it did it would contain
SeNTe = (SUT) and so it would have the empty set, a contradiction. Hence, it
must have either S or 7', and so must either be in [S] or [T]. Thus, [SUT] C [S]U[T].
We get [SUT] = [S]UIT].

(d) Notice that SNT C S, SNT C T, so we have [SNT| C [S], [SNT] C [T], and therefore
[SNT) C[S]N[T]. For the other direction, let F € [S] N [T]. Then F is an ultrafilter
which must contain S and T', and so by filter properties it must contain SN7T'. Hence,
Fe[SNT],and so [S]N[T] C [SNT]. Thus, we get [SNT]| = [S]N[T].

(e) Notice [S]U[S] = [S¢U S| = [N] = UN. Likewise, [S]N[S] =[S°NS] = [@] = 2.
Thus, [S¢] = [9]°.

(3) Notice that, by (2), we always have that

Uisal € [Usa].

so it suffices to find a sequence such that the LHS is strictly smaller than the right. Let
Sy = {n}, then we have that [|JS,] = [N] = UN by (1). Take F € UN; then we have that
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it is any ultrafilter on V. In particular, take F to be an ultrafilter which is not principal
(this exists since N is infinite, and any ultrafilter containing the cofinite filter cannot be
principal). Then we have that F ¢ (J[S,], and so the LHS is strictly smaller.

(4) Using the example from (3), we have

c

N = [(Usa)] = [USa] # (Uisl)" = isule = (s

and so we are done.

Problem 47. Assume the notation of the prior problem.

(1) Show that {[S] : S C N} gives a base for a topology on UN.

(2) Show that all the sets [S] are both open and closed in UN.

(3) Show that UN is compact.

(4) Forn e N, let F,, = {S C N : n e S}. Show that F, is an ultrafilter on N.

(5) Show that {F, : n € N} is dense in UN.

(6) Show that for every compact Hausdorff space K and every function f : N — K, there is a
continuous function f : UN — K such that f(F,) = f(n) for every n € N. Deduce that
UN is homeomorphic to the Stone-Cech compactification SN.

Proof. (1) We need to show three things for this to be a base:

(a) First, from the prior problem it’s clear that @ and UN is in B.

(b) For each a € UN, thereis a B € B = {[S] : S C N} such that a € B. Since a is a
filter, it must either be trivial or contain a non-empty set. If it is trivial, we see that
@ C N is such that a € [@] = @. If it is non-trivial, we have that it contains a set .S,
and so we get a € [S] = B € B.

(c) For any By, B; € B and any = € By N By, there is some B € B such that x € B C
BoyNBy. Take [So] = By, [S1] = Bi. Then we have that [Sp]N[S1] = [SoNS1]. Assume it
is not trivial (for if it is, the result is clear). Then we have some a € [SyNS1] C [So]N[S1],
and [Sy N S1] € B, since Sy NSy C N still.

Since the two properties are satisfied, this is does form a base for some topology.

(2) We have that [S] is open in this topology. Furthermore, [S¢| is also open, but by the prior
problem [S¢] = [S]¢, so we get that [S] is also closed.

(3) (Following the proof from the notes) Let | J A be a cover of UN. Suppose for contradiction
that it admits no finite refinement. Let I be the indexing set for the . Then we have that
there is no n such that

[Aq, U---UA,, ] =UN=[N].
Notice that, from the properties proven from the last problem, we have
[Aa, U+ U Ag,] = [Aa,]U--- U[Aq,].

So Apy U+ U Ay, # N by prior properties. But then we get A5 N---NA; # & for
any finite n. By properties of filters, we can get a filter generated from { A%}, and thus an
ultrafilter, say F. Since UN is the space of all ultrafilters, we get that 7 € UN. Now, we
use the fact that | J A, = UN to note that this filter must be in [A,] for some «. But this
implies that A,, A, € F, which is a contradiction. So there must be some finite refinement.
(4) We first show it’s a filter. First, every set S € F,, must be non-trivial, since n € S. Next,
take A, B € F,,. Then we have that AN B # @ and AN B € F,, since n € AN B. Finally,
if A € F,, B such that A C B, thenn € B, so B € F,. Hence, it is a filter.
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To see it’s an ultrafilter, let A C N. Then either n € Aorn ¢ A. If n € A, then A € F,
and we're done. If n ¢ A, then n € A°, and so A° € N. Since this applies for any set A C N,
we have that the equivalence established earlier gives that this is an ultrafilter.

We wish to show that {F,, : n € N} = UN. Let F € UN. Then we have that, assuming
F non-trivial, there is a set S such that F C [S]. Since F non-trivial, we get that S € F,
S # @. So taking n € S, we get that F,, € [S]. Since the choice of F € UN was arbitrary,
we get that {F,} is dense.

Step 1: We note that the image of an ultrafilter is an ultrafilter. Let f : X — Y be a
function between sets. Let G be a filter on Y, F an ultrafilter on X, then we want to show
that if f(F) C G, we have f(F) = G. This, however, follows by the fact that the set U € G,
U ¢ f(F) implies f~3(U) ¢ F, so f~1(U)¢ = f~1(U¢) € F, which means that U¢ € f(F),
but this means that U, U¢ € G, which is a contradiction. Hence, there are no U € G which
are not in F, and so f~1(F) =G.

Step 2: We show that if a space K is compact, then every ultrafilter is convergent. We
follow the proof given in the notes linked on the homework. That is, let F be an ultrafilter
on a compact space X without a limit point. Then each x € X has a neighborhood U,
containing no element of F. Using compactness, we can construct a finite refinement of
the U, covering X to get {Us,}7,. Fix aset A € F. Then A C |, U,,. Using the quiz
problem, we have that

n
U(AﬂUxi) =AecF = ANU,, € F for some i,
i=1

which is a contradiction. So there is some point where it converges to.

Remark. Recall that a filter on a Hausdorff space can converge to only at most one point.
So every ultrafilter converges to exactly one point. Furthermore, the Hausdorff property
proves that there is only one such extension function.

Step 3: We again follow the proof given in the notes linked in the homework. Let
F € UN. By Step 1, we have that f(F) is an ultrafilter on K. Since f(F) is an ultrafilter
on a compact space, Step 2 tells us that it is convergent to some z € K. Hence, define
f(F) =lim f(F). Notice that defining it this way gives us that

f(Fo)={f(S) : SCN, neS}, f(n)e{f(S) : SCN, neS}

f(Fn) = hm(]:n) = f(n)
So this is a well-defined function, and is indeed an extension of f.
Step 4: We need to show that f is continuous. Again, we show it’s continuous the same
way as the notes linked in the homework set. We show it’s continuous in the following way:

Let F € UN be a filter. Since f(F) = lim f(F) € K, let U be an open neighborhood of
f(]-") Since K compact, pick V C U such that V C U. Since f(F) converges, we have
that there is a set A € F such that f(A) C V C U. Notice as well that A € F implies that
F € [4], and so [A] acts as an open neighborhood of F. We’ll show that all the points in
[A] are mapped into U. Let G € [A]. Then A € G, and furthermore f(A) € f(G). We have

that f(G) = lim f(G) € f(A) CV C U. Hence, f is continuous.

Step 5: We need to show that UN is Hausdorff. Let F,G be two filters such that F # G.
Then there is a set A € F, such that A ¢ G. Since G is an ultrafilter, we must have that
A°® € G. Hence, F € [A], G € [A], [A] N [A°] = &, so the space is Hausdorff.

We deduce that UN is homeomorphic to SN in the following way: let g : N — UN via
g(n) = F,. This mapping is well-defined and injective. We can then invoke the universal
property using existence and uniquness to get the following (messy) commutative diagram:

64



1d Id

/7<\

, UN — 4 N

Hence, we have that fo f=1Id, fo f: Id, and these are continuous, so we have that they
are homeomorphisms. Hence, the spaces are homeomorphic.

0

Problem 48. Suppose X is a normed space and Y C X is a subspace. Define Q : X — X/Y by
Q(z) = x +Y. Define
1Q(@)lx/y = nf{|lz —yllx : yeY}.
(1) Prove that || - |[x/y is a well-defined seminorm.
(2) Show that if Y is closed, then || - [|x/y is a norm.
(3) Show that in the case of (2) above, @ : X — X/Y is continuous and open.
(4) Show that if X is Banach, so is X/Y.

Proof. We first remark that this is sending a point to it’s equivalence class in the quotient space.

(1) It’s clear that it’s well-defined, since regardless of representation in the class, we get the
same result. Next, since || - [[x > 0 for all z € X, we have that || - [|x/y > 0. Next, letting
c € F — {0}, we note that cQ(z) =c(z+Y)=cx+cY =cx+Y, so

1eQ(@)lx/y = nf{llcz —yllx : y eV} =mf{lle(z —cy)llx : yeY}

= inf{lclllz — c7'yllx  y €Y} =lcinf{[lz —yllx : yeY}=I|cl|Q@)llx/y-
In the case ¢ = 0, we have 0Q(z) = 0(x+Y') = 0, and |[|0[|x/y = 0, which matches. Finally,
let z,z€ X, then Q(z+2)=2+z2+Y =(x+Y)+ (2+Y) =Q(z) + Q(2), so

Q@ + 2)llx/y = inf{|[(z +2) —yllx : yeV}=Mf{[[(z —y)+(z-w)llx : yweY}
<inf{[[(z —yllx + [z —w)llx = yweY}=mf{|lz—yllx : yeY}+nf{|z-yllx : yeV}
= 1Q@)lx/y + 1Q()Ilx/y-

Hence, we have that this is a seminorm.
(2) Let Q(x) be such that [[Q(x)||x/y = 0. Then this means that

inf{||z —yl|lx : yeY}=0.

Since this is an infimum, this means we can construct a sequence {y, } such that |[z—y,||x —
0. But since || - ||x is a norm, this means that vy, — x. Since Y is closed, this means that
z €Y. Hence, ||Q(2)||x/y = 0 if and only if Q(z) =0, or z € Y.

(3)

Remark. The second part is based on the following Stackexchange post:
https://math.stackexchange.com/questions/3128639 /is-projection-to-quotient-space-an-open-
map

We say in (1) that the projection map was linear. To show continuity, it suffices to show
that it’s bounded. That is, we have ||Q(7)||x/y < cl[z||x for some ¢ > 0. Notice that

1Q@)[|x/y = inf{|lz —yllx : y eV} <|lallx +nf{[ly[[x : y eV} =[x

Hence, @ is bounded, and so continuous.
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Next, we need to show that it’s an open map. Let U C X open. Then we need to show
that Q(U) is open. Let 2 +Y = Q(z) € Q(U), then x € U. Let ¢ > 0 be such that
Be(z) CU. Let z+Y € Bc(x+Y). Then we have that

1Q(x) — Q(Z)HX/Y =[Q(z — Z)HX/Y <¢

so there is a y € Y so that ||z — z — y||x < e. Hence,

Q= 2)llxyy <llz — 2 —yllx <e

so we get z —y € Be(x), but this tells us that Q(z) € Q(B¢(x)) C Q(U). Since this
applies for all such z in B.(Q(x)), we have B.(Q(z)) C Q(U), and since this applies for all
Q(z) € Q(U), we get that Q(U) is open.

(4) (Presumably here we also take Y to be closed still.) We have that X, X/Y are both normed
vector spaces. In the case that X is Banach, we have that it’s complete. Hence, it suffices
to show that X/Y is complete as well. Theorem 5.1 states that a normed vector space
X/Y is complete if and only if every absolutely convergent series in X/Y converges. Take
an absolutely convergent series {z, + Y} in X/Y. That is, we have

Z ||xn +Y||X/Y = Z HQ(ﬂCn)HX/y < Q.

Choose representatives x,, € x, +Y such that ||z,[|x < [|Q(zn)||x/v +27". Then we get

ZHx””X < Z 1Q(xn)||x/y +27" < o0,

Since X is complete, we use this to note that > x,, converges to some x € X. Next, notice

that
N N
S Q) = 0 (z )
1 1

by linearity, and so using the fact that () is continuous we get

N N
J > = i @) -0 (L) ~0w
1 1

So, every absolutely convergent series in X/Y converges, and hence X/Y is complete.
O

Problem 49. Suppose F' is a finite dimensional vector space.

(1) Show that for any two norms || - ||1, || - ||2 on F, there is a ¢ > 0 such that || f||1 < ¢||f]|2
for all f € F. Deduce that all norms on F' induce the same vector space topology on F.
(2) Show that for any two finite dimensional normed space F, Fy, all linear maps T : F} — Fy
are continuous.
(3) Let X, F' be normed space with F' finite dimensional, and let T : X — F' be a linear map.
Prove that the following are equivalent:
(a) T is bounded (there is an R > 0 such that T'(B1(0x)) C Br(0r))), and
(b) ker(T) is closed.

Proof. (1) We follow Exercise 6 in Folland to show the equivalence of norms. Let Dim(F') = n,
then we have a basis {e1,...,e,}. Define || - ||; via

n
g a;€;
1

n

= lail-

1 1
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We first show that this is a norm. We need to show four properties. Let v,w € F' be

n
v=>_aei,
1
n
w = szez
1

(a) We have ||v||; > 0, since | - | > 0.
(b) For c in the field, we have

n n
llevllv =Y leas = lel Y las| = [el[[o]1-
1 1

(c) We have

n n
llo+wlls =Y lai +bil <D lail + [ba] = [[oll1 + |[w]]r.
1 1

(d) If ||v|[s = 0, then this means that |a;| = 0 for all 4, which only happens if a; = 0, and

so v = 0.
So || |1 is a norm.
Notice that it suffices to show this for || - ||; and another norm || - ||. Notice we have as
well that
n
f= Z aie;.
1
Hence,

n
§ a;€;
1

Letting ¢ = max{||e;||} gives us the desired result.

11l = ‘ = laillleil] < max{[leil|} Y lai] = max{|le:[[}] f11-
1 1

Let K = {x € C" : ||z||]2 = 1}, where || - ||2 is the standard Euclidean norm. This is
compact by assumption. Let T : C" — F' be a isomorphism. Notice that this is continuous
with respect to the norm || - ||, since take z € K we have

TG < || Y al(e)]] < lal Yo 1Tl < Y I1T(ell

and so it’s bounded since this is finite.

Next, since K is compact, we have that the infimum is realized. Hence, there is some
z € K such that T'(z) = ¢, and for all other z € K we get T(z) > e. Now, take f € F
arbitrary. Since T' is an isomorphism, there is a z such that 7'(z) = f. Hence,

A =TI = T /=21 - [l2ll2 = €]l

Notice that we then get
A1 > elll] = e/ D laif?,

where the a; are the coefficients, and we have from the arithmetic-geometric inequality

€ €
ey 2 il 2 23 lail* = ZiIflh-
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So every norm is equivalent to ||f||1. Every norm being equivalent to ||f||; is sufficient,
since for two norms || - ||1, || - ||2,

AT <1 fll < ClIAl,
A< 112 < TSI

and so
c c’
Il < D71l < 1A,

hence, they are equivalent. This also gives us the conditions to, for every norm, find a ¢ > 0
such that || f||1 < ¢||f]]2- By Homework 1, the topologies are then equivalent.

(2) Let (F1,]||-|]1), (Fa,]|-||2) be two normed spaces. Consider the map T : F1 — F». We wish
to show they are continuous. Letting {e;} be a basis for F;, we have

@)z = || 7 (Y aes)||, = ||Doairten]|, < D ladliTeenllz
Taking M = max{7T(e;)}, we have

D lailllT(ei)lla < MY ag] < MJz]l,

where ||z|| is the norm given in (1) on Fj. Since every norm is equivalent to this one by
(1), we have

Mlz|] < CM||xl]s,

where C > 0 is some constant. Hence, T" is bounded, and so is continuous.

(3) (a) = (b): T bounded implies continuous, {0} C F is closed, so we have T~1({0}) =
ker(7T') is closed.
(b) = (a): Notice that the isomorphism theorem gives us that

T

X/ ker(T)

Since ker(T') is closed, we have that Problem 3 gives us that ) is continuous (and open).
Since T is linear, we have that T'(X) < F is a subspace (so finite dimensional), and so
X/ker(T) =2 T(X) is a finite dimensional vector space. By (2) of this problem, this gives
us that T is continuous. Since this diagram commutes, we get 7' = T o @, and since Q and
T are both continuous, 7" must be continuous. By the equivalence, this tells us that T is

bounded.
O

Problem 50. Suppose X is a Banach space and T' € L£(X) = £(X,X). Let I € L(X) be the
identity map.

(1) Show that if || —T'|| < 1, then T is invertible.
(2) Show that if T € £(X) is invertible and ||S — T'|| < ||T~!||7!, then S is invertible.
(3) Deduce that the set of invertible operators GL(X) C £L(X) is open.

Proof. (1) We proceed via the hint. Notice that ||I — T'|| < 1 implies that the series

S I =T|" < 0.
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Since X is a Banach space, we have that it’s dual £(X) is also a Banach space. Hence, we
have that, since this is an absolutely convergent series, the series
N
d(I-T)" = S e L(X).
0
We now notice that

ST —1I|| = [|ST — S+ S —I|| = [|S(T — I) + S — 1|

N N
I o n o o N
= lim_ (20:(] T) >(T I)+ZO:(I N —1||.
Notice that
N N+1
S U-TNT -1 == (-1
0 1
and hence we'’re left with
N+1 N
: _ . n . N — 1 . 0 __ . N+1
Jim 21:(1 T) +ZO:(I TV 1| = Jim [[(I-T)°~(1-1T) 1|

= lim ||[(I =TV =o0.
N—oo
Hence, we have that ST = I. Analogously, we need to show that T'S = I. We see
|TS—1I||=|TS-=S+S-1I||=||(T-1)S+ S —1I||

N N
= Jim (T 1) (Z(I—T)”>+Z(I—T)”—I
N+10 N "
= lim_ —<Z(I—T)”)+Z(I—T)”—I
1 0

= lim HI—(I—T)NH—IHth (I -1V =o0.
—00

N—oo
Hence, T'S = I, so T is invertible.
Since T is invertible, we have that 7! is well-defined. Then we get
T2 = )| = (|78 = T7T)| < [T - IS = T < |71 - [T~ = 1.
Hence, T~1S is invertible with inverse A, and so we have
A(T7'S) = (AT™HS =1,
so S is has left inverse AT~!. Likewise,
SAT Y =TT 'SAT ' =T(T'HAT ' =TT ! =1,

so S has right inverse AT~!, and so AT~! is an inverse for S. Hence, S is invertible.
To show that GL(X) is open, we need to show that for every T' € GL(X), there is an open
ball U such that U C GL(X). By (2), we showed that the open ball of radius ||T!||~!
centered at 7' is contained in GL(X). Hence, we have that GL(X) is open.

U
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James Marshall Reber, ID: 500409166 Math 6211, Homework 11

Remark. Thomas O’Hare was a collaborator.

Problem 51. Provide examples of the following:
(1) Normed vector spaces X and Y and a discontinuous linear map 7' : X — Y with closed
graph.
(2) Normed vector spaces X and Y and a family of linear operators {T) } xca such that (T (x))aea
is bounded for every € X but (||T)||)xea is not bounded.

Proof. (1) We follow Folland 5.29. Let Y ={f : N—=>R : Y |f(n)| < oo},
X={feY : > n|f(n)] < oo}, both equipped with the norm || - ||;, given by

11l =D 1f(n)

Define T : X — Y by T(f(n)) = nf(n). We wish to show that 7" is closed but not bounded,
and hence not continuous. To show that 7" is closed, we need to show that I'(T)) C X x Y
is closed. Take a sequence ((zn,T(zy))) C I'(T), and suppose (x,,T(z,)) — y. We wish
to show that y € I'(T"). Notice that y is of the form (z,z), where z, — =, T(z,) — z,
both converging in L' norm. We have that for all € > 0, there exists an N such that for all
n>N,

[2(k) = wn(k)] < |lz = aall1 = Y (k) = za(k)| < e

Hence, we have that x,,(k) — z(k) pointwise. Similarly, we have T'(x,) — z in the L! norm,
so for all € > 0 there exists an N such that for all n > N,

T (@n(k)) = 2(k)| < [|T(2n) = 2ll = D T (@alk)) = 2(k)| < e,
and so we have that T'(z,(k)) — z(k) pointwise. Recall that we have T'(x,(k)) = kx,(k),
and so taking the limit as n — oo gives T'(z,,(k)) = kxp (k) — kx(k) = T'(z(k)) = z(k), so
(z,z) € I'(T). Hence, it is closed.
Next, we wish to show that it’s unbounded (unbounded here will be equivalent to dis-

continuous). Recall that being bounded means that, for all x € X, there exists a C' > 0
such that

1T (z)|lx < Cllz|lx,
but we have that

1T (@) =) |T(x(k)| =) lke(k)| =) klz(k)

So take, for example, the functions 5n(aj) = Ong, which is 1 if n = z and 0 otherwise. We
have d,, € X, since

S ldi(n)] =n < o,

but we see that

T (0k(n)|]1 = Z TGk(n)] =Y [nd(n)| =Y n|ox(n)| = n,

n n

6k (n)|[1 = Z|5k

So trying to choose such a C' is 1mposs1ble, since we can just take dc41 to contradict it.
Hence, T' is unbounded, and by the equivalence this means that T" is not continuous.
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(2) (Royden, Fitzpatrick, Exercise 41, Section 13.5) Let X be the space of all polynomials
defined on R. Let || - || be a norm on X defined by
llao + a1z + -+ + apz™(| = > ail.
To show it’s a norm, we need to establish the following:
(a) Notice that if we let
p=aop+--+apx”,
q=bo+ -+ by,
and without loss of generality take m > n. We have then
p+q=(ag+bo)+-- 4 (an+by)x" + byt + - 4 ba™.
Hence,
lp+qll =[(a0+ a1+ +an) + (bo+ - +bm)| < laog+ -+ an|+[bo+ -+ bm| = [[p|| + |4l
(b) Let r € R. Then we have

lrpll = rail =Y Irllail = 1rl Y lail = Ir| - [lpl.

(c) Finally, let p be such that ||p|| = 0. Then this means that

> lail =0,

but this can only happen if a; = 0 for all . Hence, p = 0.
Thus, it’s a norm. )

For each n, define T,, : X — R via T,,(p) = % —— p™(0). This is linear, since
derivatives are linear. We then want to show that for all p € X, we have that the sequence
(T.(p)) is bounded. Notice that

|T.(p)| < deg(p)! - max{a; : a; is a coefficient of p}
for all n, and so it is bounded for every p € X. We also have that

Tl = sup{l[Tn(@)I| = [lpll = 1} = nl,

since we can just take the polynomial p = 2", and so (||T,]||) is unbounded.

Remark. Thomas had a clever way of doing this using the same set up but the infinity
norm, which I thought was much cleaner. The result is still the same.

0

Problem 52. Suppose X and Y are Banach space and T : X — Y is a continuous linear map.
Show that the following are equivalent:

(1) There exists a constant ¢ > 0 such that ||T(x)|]y > ¢||z||x for all x € X.

(2) T is injective and has closed range.

Proof. (1) = (2): We wish to show that 7" is injective and has closed range. Recall that a linear
map is injective if its kernel is trivial. Thus, we examine ker(7) = {z € X : T(x) = 0}. Let
x € X, and assume that T'(x) = 0. By assumption, we have

0=IT(@)lly = cllz][x =0,

so by norm properties this forces z = 0. Hence, ker(T') = 0, so T injective.
Next, we wish to show that it has closed range. Let (T(x,)) C Y be a sequence such that
lim T'(x,,) = y, then we wish to show that y € Im(7T"). Notice that

T (xn) = T(@m)lly = cllen — zmllx,
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so we have that (z,,) C X is a Cauchy sequence as well. Hence, we have that =, — = by com-
pleteness, and so by continuity we have that limT'(x,,) — T'(z) =y, so y € Im(T). Thus, Im(T) is
closed.

(2) = (1) : Let R =Im(7T) C Y. This is a closed subset by assumption, and so Banach. We
have that 7': X — R is an isomorphism, and applying the open mapping theorem gives that it is
a homeomorphism. Hence, ||T~!|| = C' < oo, and we have that ||T~1(y)|| < [T~ - [|ly|| = C|ly]|-
Since T is invertible, we have that for all z € X there is a y so that T-(y) = x and T(x) = y, and
so we have that ||z|| < C||T(x)|| for all x € X. Thus, we get %HxH < ||T(z)|| for all z € X. O

Problem 53. Suppose @, ¢1,...,¢, are linear functionals on a vector space X. Prove that the
following are equivalent:

(1) ¢ =>"}_ arpk, where a; € F, F the underlying field (i.e. ¢ € span{e1,...,¢n}).
(2) There is an a > 0 such that for all z € X, |¢(z)| < amaxp=1,._, |¢r(z)|.
(3) Mi=1 ker(px) C ker(e).

Proof. (1) = (2): Take x € X, then we have

= arer()
k=1

Let a = n - maxg=1,_, |ar|. Then we have for all z € X,
n

> appr(x

k=1

(2) = (3) : Let = be such that ¢i(z) =0 for £ =1,...,n. Then we have
0<|p(x)<a-0=0 = p(z)=0,
hence z € ker(p). So we have (,_, ker(¢y) C ker(¢p).
(3) = (1) (Royden, Fitzpatrick, Proposition 4, Section 14.1): We go by induction. We first show
it for the base case, n = 1. Assume that ¢ # 0, since the result holds clearly if ¢ = 0. Choose

xg # 0 for which ¢(z9) = 1. Then by assumption ¢1(xg) # 0. Notice as well that p; : X — F, so
X = ker(p1) @ span(zg). Defining a; = 1/¢1(zp), we get

3

)| = < aulenel < s, ou(o) 3 ol < 0 o onte)

k=1 7 k=1

o(x) = (Y + tzo) = a1p1(y + tzo) = a1p1(z),

S0 ¢ = a1p1. Hence, it holds for the base case.

Now, assume for the induction hypothesis that it holds up to n — 1. Then assume without loss
of generality that ¢, # 0, since the result holds clearly in this case by the induction hypothesis.
Choose zop € X such that ¢, (z¢) = 1. Then, using again the fact that ¢, : X — F' is linear, we
get that X = ker(yy,) @ span(xg), so

n—1

ﬂ (ker(p;) Nker(vy)) C ker(p) Nker(pp—1).
i=1

By the induction hypothesis,
n—1
Y= Z @i Pi
i=1

on ker(py,), a; € F, so letting a, = @(x0) — .01 aipi(o), we get

n
Y = Zaz’%’
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on all of X, using a similar substitution to above. O

Problem 54. Let X be a normed space.

(1) Show that every weakly convergent sequence in X is norm bounded.
(2) Show that every weak™* convergent sequence in X* is norm bounded.

Proof. (1) (Royden, Fitzpatrick, Theorem 12 Section 14.2) Let (z,) be a weakly convergent
sequence in X, and suppose it converges to . Then this means that, for all ¢ € X*, we
have that ¢(z,) — ¢(x). Per Royden, we let J : X — (X*)* be the map which sends a
point to the evaluation map; that is, J(x) : X* — F such that J(z)(¢) = ¢(x). Notice that
for fixed ¢ € X*, we get that J(z,)(¢) = ¢(zn) = ¢(x) = J(z)(¢), so it pointwise converges
to J(z), so ||J(xn)(p)|| < oo for all . By the Banach-Steinhaus/Uniform Boundedness
Principle, we notice that ||J(x,)|| < oo. Since J is an isometry (by corollaries of Hahn-
Banach) we have that ||z,|| < cc.

Remark. I believe that for the next part we need to assume X is Banach, since these notes
provide a counterexample to the case where X not Banach.
https://people.math.gatech.edu/~heil /handouts/weak.pdf

(2) Recall that weak™ convergence means that a sequence (,) C X* converges to ¢ € X* if, for
all x € X, we have ¢, (z) = ¢(x). We wish to show that ||¢,|| < co. Since ¢n(z) = ¢(x),
l|o(x)]| < co by assumption, we have that sup,, ||¢n(2)|| < 0o, and since this applies for all
x € X, we get that the Uniform Boundedness Principle implies that ||¢,|| < co. Hence,
the sequence is bounded.

O

Problem 55. Let X be a normed vector space with closed unit ball B. Let B** be the unit ball
in X**, and let 7 : X — X™** be the canonical inclusion. Show that i(B) is weak™ dense in B**.

Proof. (Royden, Fitzpatrick, Theorem 6, Section 15.3) We have that
B ={& : |3l <1}
We first want to establish that B** is weak™* closed.

Remark. The following is what I wanted to initially do, which I think still works. However,
Thomas brought up that this should just be a direct result from Banach-Alaoglu.

Take a net (Z,) C B** which converges weak™® to . We wish to show that & € B**. Since
() converges weak™ to &, we get that this means that lim Z,,(¢) = Z(¢) = ¢(z). Notice that the
continuity of norms gives us ||Z(¢)|| = lim ||Z,(¢)|| = lim ||¢||||Zx]| < lim ||| = ||¢|]- Thus, we see
that

2] = sup{l|2()I| : llell =1} <1,
so & € B**. Hence, it is closed.

Recall that we have i is an isometry (corollaries of Hahn-Banach), so i(B) C B**. So taking the
weak* closure of i(B) and denoting it C, we get that C' C B**, since B** is closed by above. Notice
that B = {z € X : ||z|| < 1} is convex, and the linear image of a convex set is convex, since
taking a,b € i(B), we have z,y € X such that i(z) = a, i(y) = b, so we see that ta+ (1 —t)b € i(B)
for all ¢ € [0, 1], since ti(z) + (1 —t)i(y) = i(tz + (t — y)y) € i(B), using the fact that B is convex.
Notice as well that the closure of a convex set is convex; letting X be our convex set, we take
(1), (yn) C X such that x, — x € X, y, — y € X. Then we see that tz + (1 —t)y € X for all
t € [0, 1], since tx,, + (1 —t)y, € X for all n, ¢t € [0, 1], and so taking limits gives us what we want.
Thus, C' is a convex closed set with respect to the weak™ topology.
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Remark. As Thomas pointed out, there seems to be a typo in what Royden actually does. This
fix comes from

http://mathonline.wikidot.com/goldstine-s-theorem

which, as far as I can tell, still uses the same separation theorem.

Suppose now for contradiction that C' # B**; that is, i(B) is not weak™ dense in B**. Let ¢ €
B** — C'. Using the so called “Hyperplane Separation theorem,” (page 292 of Royden, Fitzpatrick,
Corollary 26 specifically) we have that there is some linear functional T" on C' such that ||T|| =1
and T'(¢) < infaec T'(a). Since i(B) C C, we have infoec T'(a) < inf,eip) T'(o) = —1. Hence, we
get that T'(¢) < —1, and so ||T(¢)|| > 1. We chose T such that ||T'|| = 1, and ¢ was chosen such
that ||¢]| < 1, so we have that ||T(p)|| < ||T]| - ||¢|] < 1. This gives us a contradiction. Hence,
there cannot exist such a ¢, and so B** = C. U
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James Marshall Reber, ID: 500409166 Math 6211, Homework 12

Remark. Thomas O’Hare was a collaborator.

Problem 56. Show that there is a ¢ € (I°°)* = L(I*°,R) satisfying the following two conditions:
(1) Letting S :1°° — [* be the shift operator (Sx), = xy41 for x = (xy)nen, ¢ = o S.
(2) For all z € [*°, liminf z,, < p(z) < limsup z,.

Proof.

Remark. I used a modified version of these notes:
http://homepages.math.uic.edu/~furman/4students/Banach-LIM.pdf
We try using the Hahn-Banach theorem. Let

p((z5)) = limsup

n—o0

n
1
*E T .
n -

=1

We need to show that this gives us a sublinear functional. Notice first that p((z,)) < oo for all
() € 1°°. This follows, since

1 n
xT = limsup |— T;
P((@a)) = limsup | = a;

=1

1 n
< limsup — Zsup || = sup |zy| < oo.
i "

n—oo
Next, we need to show that for all y > 0, we have

p(y(zn)) = yp((zn)).
Notice first that
Y(wn) = (yrn),

and so we have

n

=1

= y lim sup
n—oo

p(y(zn)) = p((yxn)) = limsup

n—o0

n
1
_ E T
n

i=1

= yp((zn)).
Finally, we need to show that
() + (Yn)) < p((xn)) + 2((Yn))-
Notice that
(zn) + (Yn) = (Tn + Yn),

n
1

fE oy

n -
=1

1 n
- Z(ﬂﬁz + i)
n “
i=1
So we get that p is a sublinear functional.
Now, define a linear functional L on ¢ C [*° where

L((zy)) = lim x,,.

+ lim sup = p((zn)) + p((yn))-

n—oo

< lim sup
n—oo

p((xn + yn)) = limsup

n—oo

1 n

This is clearly linear by properties of limits, and furthermore we have
1 ¢ 1 ¢

L =1i = lim — ; < limsup |— ;

((zp)) = limx, im — E z; < limsup | ;1 T

i=1
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by Cesaro mean properties. Hence, we can use Hahn-Banach to find a linear functional which
extends L to the entire space, denoted by ¢. That is, we have

v <p,

¢le = L.
We now need to show ¢ satisfies the desired properties. First, we show (1). That is, we need to
show that

p(S(zn)) = ¢((2n))
for all (x,) € [°°. This is equivalent to showing that
[(S(2n)) = @((zn))] = l(S(xn) = (zn))| = 0.
Notice we have
[p(S(zn) = (2n))] < p(S(2n) — (24)),
since we have that p(—z) = p(z) by construction. Notice as well that

n

%}:C&+1—$0

1=1

Ty — X1 .
—— | < limsup
n—oo

= lim sup
n—oo

p(S(zyn) — (z5,)) = limsup

n—oo

2lfeall _
e g

So in other words, we have ¢(S(x,)) = ¢((zy)).
Next, we need to show that if (x,) > 0, we have ¢((z,)) > 0. Take (x,) > 0, and write it as
(xn) = ¢ (yn), where y,, € [0,1]. Now notice that

n

1= () = $(1 ~ (gn)) < Hmsup |~ S (1 -y <1,
and so
0 < o((yn)),

and then using linearity, we get it holds for all (z,) > 0.
Next, we need to show that

liminf z, < p(x) < limsup z,.

Recall that

lim sup z,, = inf sup x.
n21p>p

Take « such that

limsup z, = inf supzy < a.
n2lg>p

Then we have that there is a point N so that for all n > N,
Ty < Q.
Applying the shift S@) to z, we have
pla— S (n)) = ap(1) = o(S™ (25)) = @ = ¢((2n)).
Notice as well that o — SV)((x,)) is a positive bounded sequence, so we get that
0<a—op((zn) = ¢(zn) <o
Since this applies for all a > lim sup z,,, we get that
o(zy) < limsup zy,.

Analogously, take
a < liminf x,, = sup inf .
n>1k2n
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Then there exists a point N such that for all n > N,
o < T,
Hence, noting that SV)(z,) — « is a positive bounded sequence, we have
0< p((an) — 0 = a < p(za),
and so we have that, since this applies for all «,
liminf z, < p((x,)).
O

Problem 57. Let X be a compact Hausdorff topological space. For = € X, define ev, : C(X) — F
by evy(f) = f(z).
(1) Prove that ev, € C(X)* and find ||ev,]||.
(2) Show that the map ev : X — C'(X)* given by = — ev, is a homeomorphism onto its image,
where the image has the relative weak™® topology.

Proof. (1) Recall that C(X)* = L(C(X), F). We need to show that ev,, is linear and is bounded.
We have that

eve(f +9) = (f +9)(x) = f(x) +g(),
and for « any scalar,
evy(af) = af(x) = aevy(f).

So it is indeed linear. Next, notice that

lleve|| = sup{|leva (M| = f e CX), [[f]| <1} =sup{[[f(2)]] : |If][ <1, feCX)}

Since || f|| < 1, this means that —1 < f <1 on X. Hence, we see that ||evz|| = 1 (just take
a continuous function which is 1). So it is bounded and linear, hence ev, € C'(X)*.

(2) We check first that ev: X — C(X)* is injective. We can equivalently show that if = # y,
there is a f € C(X) so that ev,(f) # evy(f). The space is Hausdorff, so we can find open
neighborhoods which separate the points. Urysohn’s Lemma then gives us that we can find
a continuous function f so that ev,(f) # evy(f). So it is injective. It’s clearly surjective
onto its image, so we have it’s a bijection.

We now need to check it’s a homeomorphism. Since it’s with the relative weak* topology,
let (z,,) be a net converging to some point € X. The weak* topology says that for every
f € C(X), we have that f(z,) — f(x); in other words, ev,, — ev, in the weak™® topology.
So ev is continuous.

Finally, we use Proposition 4.28. We have that X is compact, C(X)
a continuous bijection is a homeomorphism.

* is Hausdorff, so

0

Problem 58. Suppose X and Y are Banach spaces and T : X — Y a linear transformation.

(1) Show that if '€ £(X,Y), then T is weak-weak continuous.
(2) Show that if T is norm-weak continuous, then T € £(X,Y).
(3) Show that if T is weak-norm continuous, then 7" has finite rank.

Proof. (1) This is by the quiz. We need to show that if z,, — = weakly (for all p € X*,
o(xy) — x), then T'(z,) — T(z) weakly (for all v € T*, v(T(zy)) — z,). Take v € Y*
arbitrarily. Then we have that yoT : X — F, and furthermore it is bounded since both
are bounded. Hence, yoT € X*. Since z, — z weakly, we have v o T(x,) — 7o T(x).
Since v was chosen arbitrarily, we have that T'(x,) — T'(x) for all ¥ € Y*; in other words,
T(xy) — T(x) weakly.
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(2)

According to the quiz solutions, we use the Closed Graph theorem. Suppose (z,, T (zy,)) —
(x,y) in norm, then we wish to show that x = T'(x) for some = € X. Since T is norm-weak
continuous, we have that T'(z,) — T'(z) weakly. Since T(z,) — y in norm, we get in
particular that 7T'(x,) — y weakly; to see this, take any ¢ € Y*. Then we have

(T (zn) = y)l| < C|IT(zn) — yl| = 0,

SO
(T(zn)) = o(y).

Hence, T'(xz,) — y weakly as well. The weak topology is Hausdorff, so we have that

y = T'(z), and hence the graph is closed. The Closed Graph theorem then gives that 7" is

bounded.

Using Proposition 5.15, we get that, since T is weak-norm continuous, there exists

Li,...,L, € X* and C > 0 so that

IT(@)]] < C Y ||Li(x)]]
i=1
So in particular, we get that = € (i, ker(L;) implies that = € ker(T'), so (), ker(L;) C

ker(T"). So we see that rank(7") < n. In other words, the rank is finite.
U

Problem 59. Consider the space L?(T) := L?*(R/Z) of Z-periodic functions R — C such that

Define

(1)
(2)
(3)

(4)

Proof.

[ 1P <oe
[0,1]

(fig) = fg.

(0,1]
Prove that L?(R/Z) is a Hilbert space.
Show that the subspace C(T) C L?(T) of continuous Z periodic functions is dense.
Prove that
{en(x) :=exp(2minz) : n € Z}
is an orthonormal basis for L?(T).
Define F : L%(T) — 1*(Z) by

1
F(n = {f,en)r2(r) :/0 f(z) exp(—2minz)dz.

Show that if f € L?(T) and F(f) € I*(Z), then f € C(T). In other words, f is a.e. equal
to a continuous function.

(1) To show it’s a Hilbert space, we need to show that this is a vector space, this defines
an inner product, and that with respect to this inner product it is complete. We first check
that this is a vector space over R. Most of these properties are clear; after showing that
it’s closed under addition and scalar multiplication, we have that f + (¢g+h) = (f +9g) +h,
f+g=9g+f 0¢c LXT), —f € L*T), for a,b € R we have a(bf) = (ab)f, 1f = f,
a(f +g) = af +ag, (a+b)f = af +bf.

To get closure under addition, we can note that

(f=9°=1"=2fg+¢ >0 = [ +4¢*>2fy,
so taking absolute values gives

2|fllgl < [fI* + 9>
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Hence, we have

Jir+oi= [1re+2 [ir1ol+ [1oP <2 [ 157 +2 [ 1P < .

so f+g € L*(T). We also have

[t =1 [ 117 < o0

for all a € R, so it is closed under scalars. Hence, L?(T) is a vector space.
We now check that this defines an inner product.

(a) We have

@f+bgh)= [ (f +blfi=a | fReb [ gh=als.)+big.h),

[0,1] (0,1] [0,1]

via properties of the integral.

(b) We have
(9, f) =/ gf= | fg={(f29):
[0,1] [0,1]

(c) We see

2
— — 0, 00
(f, ) /Mff /[0’1] |fI7 € (0,00)

for f non-zero a.e.
Hence, it is an inner product. Next, we need to show that it’s complete with respect to the
norm given by

A1 = VA5 )
We follow the proof of Theorem 6.6 in Folland. By Theorem 5.1, it suffices to show
that every absolutely convergent series in L?(T) converges. So, take

e}

D lIfill < co.

i=1
Let F, = > 7 |fil, F'=>_7"|fi|. Then we see that
n n oo
YOIAN < DoM< YNl
1 1 1

By the monotone convergence theorem, we get

/F2:hm/F3<oo.

So F € L*(T), implying that >_7° fi converges since F(x) < oo a.e. Letting G = > 7° f;,
we get |G| < F, and so G € L?(T). Using the fact that

[l =

n
G- £ <@F)? el
1
we can use dominated convergence theorem to get
n
1F =" fill* =0,
1

and so we have satisfied the conditions of Theorem 5.1. Hence, it is complete.
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(2) We break it up into steps.
Step 1: (Follow proof of Proposition 6.7 in Folland.) We show that simple functions are

dense in L?(T). Let
n
g = Z i XE;s
i=1

where u(E;) < oo for all i, E; C T measurable subsets. It’s clear that any such g is in
L?(T). We then need to show that we can find a sequence (f,) such that f,, — f in L?(T).
By the theorem from class, we can choose f, A/ f so that |f,| < |f| for all n, f, — f a.e.
We get that

’fn - f’Z < 4‘f|27

since

o = 12 < (U fal + 1D = 1ful® + 20 Ful ]+ 1P < P+ 20 + £ = 4157

By the dominated convergence theorem, we then have that

/lfn—f|%0,

or in other words,

£ = fII* = 0.

Hence,

[fn = fII = 0.

Step 2: (Follow the proof of Theorem 7.9 in Folland.) We show that we can approximate
characteristic functions using continuous functions. Once we have done this, as in prior
homeworks, we can deduce that C(T) is dense in L?(T).

Let E be any Borel set with p(E) < co. Using the regularity of the Lebesgue measure
on this, fixing € > 0, we get that we can find an open U such that £ C U and a compact
K such that K C U so that u(F — K) < e. By Urysohn’s lemma, we can find continuous f
so that yxg < f < xu, and so

||XE_f||:\//|XE—f|2§\//|XU—XK|2§\/E-

This tells us that we can approximate any simple function arbitrarily well with a continuous
function, and so therefore the continuous functions are dense in L?(T).

(3) (We follow Theorem 8.20 in Folland) We check that these are orthogonal in L*(T). We
have

<€na em> _ / eQm’(n—m)xdl,.
[0,1]

Let u = 2mi(n — m)x, we have du = 2mi(n — m)dzx, so
el e2mi(n—m)z 1 e2m(n—m)i _ 1

/ . du = -—
2mi(n —m) 2mi(n —m)

Since m,n € Z, we have that

eeo  2mi(n—m)

627ri(n—m) - 1.
Hence, for n # m, we get that

<€m em) =0,
and for n = m, we see that we get

(en,en) = 1.
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So these are indeed orthonormal.

We now check that this is an algebra. However, from our work before (Problem 50), we
can use DeMoivre’s to deduce that this is indeed an algebra. We also can deduce that this
separates points from the solution as well. We have T is compact, and Stone-Weierstrass
gives that this is dense in the uniform norm. Notice that being dense in the uniform norm
also gives being dense in the L? norm. Fix € > 0, g € C(T). Since we have denseness in the
uniform norm, we can find f € A (our the span of the e, (z) will be the algebra denoted by
A) so that

1 = glloo <€,

I — gl =/ Fogl<é,

)

then we have that

so that

If =gl <e
So we have that A is dense in C(T'), which is dense in L?(T'), and so A is dense in L*(T).
Thus, it’s an orthonormal basis by the theorem in the class notes.
(4) We have

where

fo=F(f)n= (x) exp(—2minz)dw.
(0,1]

> ful <.

Furthermore, as Folland defines, we have that

Z fnen

nezZ

Since F(f) € I'(Z), we have that

is the Fourier series of f, and this property says that the Fourier series of f converges. By the
prior part, we have that the Fourier coefficients f are unique to f (up to a.e. equivalence),
and so any function g which shares the same Fourier coefficients will be equal to f a.e. Let

N A
Sy = Z fnén-
n=—N

We have that Sy is continuous, and from the condition that F(f) € {'(Z) and by Weierstrass
M-test, we see that Sy converges uniformly to a function g which must also be continuous.
Furthermore, we have that the Fourier coefficients of g and f are the same, and so we have

that f and g are equal a.e.
0

Problem 60. Suppose H is a Hilbert space, E C H is an orthonormal set, and {ej,...,e,} C E.
Prove the following assertions.

(1) It

n
r = g Ci€4,
=1

then
ci = (z,e;).
(2) The set E is linearly independent.
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3)

(4)

()
(6)
(7)

Proof.

(4)

For every z € H,

n
Z<x7 €i>€i
i=1
is the unique element of span{ey, ..., e,} minimizing the distance to z.
(Bessel’s Inequality) For every = € H,

n
][> =) e, e .
i=1

If H is separable, then E is countable.

The set F can be extended to an orthonormal basis for H.

If £ is an orthonormal basis, then the map H — I2(E) given by x +— ({(z,-) : E — C) is a
unitary isomorphism of Hilbert spaces.

(1) Since it’s orthonormal, we have that (e;,e;) = J;;. Notice that by linearity in the
first component, we have

n

n
(x,e;) = <Z cjej,ei> = Zq(ej,ei) = cilei, e;) = cillei|| = a.
i=1

j=1

To show F is linearly independent, we need to show that any finite subset S C F is linearly
independent. Taking such a finite subset, we can represent it as S = {ej,...,e,}. We want
to then show that

Zaiei =0 = a; =0 for all 7.

Since it’s orthonormal, we have the Pythagorean theorem applies to give

2
HZ aiei| =Y lail’lles]® =D las* = 0.

Hence, we must have that a; = 0 for all 4. Since the choice of finite subset was arbitrary,
we get that F is linearly independent.
Write M = span{ey,...,e,}. Then we have from the class notes that

H=M&M™".

Hence, we have that for all x € H, we can write
=Y+ z,
where y € M, z € M*. Since y € M, we have

y= Zai€i7
T = Zaiei + z.

Now use the same strategy as before; we have
(x,e5) = <Z ae; + 2, €j> = Zai<ei, ej) + (z,€5) = aj;.

Hence, the unique element minimizing distance between M and x is the desired quantity.
(Folland Theorem 5.26) Notice that, by the Pythagorean theorem, we get

2 n
= ||lz||*> — 2Re <x,z<x,ei>ei> +

=1

and so we can write

n 2

T — Z(x,e»ei

=1

n

Z(w, €i)e;

=1

0<
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n

=llzl® =2 o, e * + D (e’
i=1

i=1

n
= Jll|® =) Iz, e .
i=1

(5) (Folland Theorem 5.29) Since H is separable, we can show that it has a countable or-

(7)

thonormal basis. With this, we have that every orthonormal basis is countable, and by the
theorem from class we have that every orthonormal set is contained in an orthonormal basis
by maximality (we implicitly use (6) here), hence at most countable.

To see that the orthonormal basis has to be countable, let S = {z,} be a countable
dense subset of H. We construct another set as follows: Let y; = z1, S] = {z1}. Let
S7 = span(y;)° N S. After reordering, we can write this as S = {x2,...}. Let yo =
xo, S4 = {y1,y2}, S4 = span(yi1,y2)¢ N S, reorder, and continue. We then get a new
countable set S" = |JS! = {yn}. We can then apply Graham-Schmidt to this new set to
get an orthonormal sequence {u,} which is dense, and so therefore is a basis. Hence, the
orthonormal basis has to be countable.

If F is an orthonormal basis, then we are done. Else, take the collection of all orthonormal
sets, ordered by inclusion, and notice that if we have a chain of orthonormal sets F; C
Ey C -+, then E = |JF; is an orthonormal set. It’s clear that all a € E have ||a|| = 1,
since a € F; for some i large enough. Furthermore, taking a,b € F, a # b, we have that
a,b € E, for some n large enough, and so a L b. Furthermore, it’s clear we have that it’s
maximal, so by the theorem in the class notes we have F is an orthonormal basis. So if F
is not an orthonormal basis, it is contained in one, and hence it can be extended.

(Folland Proposition 5.30/Exercise 5.55) We check that the map is linear first. Let T :
H — [2(FE) be the map which sends T'(z) = (z,-). Then we need to show that T'(ax +y) =
aT(x) 4+ T(y). We have

By Parseval’s identity, we have
][ = [{z, e

acA

for all x € H. Thus, we have that it’s an isometry.
Taking g € [?(E), we have that

> lg(e)? < oo,
ecE

and the Pythagorean applies to give that the partial sums of ) . g(e)e are Cauchy, so
r =) cpgle)eisin H and T'(x) = g. That is, the map is surjective. Isometry gives us
that it is injective, so it is an invertible linear map.

Next, we need to show that it preserves the inner product. We first show the polarization
identity.

Let x,y € H. Then we see that

lz+ 9l = (& +y,2+y) =@,z +y) + Wz +y) = |a]]> + (2,9) + (y,2) + ||y||*
= ||z|* 4+ 2Re((z,)) + | lyII?,

|z =yl = (x—y,x—y) = (@2 —y) — (2 —y) = |2]]> — (2,9) — (y,2) + ||y||*
= ||z|* = 2Re((z,)) + |lyII?,

|z +iyl|* = (z + iy, z + iy) = (v,z +iy) + iy, z +iy) = ||z]|* — iz, y) + i{y, z) + ||y||*
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= ||=[[* + 2Im((z, y)) + |yl I,
= ||l=[[* — 2Im((z, y)) + ||yl
Combining this together, we get
o+ yll? = 1Jz = 9l + illz + iyl? — ille — iyl = 44z ),

|z —iy||* =

as desired. Now notice that
(T(2),T(y)) = 5 (IT(@) + TW)II* = |1T(x) = TW)|]* +illT(x) +iT(y)||> — il| T(x) — iT(y)| )

1T @@+ IP = T (x = I +illT (@ + i)l =T (z — iy)|]*)

N

1 : , : ,
=5 U+l = llz = yll* +illz + iyl = ille — iy[]*) = (z,v)

by isometry properties, so we have that it is unitary.
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James Marshall Reber, ID: 500409166 Math 6211, Homework 13

Remark. Thomas O’Hare was a collaborator.

Problem 61. Let X be a LCH space and suppose ¢ : Cp(X) — C is a linear functional such that
©(f) > 0 whenever f > 0. Prove that ¢ is bounded.

Proof. We follow the hint; that is, we wish to show that
{o(f) + 0<f <1, feC(X)}

is bounded. Recall that Cy(X) is the collection of continuous functions which vanish at infinity;
for every € > 0, {f > €} is compact. By the hint in the class, we proceed by contradiction: that is,
¢ is not bounded. Then we can construct a sequence (f,) C Co(X) so that 0 < f,, <1 for all n,
but o(f,) — co. We use the Weierstrass M-test here. Choose o(f,) > n?. Then we get that

1

n=1
converges uniformly, since 0 < f, < 1, so taking M,, = 7712 we have a convergent series and so the
M-test applies. Since it’s a uniformly convergent series of continuous functions, we get that

— 1
[= Z ﬁf n
n=1
is a continuous function. We check now that f € Cyp(X). Fix € > 0 and examine the set

{reX : fZe}:{xeX : i;fHZe}.
n=1

For fixed ¢, there exists an N large enough so that

1

e < €.

Since 0 < f,, < 1 for each n, this means that none of the x contribute with regards to f, for n
sufficiently large. So we have

N-1

{reX : f>e C U{.CUEX © fa > en?)

n=1
Now, notice that f is continuous, so this means that the set on the left is closed. Since it’s a finite
union of compact sets on the right, this means it is compact. We have a closed subset of a compact
set, and so this must be compact. Hence, f € Cy(X).

Normalizing f to get

6
o(r) = f (),
we have g € Cp(X) and 0 < g < 1. We have that

0(g) = ¢ (ﬂi > lefn> .
n=1

Since everything is positive, we have

w2 n?
n

N
olo) > > > L o).
=1
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We chose f,, so that ¢(f,) > n?, so we have
N

6 N 1 6

This holds for all N, but this means that <p(g) = oo. This is a contradiction, and so we must have

that this set is bounded.
O

Problem 62. Let X be a LCH space, K C X compact, and Uy, ..., U, open sets such that
n
K C U U;.
i=1
Show that there exists gi,...,gn € Ce(X) such that g; < U; for all ¢ and > g; =1 on K.
Proof. Choose € K such that there are compact neighborhoods N, C U; for some j. We have

that
K c| Ny

m m
K c|JNg c| N,
=1 i=1

Taking F; = Ule Ny, where N, C Uj, we get that the F; are compact (since they are finite unions
of compact things), and moreover we have F; C U; for each j € {1,...,n}. By LCH Urysohn, we
have that we can find continuous h; such that h; = 1 on F}; and h; = 0 outside of a compact subset
V' C U;. Moreover, this gives us that h; < U; for each j. Notice that we have that

on K. Use LCH Urysohn to define f so that f =1 on K and supp(f) C {z : 3 h; > 0}. Letting
hni1 = 1— f, we have that Z:“Lll gi > 0on all X. Let

hj
Z?:Jr 11 h;

for j € {1,...,n}.s Then we have that g; < U; still, and furthermore we have that

n
> g9i=1
J=1

on K by construction. N

so by compactness we get

9; =

Problem 63. Suppose X is a LCH space, u is a o-finite Radon measure on X, and E is a Borel
set. Prove that for every € > 0, there is an open set U and a closed set F' with F C E C U such
that

U —F) <e

Proof. Using disjointification, write F/ as

00
- |_| En:
n=1
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where p(E,) < co. By the class notes (or Proposition 7.5 in Folland), we have that we can find
open U, so that

w(Uy,) < p(Ep) +e27 71,
Write

U= U.
n=1

U is open, and furthermore £ C U,
o

WE-U) <> w(U, — By) <
=1

DO ™

We have that E€ is also a Borel set, and so we can write

E°=| | Gn,
n=1
where u(G,) < co. For each Gy, find open V,, so that

u(V) < u(Gy) +e27 71
Write

V=]V
n=1

Then we have that
€
Letting F' = V¢, we have that F' is closed and F' C E. Notice as well that
pwU = F)=pU - E)+u(E—F)=plU - E)+ p(V - E <e
O

Problem 64. Suppose X is an LCH space and ¢ € Cy(X)*. Prove that there are finite Radon
measures [, i1, (42, 43 on X such that

3
o5 =3 [ s
k=0
for all f € Cp(X).

Proof. Consider the case where ¢ € Cy(X,R)*. By the class notes, we have that there are positive
linear functionals 1 € Cy(X,R)* such that ¢ = ¢ — ¢_. We also get that positive linear

functionals are of the form
Pt = / “dp,
where p are finite Radon measures.
Examining the case where ¢ € Cy(X)*, we take f € Cp(X) and notice that it can be written as

f =Re(f)+iIm(f), where Re(f),Im(f) € Co(X,R). Using linearity, we have
o(f) = ¢(Re(f)) + io(m(f)).

Hence, we can write ¢1 = ¢ o Re and 2 = ¢ o Im to write this as

o(f) = e1(f) +ipa(f).
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Now, we notice that 1,2 € Co(X,R)*, and so by the previous discussion we get that we can

decompose them as
P1 Z/'duo—/'dum

P2 = /'dﬂl - / “dp3.
Expanding this, we have

o(5) = [ s~ [ o i [ fam —i [ o

Rearranging terms, we have
3
o1) =22 [ s,
k=0

as desired.
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James Marshall Reber, ID: 500409166 Math 6211, Homework 14

Remark. Thomas O’Hare was a collaborator.

Problem 65. Suppose p is a positive measure on (X, M) and v is a signed measure on (X, M).

(1) Prove that the following are equivalent:
(a) v Lp
(b) [v] L
(c) vpg Lpandv_ L pu

(2) Prove that the following are equivalent:

(a) v<

(b) vl <

(¢) vy < pand v_ K p.
(

Proof. 1) (a) = (b): Assume v L pu. Then we have that we can write
X =EUF, uE)=uv(F)=0.
We can write v = v; — v_. Hahn decomposition gives us
X=PUN, vy(N)=v_(P)=0.
Notice that |v| = vy +v_, where v, (E) =v(ENP), v_(E) = —v(ENN). Notice now that
V|[(F) =vy(F)+v_(F)=v(FNP)—v(FNN).
Since v(F') = 0 (moreover, F' is v-null), we have v(FNP) =0, v(FNN) =0, so
v|(F) = 0.
Hence, we have |v| L p.
(b) = (c): We can write
X=FUF, p(E)=|v|(F)=0.
Again, write
X=PUN, vy(N)=v_(P)=0.
Write
X=(FENN)U(ENP)U(FNN)U(FNP).
Notice that
0 <u(ENP)<p(E)=0,
so w(E N P) = 0. Similarly, we have
vi(ENN)+vie(FNN)+ve(FNP)=0,

since each respective component is 0. Thus, v; L pu. An analogous argument shows that
v_ L p.
(¢) = (a): Since vy L p, we can write
X=FUF, W(E)=vy(F)=0.
Similarly, write
X=GUH, p(H)=v_(G)=0.
Intersecting these gives

X=(FENGUENH)UL(FNG)U(FNH).
89



Let P=FNG, N=(ENG)U(ENH)U(FnNH). Write as well
X=KUL, vi(L)=v_(K)=0.
Then we have
v(iP)=vy(FNGNK)—v_(FNGNL).
Since v (F) =0, v (FNGNK) < vy (F), we have that v (FNGNK) = 0. Likewise, we
get v_(FNGNL)=0. Hence, v(P) = 0.
Similarly, we see that
pw(N) =pw(ENG)+u(ENG) +u(FNH) < p(E) + p(E) + p(H) = 0.

Hence, u(N) = 0. Thus, since X = P U N, we have that v L pu.
(2) (a) = (b): Assume v < p. We have then that if y(E) = 0, then v(F) = u(F) = 0 for all
F with F' C FE, by the monotonicity of u. Writing

X=PUN, vy(N)=v_(P)=0,

and we have
vi(E)=v(ENF)=0,
v_(E)=v(ENN) =0,
so [V|(E) =vi(E) +v_(E) =0. Hence, |v| < p.
(b)) = (c) Assume |v| < p. Take E € M such that p(E) = 0, then we have |v|(E) =
vy (E) +v_(E) = 0. Since |v| is a positive measure, and vy, v_ < |v|, we get that vy <
and _ < as well.
(¢) = (a): Take E € M with pu(E) = 0. We have that

v(E)=vy(E)—v_(E)=0—-0=0.
Hence, v < p.

Problem 66. Let v be a signed measure on (X, M). Prove the following assertions:

(1) £1(v) = L1 (|v]).
) [gav] < [1stao

(@) I f e £'(0),
ru<E>:sup{'[Efdu : —1§f§1}.

Proof. (1) Take f € £L!(v). We wish to show that f € £L}(|v|). Again, write v = v, —v_, and
write

(3) If E € M,

X=PUN, vy(N)=v_(P)=0.

[ st = [ 171w < .
/|f|dV— = —/leldu > —o0,

15wl = [ i+ vy = [\fiav+ [ 1fiav- < .
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Thus, f € L*(|v|). The other direction is clear, since if f € L(|v|), we have

Jisiavi= [+ = [1g1avs + [ 110 <o
/|f|dV+,/|f|dv < oo,

and hence f € L'(vy)N LY (v_) = L'(v
(2) We write out the deﬁn1t10n
‘/fdu = /fdy+—/fdu_ g‘/fdy+ +'/fdu_
< [1stdvs+ [ 1flav- = [ 171dpl.
JQEy:$m{Léf@':—1§f§1}.

Take f measurable so that —1 < f < 1. Then we have

/E fdv| < /E fldlv] < /E dly| = W|(E).

So K(F) < |v|(E). For the other direction, write
X=PUN, vy(N)=v_(P)=0.

SO

(3) Let

We have

lv|(E /d\l/\ /dV++/dV_ /Xpdy—/XNdV:/(Xp—XN)dVS
E E E

and since

/E(XP — Xxn)dv

—1<xp—xn<1
by disjointedness, we have that

XP—XNG{ fdv i—lﬁfél},
E
SO
v|(E) < K(E).
Hence, |v|(E) = K(F), as desired.
]
Problem 67. Suppose
= / fdu, EeM
E

where p is a positive measure on (X, M) and f is an extended p-integrable function. Describe the
Hahn decompositions of v and the positive, negative, and total variations of v in terms of f and u.

Proof. First, we wish to describe a Hahn decomposition of v in terms of f and p. That is, we need
to find sets P and N so that

X=PUN,
and where P is v positive and IV is v negative. Write
P={f =0},

N ={f <0}
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Then clearly PNN =g, PUN = X. Let E C P, then we have

V(E)—/Efdu—/f-xEdMZO.

So we see that v is positive on P. Likewise, £ C N implies that

:/Efd/LZ/f’XEdMSOa

so that v is negative on N. Hence, we have a Hahn decomposition of v.
With this, we can find the positive and negative variations of v. Write

vl B) = ENP) = [ foxedn,

v_(E)=—-v(ENN) /f xndp.

Thus, we write v = vy — v_. The total variation then is

v =vy +v,

which we write as

v|(E /f xpdp — /f xndp

=/ fxp —xn)dp.
E
g

Problem 68. Suppose p is a positive measure on (X, M). Suppose {v;} is a sequence of positive
measures on (X, M). Prove the following assertions:

(1) If {v;} is a sequence of positive measures on (X, M) with v; L p for all j, then > v; L p.
(2) If 11, vy are positive measures on (X, M) with at least one of vy, 15 is finite and v; L p for

j=1,2, then (v, — o) L p.

(3) If {v;} is a sequence of positive measures on (X, M) with v; < p for all j, then ) v; < p.
(4) If v1, vy are positive measures on (X, M) with at least one of v, v, is finite and v; < p for

Proof.

j=1,2, then (11 — 1) < p.
(1) For each j, we have that
X = Ej U Fj,

with p null on Ej and v; null on Fj. Let E = ;2 E;, F'' = (;2, Fj. Notice first that
X = E U F, since these are compliments and DeMorgans applies. Letting G C E, we can
write G; = G N Ej, and we have that

U Gj| < Z n(Gj) =
J J
Hence, u(G) = 0, and since this applies for all subsets we have that F is p null. Letting

G C F, we see that
D (@) =) 0=0,
J J
since vj(G) < v;(Ej) = 0 for each j. Hence, we have that v, is null on F, so we have
that > v; L p.
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(2) We have
X=FEUF =FE,UF,,
where p is null on E, Es and v; is null on F, Fy. Let E = By U Ey, F' = Fy N Fy. From
above, we see that
X =FUF,
and p is null on E. Furthermore, we see that v; — vo is null on F' by the same argument
above, so we have that (v; —va) L u.
(3) Let E € M be such that u(E) = 0, then we have for all j v;(E) = 0, so > v;(E) = 0.
Hence, ) v; < p.
(4) The same idea as above: take E € M such that u(E) = 0, then 11 (E) =0, 1»(E) =0, so
(1 — 1»)(E) = 0. Since the choice of E was arbitrary, we have (13 — 19) < p.
O

Problem 69. Let F': R — R be a non-decreasing continuously differentiable function, and let pp
be the corresponding Lebesgue-Stieltjes measure on R. Prove that pp < A (Lebesgue measure)

and

dpr /
— = F" )-a.e.
Y A-a.e

In other words, prove that

ur(E) :/ F'd\ VE € Bg.
E
Proof. We can define a measure v such that

V(E) = /E FldA

or in other words, dv = F’'d\. Write the real line as a countable disjoint union of half open intervals
(a,b]. Observe that

v((a,b]) = /( ) F'd\ = F(b) — F(a) = pr((a,b]) < .

Let II be the collection of half open intervals on R, along with the empty set. By what we’ve just
shown, we see that © = v on II. Notice that, by argument laid out in Problem 12, we get that
this is actually a II system (simply go through the cases and see that intersecting two half open
intervals gives either a half open interval or the empty set, use this and induction to get that it
holds for a finite number of half open intervals). Hence, using Problem 6, we get that u = v on
Br. So we have du = F'd\, This gives us that F’ = dg‘f A-a.e. Next, notice that if A(E) = 0, we
have that

up(E) = / FlAA < A(F) - ||F]]oe = 0,
E
SO pp <K A. O
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Problem 70. If f,, — f in measure, and if there is a function ¢ such that f, < ¢ a.e. for alln > 1,
prove that f < ¢ a.e. as well.

Proof. By definition, f, — f in measure implies that for all € > 0,

p{z o [fu(x) = f(2)] > €}) = 0.
Examine the set
Eo:={x : f—¢>¢€}
Then we can write this as
Eo={z : f-fatfo—0d2etC{z : f—foze/2tU{z : fr—¢>¢/2}

Notice that we can write

{z : falz) = f(z) Z e} C{z : [fulz) = f(2)] = €},
and so we see that we can make the measure arbitrarily small. Hence, take it so that the measure
is 0.
Since f, < ¢ a.e. for all n > 1, we have that 0 < ¢ — f,, a.e., or in other words the set where
fn — ¢ < € has measure 0 for all € > 0.
So, we have that E. = 0. Notice now that £, /" E:={x : f—¢>0}={z : f> ¢}, and so
w(E) = 0 by continuity from below. O

Problem 71. Show that convergence in L! implies convergence in measure.

[15= 510
/V fl= [ 1 =gl [ V=11

where £ = {z : |f(x) — fn(x)| > €} for some ¢ > 0. Hence,

Lir=si< [1r- 5l

Furthermore, since |f — f,| > € on E, we have

L1r=5z [ e=eup),

Proof. Convergence in L' says

Notice that we have

So we have )

By <y [1F -1l
The right hand side goes to 0, and so we see that the left hand side goes to 0. Since this applies
for all € > 0, we win. g

Problem 72. Suppose A C B are Lebesgue measurable subsets and A\(A) = A(B). Then show
that any set C' such that A C C' C B is also measurable and that A\(C) = A(4).

Proof. Notice that

AMA) < ANC) < AB) =AA) = AC) = A(A).
Notice that we have \(B — A) = 0. Furthermore, we get that C — A C B — A, and so C — A
is measurable by completeness. Hence, C = AU (C — A) is a union of measurable sets, and so

measurable. 0
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Problem 73 (Axler 2.1). Suppose that A, B C R, \(B) = 0, then A(AU B) = A(A) (X here is the
Lebesgue measure).

Proof. Montonicity says
ACAUB = AA) <AAUB).
Subadditivity gives
AMAUB) < AA)+ AB) =\A).
Hence, we have
AMA) < AMAUB) <AA) = MAUB)=A(A).

U
Problem 74 (Axler 2.3). Prove that if A, B C R, A(A) < oo, then \(B — A) > A(B) — A(4).
Proof. Notice that we have
B=AU(B-A),
so we have
AB) < AA)+XB-A).
Since A(A) < oo, we can subtract from both sides to get
A(B) = A(A) < AX(B—-A).
(|

Problem 75 (Axler 2.17). Suppose X is a Borel subset of R, and f : X — R is a function such
that

F:={ze€ X : fisnot continuous at x}

is a countable set. Prove f is a Borel measurable function.

Proof. Let E C R open. Then we have that f~}(E) = (f"Y{(E) N F)U (f~Y(E) N F°). Since \ is
a complete measure, we have that f~!(E) N F is measurable, since it has measure 0, and since f
is continuous on F°, we get that f~(E) N F¢ is measurable. Hence, f~!(E) is measurable. Since
this works for all £ C R open, we have that f is measurable. O

Problem 76. Let M be an algebra. If M is closed under countable disjoint unions, then it is a
o-algebra.

Proof. Recall that an algebra is a collection of sets which is closed under complements and finite
unions and M # @&. We also give it the property that it is closed under countable disjoint unions;
that is, if {E;} C M is a collection of disjoint sets (that is, £; N E; = @ if i = j), then | | E; € M.

We want to show that M is a o-algebra. Recall that a o-algebra is a collection of sets Y such
that

e XY,
e Y is closed under complements,
e Y is closed under countable unions.

So we have that M satisfies the first two properties, and so it suffices to show it satisfies the
last. Notice that DeMorgans gives us (JI_, E)¢ = N/, Fi, and so M is also closed under finite
intersections. o

Let {E;} be a collection of sets in M. Let F} = Eq, F, = E, N (U?;ll EZ> . Since the E; € M,
we get that F; € M for all i. Moreover, F; N F; = @; they are disjoint. So by assumption,
|| F; € M. But notice as well that | | F; = |J F;, and hence |JE; € M. So M is closed under

countable unions. O
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Problem 77 (Folland 1.5). If M is a o-algebra generated by F, then M is the union of the
o-algebras generated by F' as F ranges over all countable subsets of F.

Proof. We proceed via the hint. That is, we first wish to show that

G = U o(F)
FCP(E)
F' countable
is a o-algebra. First, notice that @ € G clearly. Next, let A € G. Then we have that A € o(F)
for some F, and so A € o(F), which implies it’s in the union. Finally, let {4;} be a collection
of subsets of G. We wish to then show that | J A; € G. Notice that A; € F; for some i, where we
may have F; = Fj for i # j. Since this is a countable union, we have that we can take a union over
these F; to have a countable union; that is,

UAi co (UFZ> C G.
So G is closed under countable unions, and so is a o-algebra.

Now, we see that M C G, since G is a g-algebra which contains E. For the other direction, just
note that o(F) C M for all F, and so |Jo(F) =G C M. Hence, M = G. O

Problem 78 (Folland 1.6). Complete the proof of Theorem 1.9. That is, the following:

Suppose that (X, M, i) is a measure space. Let N' = {N € M : u(N) =0}, and M = {EUF :
E € Mand F C N for some N € N'}. Then M is a o-algebra, and there is a unique extension 7
of i to a complete measure on M.

Proof. Since M and N are closed under countable unions, we clearly get M is as well. If EUF € M
where £ € M and F' C N € N, we can assume that £ N N = &, otherwise disjointify them. Then
EUF=(EUN)N(NCUF), so (EUF)®c M. Hence, its a o-algebra.
We then want to show that v = 77 is a complete measure on M. To check that it’s a measure,

we need to show two things:

(1) v(@) = 0: This follows, since @ = @ U @, and so v(&) = u(@) = 0.

(2) If E; is a disjoint collection of sets in M, we have that E; = A; U F;, where A; € M and

F; C N; for some N; € N. Hence, we have

| |Ei=| |(AiuF) = <|_|Az> U <|_|Fz> ;
v <|_| EZ) =L (|_| Ai) = ZM(Ai) = ZV(EZ)

So v is a measure. Moreover, we see v is a complete measure; we see that if N C X is such that
N C F, u(F) =0, then we have that

N=gUN e M,y(N)=0.

and so

So it is a complete measure. Finally, we check the uniqueness of v. Assume that we have another
measure, -y, which is equal to u on M. Given A € M, we have that A = FEU F, where £ € M,
FCNeM, u(N)=0. Hence, we have that E C A C EU N, and so we get

YE) = w(E) <~(A) <y(EUN) = p(EUN) = p(E) = ~(E),
and so we have v(A) = vy(F) = v(FE). Hence, the measure is unique. O

Problem 79 (Folland 1.7). If py,..., uy, are measures on (X, M), and ay,...,a, € [0,00), then

> a;p; is a measure.
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Proof. We need to check the two assumptions. Notice that

> aii(2) = ai(0) =0,

and so the first assumption holds. Next, take {E;} C M disjoint. Then we have that
i <|_| Ej) => pi(Ej),
and so
Z a;fl; (u Ej) = Z a; Z pi(Ej) | = Z Z a;p(Ej).
i j i

Hence, it’s a measure.
Problem 80 (Folland 1.8). If (X, M, ) is a measure space, and {E;} C M, then

p (liminf F;) < liminf p(Ej).

Also,
p(limsup E;) > limsup p(Ej),

I (UE]) < 00.

provided that

Proof.
(1) Recall that

oo o0
liminf B = | ] (1) Em.
Jj=1m=j
By subadditivity, we see that

o0
m=j

for all j > m, and so in particular we have
oo
pl () Em | < inf p(Ep).

. mz2j
m=})

Taking the limit as j — oo of both sides gives
p(liminf £;) < liminf u(E}).
(2) This is proven analogously. Notice that

m=j

for all 7 > m. Hence, we get

H U En | > Sup‘,u(Em)
m=j m>j

Since the union has finite measure, we get the desired result by taking limits.
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Problem 81 (Folland 1.9). If (X, M, p1) is a measure space and E, F € M, then u(E) + u(F) =
w(EUF)+pn(ENF).

Proof. Recall that we can write
E=(ENF)U(ENFY).
Hence,
p(E) = u(ENF) + p(ENF).
Likewise, we can write
EUF =(ENF°)UF.
So we have
WEUF)+u(ENF)=puF)+u(ENF)+u(ENF) = p(F) + p(E).
O

Problem 82 (Folland 1.10). Given a measure space (X, M,u) and E € M, define up(A4) =
w(ANE) for A€ M. Then pg is a measure.
Proof. Notice that
pe(2) = p(ENo) = p(@) = 0.
Notice as well that if {E;} C M is such that it is disjoint, then

HE (|_| Ez) =p <<|_| Ez) N E) =p (I_I(Ez N E)) = ZM(Ez‘ NE) = Z,U«E(Ei>-

Hence, it is a measure. ]

Problem 83 (Folland 1.11). A finitely additive measure u is a measure if and only if it satisfies
the conclusion of Theorem 1.8c. If p(X) is finite, p is a measure if and only if it satisfies the
conclusion of Theorem 1.8d.

Proof. (=) Clear.
( <) It suffices to show that if E; C M is disjoint, then u (|J E;) = > p(E;). By finite additivity,
we get

7 (U Ez) =) u(Ey).
i=1 =1

We can then do limits to get

0 (U E@) = ZM(Ei)-
i=1 =1

Problem 84 (Folland 1.12). Let (X, M, u) be a finite measure space.

(1) f E,F € M and u(EAF) =0, then u(E) = p(F).

(2) Say that E ~ F if u(EAF) = 0; then ~ is an equivalence relation on M.

(3) For E, F € M, define p(E, F) = p(EAF). Then p(E,G) < p(E, F) + p(F,G), and hence p
defines a metric on the space M/ ~ of equivalence classes.

Proof.
98



(1) Recall that
EAF = (E - F)U (F — E).
Hence, we have
W(EAF) = p(E —F)+ pw(F — E) =0.
This implies that u(E — F) = p(F — E) = 0. But notice that E C F'U (E — F), and so we
get
W(E) < u(F) + p(E — F) = p(F).
Likewise, F' C EU (F — E), and so u(F) < p(E). Thus, u(E) = p(F).
(2) We first see that FAE = &, and so E ~ E. Likewise, if E ~ F, then u(EAF) =
WE—-F)+u(F —FE)=puF —E)+uE—F)=uFAFE)=0, and so F' ~ E. Finally, if
E ~ F, F ~ @G, then we have that
HW(EAG) = u(E - G) + u(G — E).

Notice that F — G C (E — F)U (F — @), and so u(E — G) = 0. An analogous argument
applies for G — F.
(3) By the observation prior, we have

WEAG) = W(E=G)+(G—E) < p(E=F)+u(F=G)+u(G=F)+p(F - E) = n(EAF)+u(GAF).

Hence, we get the triangle inequality. On the quotient space, it’s clear that this will be a
metric, then.

0

Problem 85 (Folland 1.13). Every o-finite measure is semifinite.

x=JF,

where p(F;) < oo. Take E C X such that u(F) = oo. Then we have that
E=|JFnE),

Proof. Since p is o-finite, we can write

and so
0o = u(E) <Y u(FinE),
and hence ), pu(F; N E) = oo. So there must ;e at least one N such that u(Fy N E) > 0.
Furthermore, we have pu(Fy N E) < u(Fy) < oo. So, we have
FyNECF, 0<u(FyNE) < oc.
The choice of F was arbitrary, and so our measure is semifinite. O

Problem 86 (Folland 1.17). If p* is an outer measure on X and {4;} is a sequence of disjoint

measurable sets, then
M* (E N UAJ> = ZM*(E N AJ)
Proof. Notice immediately that we have

w (EHUA]) =pu* (U ENAj) ) Zu ENAj)
by properties of outer measure. We then need to show the other direction.
Let B, =} 4, B=J,~, By. Since A; measurable, we have

p(ENBy) =p (ENB,NA,) +p (EN B, NAY)

— (BN Ay) + 1*(EN Ba_1).
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By induction we have
n
W (BN By) = Y (B0 4j).
Monotonicity tells us that 1
*(ENB) Z (ENAj)
1

Since this applies for all n, we have

uw (E N UA]> > Zu*(E N Aj),
as desired. O
Problem 87 (Folland 1.18). Let A be an algebra, A, the collection of countable unions of things

in A, and A,s the collection of countable intersections of sets in A,. Let pg be a premeasure and
1" be the induced outer measure.

(1) For any E C X and € > 0, there exists A € A, with E C A and p*(A) < p*(F) + €.
(2) If u*(E) < oo, then E is p* measurable if and only if there exists B € A,s with £ C B and
p* (B —E)=0.
(3) We could take pg to be o-finite instead of p*(E) < oo.
Proof.

(1) This follows by definition of the induced outer measure; we have

= inf{Zuo(Aj) : A;je A E C UA]-} :
Hence, for all € > 0, there is a B € A, such that
W (B) < ' (E) +e.
(2) (=) Assume that F is p* measurable and has finite measure. From above, we can find
B such that
W (B) < ' (E) +e.
Let B,, be such that
W (Bn) < 1" (E) + 1/n.
We have that
w(Bn) = (Bn N E) + p*(Bn N E°),
and since EF C B,,, we get
p*(Bn) = p*(E) + p*(Bn — E).
Since p*(E) is finite, this means
1 (By) = 1 (B) = i* (B — ).
Furthermore, we have
p(Bn) = p*(E) = p*(Bp — E) < 1/n.
Let B =) By. Then
W*(B = E) < p*(Bu — E) < 1/n
for all n, and so we have

W(B—E)=0.
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Furthermore, since £ C B, for all n, we have F C B, as desired.
( <= ) Assume we have that there is a B such that £ C B and p*(B — E) = 0. Hence, we
see that u*(B) = u*(F). Let F be any subset of X.

W(FNE)+u* (FNE®) < u*(FNB)+u* (FNE®) < (FNB)+u" (FNB®)+u*(BNE®) = u*(F).

Since this applies for all F', we have that E is measurable.
(3) Let X = J,, Xn, n*(Xpn) < 0. Take F C X, then F = (J,,(F N X,) = |JE,. Notice
that p*(E,) < oo for each n. For each n, choose A,; such that pu*(A,; — E,) < 1/527".
Then B; = |J, An; is such that u*(B; — E) < 1/j. Hence, taking B = (), B;, we have
w*(B — E) = 0. The rest follows.
O
Problem 88 (Folland 1.19). Let 1* be an outer measure on X induced from a finite premeasure p.
If E C X, define the inner measure of E to be pu.(F) = uo(X) — p*(E€). Then E is p* measurable
if and only if p*(E) = u.(E).

Proof. (=) Assume that E is p* measurable. Then we have that
W (X) = () + i (E°).

Since X is p9 measurable, we have that po(X) < co. Hence, p*(E) + p*(E¢) < oo, and so each is
finite. We then have that we can subtract things, and so

po(X) = p*(E) + p*(E°) <= pa(E) = p"(E).

(<) Assume that p*(E) = po(X) — p*(E€). We have that there are E C A, such that
i (Ay) < u*(E) + 1/n.

Notice that

() = 17 (AS) + (A, — ).
Notice as well that

p(X) = p (An) + 7 (A7),
and so we have
w(E) = po(X) — p*(E%) = p*(An) + (A7) — p (A7) — n*(An — E).

Hence,

W (An) = i*(E) = 1 (A — E).
Taking A =) A4,, we have that

p(A—E)=0,

and so E is p* measurable. ([l
Problem 89 (Folland 1.24). Let p be a finite measure on (X, M), and let u* be the outer measure
induced by p. Suppose that E C X satisfies u*(E) = p*(X).

(1) f A,Be Mand ANE = BNE, then u(A) = u(B).
(2) Let Mg = {ANE : A € M}, and define the function v on Mg defined by v(ANE) = u(A).
Then Mg is a g-algebra on F and v is a measure on Mg.

Proof.
101



(1) Recall from Folland 1.12, u(EAF) = 0 implies p(E) = p(F). So it suffices to show that
u(B—A)=0and u(A—B)=0.

Notice that (A — B)NE = ANB°NE = (ANE)NB° = (BNE)NDB° = g, so
A— B C Ef or E C (A— B)° This implies that u*(E) = p*(X) < pu*((A— B)°) < pu*(X),
and so p*((A — B)¢) = pu*(X). Since (A — B) € M, this implies that

w((A=DB)) +p" (A= B) = p'(X),
and since it’s a finite measure we get p*(A — B) = 0. An analogous argument gives us
p (B —A) =0, so we have pu(A) = u(B).

(2) We need to check three things for a o-algebra. First, it’s clear to see that @ € Mg, so it’s
nonempty. Second, we check it’s closed under complements. That is, if AN E € Mg, then
(ANE)*NE € Mg. Use DeMorgans to write this as

(ANE) = A°UE",
and so
(ANE)NE=(A“UE)NE=A°NE € Mg.
Finally, we need to check it’s closed under countable unions. This, however, follows directly
from the fact that M is a o-algebra.

Next, we need to check that v is a measure. First, we see that v(@) = v(@NE) = u(Q) =
0. Second, let F; N E be a disjoint collection in Mpg. Then

v(UFrnE)=v((UR)nE)=n(R) =D uE).
O
Problem 90 (Folland 1.25). Complete the proof of Theorem 1.19. That is, suppose £ € M,

is arbitrary. Show that this implies that £ = V — N, where V is a G5 set and u(N) = 0 (this is
sufficient for establishing (c)).

Proof. We have it for the case u(E) < co. Since we are working over R, we have that it is o-finite.
Let E, = [-n,n] N E. We can find U, open such that u(U,) < p(E,) + €/2", and so taking
U = U,, we have

U —E)=pn (U(Un - En)) < ZN(Un — En) <e

n

Take V,, to be U such that e = 1/n. Intersecting over all V,, gives
uw(V—FE)=0.
Hence,
E=V—(V-E).
O

Problem 91 (Folland 1.26). If £ € M,, and u(F) < oo, then for every e > 0 there is a set A that
is a finite union of open intervals such that u(EFAA) < e.

Proof. We have that there are compact K and open U such that K ¢ E C U, and pu(U) <
w(E) +€/2, u(E) < u(K) +€/2. We can write U = | |, I,,, where I,, are disjoint open intervals.
Since K compact, and these cover K, we have that we can get a finite subcover U{V I, which cover
K. Furthermore, calling this A, we have K C A C U. So, we get

w(EAA) = (B —A) + n(A—E) < p(E - K)+ (U - E) <e
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Problem 92 (Folland 1.29). Let E be a Lebesgue measurable set.
(1) If E C N, where N is the nonmeasurable set described in 1.1 (the Vitali set), then m(E) = 0.
(2) If m(FE) > 0, then E contains a nonmeasurable set.

Proof.
(1) We have that

UE clJN =001,

reR reER

> m(E) < 1.
reR
Since R is infinite, this forces m(E) = 0.
(2) Omitted (tedious but doable) TODO

So

O

Problem 93 (Folland 2.1). Let f : X — R and Y = f~!}(R). Then f measurable if and only if
fH({oo}) € M, f71(0) € M, and f measurable on Y.

Proof. ( =) If f measurable, we have f~1(+00) € M, and furthermore f measurable on Y.

( <) Suppose we have the following conditions. Then we need to show that for every A € B(R),
f~1(A) € M. Notice we can write A = (AN {00} N{—00})U(AN{x}N{—c})U(AN{cc}N
{—00}). Hence, f~1 (AN {oc}*N{—00}) U (AN {x}N{-00})U (AN {o0}*N{—00})) = f1(AN
{oo}en{—oo})Uf 1 (AN{oo}N{—cc})Uf~H(AN{cc}N{—0cc}). Naturally the first is measurable,
since it’s in Y, and the second is measurable, since it’s either the empty set or the point at 4oo.
So we have that it’s measurable (|

Problem 94 (Folland 2.3). If { f,,} a sequence of measurable functions on X, then {z : lim f,(x) exists}
is measurable.

Proof. Since {f,} measurable, we have g = liminf f,, and A = limsup f,, are both measurable.
Furthermore, k = h — g is measurable, and this set is described as k=({0}). O

Problem 95 (Folland 2.4). If f : X — R and f~!((r,cc]) € M for each r € Q, then f is
measurable.

Proof. By the density of the rationals, we can write
(a,00] = U(r,oo], X={reQ : r>a}CQ.
reX
Hence, we have

F (ay00]) = | £ ((r,00)).

reX
]

Problem 96 (Folland 2.5). If X = AU B where A, B € M, a function f on X is measurable if
and only if f is measurable on A and on B.

Proof. (=) Assume f is measurable, then we clearly have for all E measurable that f~1(E)N A
is measurable. Same for B.

( <= ) Assume it is measurable on A and B. That is, for all E measurable, we have f~}(E)N A
is measurable and f~!(E) N B is measurable. Since AU B = X, we have

FFUE) =1 E)NX =fYB)N(AUB) = (fT(E)NA)U(fH(E)NB),

and so this is measurable. Hence, f is measurable. ([l
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Problem 97 (Folland 2.6). The supremum of an uncountable family of measurable R-valued
functions on X can fail to be measurable.

Proof. Let V' C [0,1] C R be the Vitali set. Take f; = Xy} to be the family of functions, where
here x € V. Then each f; is measurable (since it’s the characteristic function of a point), but the
uncountalbe supremum gives you Xy, which is non-measurable. ([l

Problem 98 (Folland 2.10). Prove Proposition 2.11. That is, prove the following statement:
We have the following if and only if x4 is complete:

(1) If f is measurable and f = g p-a.e., then g is measurable.

(2) If f, is measurable for n € N and f,, — f p-a.e., then f is measurable.

Proof. (1) (= ) Assume p is complete. Let A = {f = g}, B = {f # g}, then AUB = X.
Take F € N, we wish to show that ¢g=1(F) € M. Notice we can write

g (F) = (¢ (F)nA) U (¢ (F)N B).

The set on the left is measurable, since f is measurable, and the set on the right is measur-
able, since u is complete. Hence, we have it’s measurable.
( <= ) Assume we have the condition. Let F' C X be such that u(F) = 0. Let f = 0,
g = xr. Then g = f p-a.e., so g is measurable, and furthermore g~*({1}) = F € M.
Hence, p is complete.

(2) (= )Let A={f, — f} and B ={f, /& f}. Again, AU B = X. The same argument
applies here; taking F' € N, we get

FHE) = (FHE)NA) U (fH(F)NB)

is measurable. (To be more rigorous, let g be the pointwise limit of f,,; we have that g is
measurable, and then use (1) to get the desired result).
( <= ) Assume we have the condition. Let f, = 0, f = xp, where F' C X is such that

w(F) = 0. Then f, — f p-a.e., and again we get that f~'({1}) = F is measurable.
]

Problem 99 (Folland 2.11). Suppose that f is a function on R xR¥ such that f, is Borel measurable
for each € R and fY is continuous for each y € R*. For n € N, define f,, as follows: for i € Z, let
a; =1i/n, and for a; < z < a;11 let

fa(z,y) == flaisi, y)(x — ai) — flai,y)(z — ai+1).

Ai+1 — Q4

Then f, is Borel measurable and f,, — f pointwise; hence, f is Borel measurable on R x R*.
Proof. We first show that f is Borel measurable. Notice that, after fixing 7, we get
Frilony) = flaiv1,y) (@ — a;) — f(ai, y)(z — aiv1)

Ai41 — a4
is measurable. Hence, we can write

fn(xa y) = Z fn,i(mv y)X[ai,aiJrl)XRk (1’, y):

1€EL

and so f, is measurable.

Next, we need to show that f, — f pointwise. Let t = (z — a;)/(ai+1 — a;). Then we have that
falz,y) = tf(air1,y) + (1 — t)f(a;,y). Using the continuity of fY, we get that n — oo implies
aj,ai+1 — x, t = 0, and so fn(z,y) = f(z,y). O

Problem 100. If f is measurable, and f = g pu almost everywhere, then g is measurable as long

as { is a complete measure.
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Proof. Let N = {z : f(z) = g(x)}. Then pu(N°) = 0. If A is measurable, we need to show that
g 1(A) is measurable. Notice that

g HA) = (T (A NN) U (g (A) NN = (F7H(A) NN)U (97" (a) N N).

We have g~ (A) N N¢ C N¢, u(N€) = 0, so monotonicity tells us that the right part is measurable,
and since f is measurable we have f~1(A) N N is measurable, so we get g~'(A) is measurable. [J

Problem 101. Let (X, M) be a measurable space.

(1) Prove that the Borel o-algebra Be on C is generated by the open rectangles.

(2) Prove directly from the definitions that f: X — C is M — B¢ measurable if and only if Re(f)
and Im( f) are measurable.

(3) Prove that the M — B¢ measurable functions form a C-vector space.

(4) Show that if f: X — C is M — B¢ measurable, then |f|: X — [0,00) is M — Bg measurable.

(5) Show that if (f,) is a sequence of M — B¢ measurable functions X — C and f,, — f pointwise,
then f is M — B¢ measurable.

Proof. (1) Clear; use the topology given to C by R2.

(2) Since Bc is generated by the open rectangles, we have f is measurable if and only if f~1(E),
where E is an open rectangle, is measurable. Notice that we can view f = Re(f) x Im(f), so
we have f~1(E) = Re(f) }(F1) x Im(f)~(F2), where F; and Eo are open balls in R! and
Ey x E5 = E, an open rectangle. Hence, we have f is measurable if and only if Re(f) and
Im(f) are measurable.

(3) We need to show a few things. Denote the space of M — B¢ measurable functions as V. Then if
we have f,g € V, we need to show f+g € V. But we have f+¢g = (Re(f)+Re(g)) +i(Im(f)+
Im(g)), and since addition of M — Bg measurable functions is again measurable, we get that
f+g are measurable using (2). Next, we need to show that forallec € C, f € V, cf € V. We can
write ¢ = a+bi. Then cf = (a+bi)(Re(f)+ilm(f)) = (aRe(f)—bIm(f))+i(alm(f)+bRe(f)),
and since M — Bg is a vector space we get that Im(cf) and Re(cf) are both measurable, so
using (2) gives that f is measurable. Hence, it is a vector space.

(4) Recall that we define | f| = \/Re(f)? + Im(f)2. Notice that f being M — Bg measurable implies
f? is M — Bg measurable, and so we get Re(f)? +Im(f)? is M — Bg measurable. Finally, Vs
continuous on the positive domain, which these are on, so we get that |f| is M — Br measurable.

(5) We have limsup,, ,. fn = f is measurable if (f,), f are real valued. We can write f,, =
Re(fn) +ilm(f,). Then f, — f implies Re(f,) — Re(f), Im(f,) — Im(f). So using (2), we
get that f is M — B¢ measurable.

O
Problem 102. Show that almost uniform convergence implies convergence in measure.

Proof. Almost uniform convergence tells us that for all € > 0, there exists an £ € M such that
w(E) < € and froxge — fxge uniformly. Fix ¢ ;¢ > 0. Then we have A € M as above, where
u(A) < e. Hence, we have

{fa—=f1Z2€y={fa—fIZ €3N A U{Ifn— fI =€} N A°).
Notice as well that
{lfa—fl>ynACA,

and so it’s measure is less than e. Furthermore, since f, — f uniformly on A° we can take N
sufficiently large so that p({|f, — f| > €'}) = 0. Hence, we have

p{lfn — fl = €}) <e
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Since the choice of € > 0 was arbitrary, we get

p{lfn— fl =€) =0.

Since the choice of € > 0 was arbitrary, we get that this holds for all € > 0. O

Problem 103 (Folland 2.13). Suppose (fy) C LT, f, — f pointwise, and [ f = lim [ f,, < oco.
Then [, f =lim [ f, for all E € M. This need not be true if [ f =lim [ f, = occ.

éh=/hm-

Notice as well that Fatou’s Lemma gives us

/liminfanE —/fXE —/ fgliminf/anE—liminf/ fn-
E E

Similarly, we have

Proof. Notice we can write

f <liminf fn-
Ec Ec
Now, notice that

/Ef—/f—/chZ/f—liminf/cfn—limsup</fn—/chn>—hmsup/Efn.

So we have
limsup/ fng/fngliminf/ fn = /fn:lim/ fn-
E E E E E

For a counterexample, use f = X(0,00), Sn = X(0,00 + n2X(—1/n,0]- O

Problem 104 (Folland 2.14). If f € L™, let A\(E) = [, fdu for E € M. Then X is a measure on
M, and for any g € L™, [ gd\ = [ fgdp.

Proof. We show the first part. That is, A is a measure. Clearly, we have \(@) = [ fdu =
[ fxedp = 0. Next, if E, is a collection of disjoint sets, we have |J E, = E is such that

ANE) = /EfdMZ/fxEduz /fiXEndM: i/fXEndﬂ: i/\(En)-
n=1 n=1 n=1

So A is indeed a measure. Next, we want to show that

/gdA = /fgdu-
N

Let g be a simple function; i.e., g = > ", apxpg,. Then we have

n=1

N N N N
/gd)\ = /ZanXEnd)\ = Zan/XEnd)\ = anA(Ep)dr = Zan/fxEndu
n=1 n=1 n=1 n=1

= /fgdu-

We can do this for all simple functions, then. Now, let g be a positive measurable function. Then
we can construct a sequence v, " g, ¥, simple functions. Let f, = f,. Then we have

lim | Ypd) = / gd),

n—oo

and

n—oo

lim [ ¥Ypdi = ILm /fnd,u:/fgdu.
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Hence,

[ oix= [ soan
O

Problem 105 (Folland 2.15). If (f,) C L™, f, decreasing pointwise to f, and [ fi < oo, then
[ f=1im [ fo.

Proof. We have f; — f, is increasing pointwise to f; — f, and f; — f, € LT, and so we have the
monotone convergence theorem gives

i [ =)= [si—tim [ 5= [ [ 1

Since [ fi < oo and fi > f, > f, we have that we can subtract everything from both sides to get
lim / fn= / I
O

Problem 106 (Folland 2.16). If f € LT and [ f < oo, for every € > 0 there exist E € M such
that p(E) < oo and [, f> ([ f) —e

Proof. We can find a simple function ¢ € SF™ such that 0 < ¢ < f and [ > [ f—e Notice that
monotonicity of the integral says [¢ < [ f < oo, so [¢ < co. Taking E to be the support of 1,

we get that
Jt=fo=[v>[r-c

Problem 107 (Folland 2.18). Fatou’s lemma remains valid if the hypothesis that f, € LT is
replaced by the hypothesis that f,, € LT is replaced by the hypothesis that f,, is measurable and
fn > —g where g € Lt N L'. What is the analogue of Fatou’s lemma for nonpositive functions?

O

Proof. If we replace the hypothesis in Fatou’s lemma as above, we get f, + g > 0 for all n, and so
writing h,, = f, + g, we can use Fatou’s Lemma to get

/lim inf h,, < lim inf/hn.
Expanding h,, gives

/liminffn—l—/g<liminf/fn+/gH/liminffn <liminf/fn,

since g € LT N L% O

Problem 108 (Folland 2.19). Suppose (f,) C L'(u) and f,, — f uniformly.

(a) If u(X) < oo, then f € L' (u) and [ f, — [ f.
(b) If u(X) = oo, the conclusion of (a) can fail.

Proof. (a) Notice that, since f,, — f uniformly, we can choose N sufficiently large so that | f, — f| <
1 for all z € X, n > N. Hence, we have

/\flS/\f—fNH/IfN\SM(X)+/|fNy=M(X)+/\fN|<oo.
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So, we have f € L'(u). We now want to leverage this to get that [ f, — [ f. To do so, we
want to use the dominated convergence theorem. Let g = 1+ |f|. Then

Jo=n0+ [11< .

and so we have |f,| < g for all n > N. Using the dominated convergence theorem, we get

Jfn—=[F
(b) Let fn(z) = %X(O,n)' Then
/fn(x) =1
for all n, however f,(z) — 0 uniformly.
O

Problem 109 (Folland 2.20). If f,, gn, f,g € L', fr, = fand g, — ga.e., |fu| < gnand [g, — [ g,
then [ fo — [ f.

Proof. In this case, it suffices to check it for positive real functions. Hence, we have g, + f, > 0
and g, — f, > 0 for all n. Hence, we have

/g—i—/fgliminf/(gn—i—fn):liminf/gn+liminf/fn.
Since fgn — g, we have
/g+/f§/g+liminf/fn.
Notice as well that
/g—/fﬁliminf/(gn—fn) :liminf/g—limsup/fn:/g—limsup/fn.

Hence, we have
limsup/fn S/fgliminf/fn,

[t |1 )

Problem 110 (Folland 2.21). Suppose f,, f € L' and f,, — f a.e. Then [|f, — f| — 0 if and
only if ['[fa| = [|f]-

Proof. (=) Assume [ |f, — f| — 0. Then we have that the reverse triangle inequality gives

[ful =L < U = FL o [ fnl < 1fa = fI+ ]
By the prior problem, this gives us that

[1z1= [ 11

which says

( <=) We have

|fn = FI < 1 ful + 111,
so the prior problem tells us that
/ |fn=f1—=0
since
fn— f ae.
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O

Problem 111 (Folland 2.22). Use u as the counting measure on N to interpret Fatou’s lemma and
monotone and dominated convergence theorem as statements about infinite series.

Proof. Fatou’s Lemma: The original statement is

/(lim inf f,,)dp < lim inf/fnd,u.

We can interpret the integral as

/[fﬁdu :Zzzjjh(k%
k=1

and so we have

n—o0

/(lim inf f,)dp = Zlinrggf fa(k) < liminf > f (k).
k=1 k=1

MCT: - -
[ =310 = i [ fu(e)di= tim S fu(h)
k=1 k=1
etc. O

Problem 112 (Folland 2.24). Let (X, M, u1) be a measure space with (X ) < oo, and let (X, M, )
be its completion. Suppose f : X — R is bounded. Then f is M measurable iff there exist sequence
¢n and v, of M-measurable simple functions such that ¢, < f < ¥, and f (Y, — ¢n)dp < n~1. In
this case, lim [ ¢pdp = lim [ ¢,dpu = [ fdp.

Proof. ( = ) Assume that f non-negative, bounded, and M measurable. Let g = f a.e., where
g is M measurable. Let N = {z : |f(z) — g(x)| # 0}. Then using Theorem 2.10b, we can find
simple functions ¢, " g and v, \, g, where on N we let ¢,, = 0 and v,, = M, where |f| < M.
Furthermore, using Chebychev, we have that

/Wm—%MM<MXk

for n sufficiently large. Reorder the n to get the desired bound we want. Taking positive and
negative parts respectively gives it for general f.
(<) Take ®,, = max{¢1,...,0n}, ¥, = min{ehy,..., ¥, }. O

Problem 113 (Folland 2.27). Let f,,(z) = ae™™% — be™""* where 0 < a < b. Show the following.
(a)

;A|mww=m

(v }
;/0 fn(z)dz = 0.

© )
> fa € L([0,00),m),
and

1
/OOO Z fn(z)dz =log(b/a).
1
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Proof. (a) Since we're taking the absolute value, we want to find the point ¢ where
be—nbc — ge Mac,

This will give us the domain (0, ¢) where f,, < 0 and (¢, 00) where f, > 0. Solving gives

b _ enc(b—a),
a
log(b/a) = nc(b — a),
1
Cc = m log(b/a)

We can now write

/Ooo]fn|dw:—/ocfnd:c+/coofndx.

This comes out to fooo | fr| being proportional to 1/n, and so it diverges.
]

Problem 114 (Folland 2.32). Suppose u(X) < oco. If f and g are complex-valued measurable

functions on X, define
_ |f =gl
o(frg)= | —L I ap.

1+1[f -4
Then p is a metric on the space of measurable functions if we identify functions that are equal a.e.,
and f, — f with respect to this measure if and only if f,, — f in measure.

Proof. We establish the first part; that is, p is a metric on this space of functions. To show it’s a
metric, we need to establish three things:

(1) p(f,g) =0if and only if f =g a.e.:
(=) If p(f,g9) =0, this wells us

|f =gl
————du =0.
/1+V—9
Recall that [ hdp =0 if and only if h = 0 a.e., so we have

If=9q _,
1+|f =gl
almost everywhere. Hence, we have |f — g| = 0 almost everywhere, which tells us that f =g
almost everywhere.
(<= ) If f = g almost everywhere, then clearly |f — g| = 0 almost everywhere and so we get

p(f.g) =0.
(2) p(f,g9) = p(g, f): This is clear by the symmetry of | - |.

(3) p(f,9) < p(f,h)+ p(h,g): By a prior homework problem, we know that
f—9l _ _|f=nl h—gl
1+|f—gl ~1+lg—n] 1+4fh—yg
Integral respects monotonicity, so we get p(f,g) < p(f,h) + p(h,g), as desired.

For the next part, we need to establish that f,, — f with respect to this metric if and only if
fn — f in measure.
(=) Assume f, — f with respect to this metric. That is, for all € > 0, there exists an N such
that for all n > N, we have p(fy, f) < e. We want to establish that f,, — f in measure, which says
that p({|fn — f| > €}) — 0 for all e > 0. Notice that p(fy,, f) < € implies that

|fn_f‘ €
/1+\fn—f\ =
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Notice as well that for all ¢ > 0, we have
| frn — f] / | fn — f]
p(fn f =/ ——+ .
o) (n—p1zey L+ =1 Sy pu—ricey 1+ |fa = fl

, 6, ‘fnif’
#lilfn = 112 €3) <1 + 6’) - /{Ifnflze} AT

Since we have that this inequality applies for all € > 0, we can take e — 0 to get u({|fn — f| >
€'}) — 0, as desired.
(<= ) Assume f,, — f with respect to measure. Notice that we can write

_ =S i I

We can bound this above by

So we have

p(fn, £) < n{lfn — f1 = €}) + € p(X).

Since u(X) < oo and the choice of € arbitrary, we can make the right hand side as small as possible
using the convergence in measure. Hence,

p(fna f) — 0,
as desired. O

Problem 115 (Folland 2.33). If f,, > 0 and f,, — f in measure, then

/fgnmmf/fn.

Proof. We can use Theorem 2.30. Notice that we have a subsequence f; — liminf f,,. Further-
more, we get f; — f in measure as well. So we can take a subsequence of this by the theorem,
denoted by f;;, which converges to f a.e. So Fatou’s lemma gives

/fZ/.lim i Sliminf/fij ZIiminf/fn.
J—0 J—00 n—o00

Problem 116 (Folland 2.34). Suppose |f,| < g € L' and f,, — f in measure.

(a)
/ f =lim / fn-
Proof. (a) Using the prior problem, we have

/fgliminf/fn.

Notice that g — fr, > 0, g + f,, > 0, and so we can use this to get

(9 — f) <liminf [ (¢ — fo) = [ g—limsup [ fn,
/ Jo=s0= o= |
/(g+f)§/g+liminf/fn.

limsup/fn < /f < hminf/fm
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as desired.
(b) Since f,, — f in measure, we have for all € > 0

u{[fn—fl = €}) = 0.

Notice that f, — f in measure implies |f, — f| — 0 in measure. Notice as well that |f, — f| <
|fnl +1f] < g+ |f]- Since g + |f| € L', we can use (a) to get that

Jo=o=tm [15, - 11

Problem 117 (Folland 2.35). We have f, — f in measure if and only if for every e > 0, there
exists N € N such that

which gives convergence in L!.

0

p{lfn = flZ€}) <e

for n > N.

Proof. (=) Follows from the definition.
( <= ) Assuming the condition, we want to show that u({|f, — f| > €}) — 0 for all ¢ > 0. Notice
that for € < e, we have

{\fn—f\ZE}C{|fn—f|26'},
SO

p{lfa = fl = }) <u({lfa = fl 2 €}) <€

Since this applies for all € < €, we get that it goes to 0. Hence, we have convergence in measure. [

Problem 118 (Folland 2.36). If u(E,) < oo and xg, — f in L', then f is a.e. equal to the
characteristic function of a measurable set.

Proof. Since it converges in L', we have

[Ixe, = 10,
Notice this implies convergence in measure, and so we have

w({Ixe, — f| > €}) = 0.

Using the theorem from the book, we have there is a subsequence x Ey, which converges to f a.e.,
which means that f is equal to a characteristic function of a measurable set a.e. O

Problem 119. Let a: R — R be a right continuous, increasing, bounded function. Show that

/(a(az +¢) —a(z))dr = c/ do  for each ¢ > 0,
R R

where [ fdz is the Lebesgue integral and [ fda is the Lebesgue-Stieltjes integral.

Proof. Notice that
a(z +¢) — a(z) = pa((z,z + ),
so we have

/R(a(aH—C)—oz(x))dx:/RMa((x,x—Fc])dx:/R/Rx(mwrc])dadx.

Invoke Tonelli to get this is equal to

//X(zwﬂ]dwda:/cda
R JR R

as desired. (]
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Problem 120. Suppose y is a positive measure on (X, M) and f € L'(X).

(1)
(2)

Proof.

Prove that if E C X with u(E) =0, then [, fdu = 0.
Prove that if [, fdu =0 for all E € M, then f =0 p-a.e.

(1) Assume that f > 0. We can construct a sequence of simple measurable functions ¢,
such that ¢,  f. Assume first that f = xp, where F' is some measurable set. Then

/Edeuzu(EﬂF) < pu(E) =0.

So it holds for characteristic functions. By linearity, this extends to simple measurable
functions, and applying the monotone convergence theorem, we have

Ozlim/ gzbnd,u:/ fdpu.
n JE E

In the case where f is not strictly positive, write f = f; — f_ and use linearity again to get
that it holds for these functions.

We proceed by the contrapositive; assume f # 0 p-a.e. Then F' = {f # 0} is such that
w(F) > 0. Furthermore, let F'= Fy U Fy, Fy = {f > 0}, F» = {f < 0}. Then we have that

/Ffdu—/Flfdqu/FQfdu-

Notice that since u(F') >), we must have at least one of pu(Fy), pu(F2) > 0. Assume without
loss of generality it’s F7, then we get that

fdp > 0.
I

Thus, we have that there exists a set £ € M so that [, fdu # 0.
O

Problem 121. Let (X, M, u) be a measure space with p(X) < co. Let f and g be real-valued
integrable functions such that fX fdu = fX gdu. Prove that either f = g a.e., or there exists an
E € M such that fE fdp > fE gdpu.

Proof. Assume f # g ae., [ v/ = S v 9- Then we have that there is a measurable F' so that
F ={f # g} and p(F) > 0. Write Fy = {f > g}, F» = {f < g}. Then we must have that
w(F1) > 0 or p(Fy) > 0, since u(F) = p(F1) + p(Fz). Assume for contradiction that p(Fy) = 0.
Then we have that

/Xf:/Xg=/F29+/69:/FQf+ Fcf-

Since pu(X) < oo, f, g integrable, it’s fine to move things around to get

Joo= 1.7

In other words,

/FQ(f—g)—O-

But this can happen only if f = g a.e. on Fy, which force u(Fs) = 0, a contradiction. Hence, we
must have p(F7) > 0, and so there is a measurable set so that

Jo? > Je
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Problem 122. Let (X, M, 1) be a measure space.

(1) Suppose u(X) < oo. Let f: X — R be measurable, (f,,) a sequence of measurable functions,
and suppose f, — f in p-measure. Let g : R — R be continuous. Let h = g o f, and for
each n let h,, = g o f,,. Prove that h,, — h in measure.

(2) Show by an example that finiteness cannot be dropped.

Proof. (1) Recall that convergence in measure means that, for all e > 0, we have that
p(|hn, —h| >€) = 0 as n — oo.

Since f, — f in measure, we can find a subsequence f,, — f almost everywhere. Hence,
Iy, — h almost everywhere, since g is continuous.

(2)
0

Problem 123 (Folland 2.37). Suppose that f,, and f are measurable complex-valued funtions and

¢:C—C.

(a) If ¢ is continuous and f, — f a.e., then ¢po f,, = ¢po f a.e.

(b) If ¢ is uniformly continuous and f, — f uniformly, almost uniformly, or in measure, then
¢ o fn = ¢ o f uniformly, almost uniformly, or in measure, respectively.

(c) There are counterexamples when the continuity assumptions on ¢ are not met.

Proof. (a) We have f,, — f a.e. implies that £ = {f,, — f} is such that u(E¢) = 0. We want to
show that F = {x € X : ¢o f,(x) = ¢o f(x)} is such that u(F°¢) = 0. Notice that, since ¢ is

continuous, we have
T 6(fa(2)) = 6(f(2)).

Hence, we get E C F, which implies F¢ € E®, and so u(F®) = 0.
(b) For uniformly, we see that f,, — f uniformly implies that for all € > 0, there is an N such that
for all n > N,

|fn— f| <e

Since ¢ is uniformly continuous, we have that for all € > 0, there exists a § such that

[z -yl < = |o(z) - d(y)| <e

We then see that we can choose N sufficiently large so that |f, — f| < d, which implies that
|po frn — ¢o f| < e Hence, we have that ¢ o f, — ¢ o f uniformly. Almost uniformly is the
same argument. For measure, we see that we have

u{fn = f1 = €}) = 0.

Notice that uniform continuity tells us that

[9(z) — oY)l 2 ¢ = |z —y[ =4
Hence,
{lpofo—dofl=et C{lfn—fl=0}
and so
p({lgpo fn—dof|=e})—0.
Hence, it converges in measure.

(c¢) Omitted

Problem 124 (Lecture notes). Consider the canonical projections mx,my on X x Y.

) ) ) *

(1) If X,Y topological spaces, prove mx, my are open maps

(2) If these are measurable spaces, do they map measurable sets to measurable sets?
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) We need to show that nx(G) € 7 for all G € 7 x #. Since G € 7 x 6§, we have
U, ﬂj F; j x H; ;, where F; ; € 7, H; ; € 0. Hence,

Ty UﬂmeHi,j :UWX ﬂFi,jXﬂHi,j ZUﬂFi,jETv
i g i J J (]

where the intersections are finite.
(2) The answer is no. See below.

Pro f. (1

O

Problem 125 (Lecture notes). Use the proposition to prove that £ x £ is not equal to £2 := (Ax\)*
measurable sets.

Proof. Let V' be the Vitali set in [0, 1], and let {z} be some point. Take some E mble such that
V C E. Then, since X is a complete measure, we have

A x N (Ex {z}) =0 = (Ax \)*(V x {z}) =0,

and so V x {z} is measurable. However, 7*(V x {z}) = V is not a measurable set, and so we
cannot have £ x £ = £2. O

Problem 126 (Folland 2.40). In Egoroff’s theorem, the hypothesis “u(X) < 00” can be replaced
by |fn| < g for all n, where g € L*(p).”

Proof. We follow the proof. We have fn — f almost everywhere on X. For k,n € N let
U {z ¢ |fm(@) = f2)] 2 K71},

Then for fixed k, E, (k) decreases as n increases, and (o—; E,(k) = @. Now, we have that |f,| < g.
Notice that this gives us |f, — f| < |fu| +|f] < g+ |f|. Since |f,| < g for all n, we have |f]| < g, so
we can write this as |f, — f| < 2g. Now, let

A(k) == {x : 2|g| > k')
We have that
Eq(k) C A(k).

_ —1
w0>2 [lol>2 [ NZEE / o = 2mA0

So for fixed k, we have pu(A(k)) < co. Hence, u(E;(k)) < co. Thus, as in the original proof, we can
conclude that u(E,(k)) — 0 as n — oco. The rest of the proof is the same. O

Furthermore,

Problem 127 (Folland 2.42). Let p be counting measure on N. Then f,, — f in measure if and
only if f,, — f uniformly.

Proof. (=) We have f, — f in measure implies u({x € N : |f,(z)— f(z)| > €}) — 0 as n — oc.
Since p is counting measure, this implies that for NV sufficiently large, we have that for all n > N,

p{z eN = [fu(z) = f(2)] = €}) = 0.
In N, the only p-null set is @, so this implies that |f,(z) — f(z)| < € for all n > N. Hence,
we have uniform convergence; for all € > 0, there exists an N such that for all n > N, we have

[fu(z) — f(2)] <e
(<) Fix € > 0. Then there is an N such that for all n > N, |f, — f| < e. Hence, we have

n({lfn—fl=€}) =0

115



for N sufficiently large. Thus,
Jim p({[fn = f1 > €}) = 0.

The choice of € > 0 was arbitrary, and so we have convergence in measure. O

Problem 128 (Folland 2.47). Let X = Y be an uncountable linearly ordered set such that for
each x € X, {y € X : y < x} is countable. Let M = N be the o algebra of the countable or
cocountable sets, and let ;1 = v be defined on M by p(A) =0 if A is countable and pu(A) =1if A
is cocountable. Let

E={(z,y) e X xX : y<uz}.
Then E, and EY are measurable for all z,y, and

//XEdudV
/ / xdvdy

Proof. Fix x. Then we have that £, = {y : (z,y) € E} = {y : y < x} is countable by assumption,
so it is measurable. Fix y. Then we have that EY = {z : (z,y) € E} = {z : y < z}. Notice that
the complement (EY) = {z : y > 2} U {y} is countable, and so EY is cocountable. Hence, it is

measurable.
/ / xedudy.

Now, we wish to compute
[ xpvdute) = n(en) = 1.

//XEd,udV = /du(y) =v(Y)=1.

/szdu(m‘) =v(E;) =0,

//XEdudu:/Od,u:&

Thus, they are unequal. ]

and

exist but are not equal.

Notice that
and so
Similarly, we get

and so

Problem 129 (Folland 2.49). Prove Theorem 2.39 in Folland in the following way:

(1) f E€ M x N and (u x v)(E) =0, then v(E;) = u(EY) =0 for a.e. x and y.

(2) If f is £ measurable and f = 0 X a.e., then f, and fY are integrable for a.e. x and y.
Furthermore, [ fydv = [ fYdu =0 for almost every z and y.

(3) Use Proposition 2.12 and finish the proof.

Proof. (1) We have
[ xwdtux ) = x ()
Notice that Tonelli’s theorem gives

[t s =) [ ( [ e@dn) i) =o
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This then tells us that
[ xev(@)duta) = u(E") =0

for almost every y. We have a similar argument for v(E;).

(2) Let F = {(z,y) € X xY : f(x,y) # 0}. We have (u x v)(F) = 0, and so we can find
F C E so that F € £ and (u x v)(E) = 0. From (1), we have u(EY) =0, v(E,) = 0, and
so w(FY) =0 and v(F,) = 0. Finally, we see that

[121dv0) = [ )11 )l w) =0

so fr is integrable for a.e. x, and likewise for fY. Furthermore, this tells us that their
integrals are 0. B B
(3) Proposition 2.12 tells us that we have a f = f a.e., where f is M x AN measurable. We

now use (1) and (2) to deduce that Tonelli/Fubini’s theorem still applies.
O

Problem 130 (Folland 2.50). Suppose (X, M, i) is a o-finite measure space and f € LT(X). Let
Gr={(z,y) € X x[0,00] : y < f(a)}.
Show that G is M x Bg measurable and p x m(Gy) = [ fdu.

Proof. As in the hint, we have that (z,y) — (f(z),y) is measurable, since the pullback of an open
set £ x F will be f~1(F) x F, which is measurable using the measruablitiy of f.

Next, we see that the map (z,y) — x — y is measurable, since subtraction is continuous and so
measurable. Then g(z,y) = f(z) —y, which is their composition, is measurable, and so notice that
Gy ={(z,y) :0< f(x) —y} = {00 > g > 0} which is measurable.

Let h = x¢,;. Then we have that h is measurable, since Gy is measurable, and furthermore we

have that Tonelli gives
/XGfd(,u X m) = / </ngdm> du.

/ xe, (&, y)dm(y) = m((Gy)a),

Notice that

where
(Gpla={y €Y : (z,y) € Gy} ={y €[0,00] : y < f(a)}.
Hence, we have

m((Gy)z) = m([0, f(2)]) = f(x),

/ </ XGfdm> dp = / fdp.

Problem 131 (Folland 2.51). Let (X, M, u) and (Y, N,v) be arbitrary measure spaces.

(1) If f : X — C is M-measurable, g : Y — C is N/ measurable, and h is defined on X x Y by
h(z,y) = f(z)g(y), then h is M x N measurable.
(2) If f € LY(u), g € L' (v), then h € L' (u x v) and

/hd(u X v) = /fdu/gdu.
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Proof. (1) Let F(z,y) := f(z), G(x,y) := g(y). We have that F' is M x N measurable; taking
E C C open, we have F~Y(E) = f~1(E) x Y, and since f is M measurable we have that
this is measurable. The same argument applies to G. Notice that h(z,y) = F(z,y)G(z,y).
Since the product of measurable functions is measurable, we have that h is measurable.

(2) Notice that

/ Ihld(p x v) = / IF(z,9)/|G, y)|d(u x v).

Since we're in L, we can use Tonelli to get

[ i) = ( [laiavn) ( [ 1@l <o

since f,g € L'. Now, since h is integrable, we apply Fubini to get
/f d(p x v) /f )dp(x /g(y)dV(y)-
O

Problem 132 (Folland 2.56). If f is Lebesgue integrable on (0,a) and g(z f t=1f(t)dt, then
g is integrable on (0,a) and [ g(z)dz = [ f(z)dx.

| i = [ xgar e
’ x)|dz e -1 7
/0 lg()ldz < /O /O X(w.a) (O (8)|dtda.

We use Fubini/Tonelli to get that this is equal to

/O“ /Oa X(a.a) (D[ f(t)|dtdz = /Oa </Oa X(La)(t)da:) £ f£(4)|dt.

/ X(z,a) (t)d$
0

islifte (z,a) and 0if ¢t ¢ (z,a). So we get that it’s equal to

/0 X(z,a)(t)dx _/0 X(O,t)(x)dw =t.

' x)jax “rt _ [ 0.
/0 l9(2)ldz < /0 ()t ()t /0 )t <

So it’s integrable on (0,a), and we go back and apply Fubini to get desired result.

Proof. Notice that

and so

Notice that

So we get

0

Problem 133.

(1) Let E be a measurable subset of R? such that for almost every z, E, = {y : (x,y) € E}
has R measure zero. Show that E has measure zero, and that for almost every y € R,
EY ={x : (z,y) € E} has measure zero.

(2) Let f(x,y) be non-negative and measurable in R2. Suppose that for almost every = € R,
f(z,y) = f is finite for almost every y. Show that for almost every y € R, f(z,y) is finite
for almost every x.

Proof.
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(1) Examine xg. We have that

u(E) = [ xpd(u x p).

Tonelli’s theorem gives us that

et = | ( / xEm<y>du<y>) apte) = [ p(Edu(a) =0,

Hence, E has measure zero. Notice as well this tells us that u(EY) = 0.
(2) Let E = {(z,y) : f(z,y) =oc}. Then E, ={y : f.(y) = oo} has measure zero, and so
by the prior problem we get E has measure zero and EY has measure zero.

O
Problem 134. Show that f x g = g % f, assuming the integral in question exists.
Proof. We have
~ [ 1= vwiy
Let z = z — y, then we have
[ =gty = [ 59— 2= [ 9o~ )7z = (g5 ().
O

Problem 135. Show that (f * (g*h))(z) = ((f * g) * h)(x), assuming the integral exists.

Proof. Notice that

(f * (g % h))( /f:c— (g h)(y dy—/f:c— (/(—z)h(z)dz>dy.

By Fubini, we have
//f(w — )9y — 2)h(z)dzdy.

Let t = x — y, then we can rewrite this as

/ / f)g(x —t — 2)h(2)dzdt.

Since f * (g* h) = (g * h) * f, we have

//f(t)g(a:—t—z)h(z)dtdz = /h(z)/f(t)g(m—t—z)dtdz = /h(z)(g*f)(x—z)dz = hx(g*f)(x),
and using commutativity again we have

(hx (g% f))(@) = ((f * g) * h)(x).
Hence,
fr(g=h)=(fxg)*h
O

Problem 136 (Royden 17.1.2). Let M be a o-algebra of sets of X, and the set function p: M —
[0, 00) be finitely additive. Prove that u is a measure if and only if it satisfies continuity from below.
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Proof. (=) Assume p is a measure. Then we wish to show that if £y C Ey C - --

of increasing sets, we have

L (U Ez) = lim u(E,).

n—1
Fp=E,— (U E)

i=1

Ur=UE.
w(UFR) =u(UE) =3 urm).

We can disjointify E; to get

Furthermore, we see that
n
Z M(Fz) - :UJ(En);
i=1
going by induction, assuming it holds for n — 1, we have
n n—1
STuE) = S ulE) + p(Fa) = p(Bnr) + p(Fn).
i=1 i=1

Since

E,=FE,  UE, —FE, 1,
we get that

(En) = p(En-1) + p(Fn),

p (U EZ) = lim u(E,).

and so we have

is a sequence

( <= ) Assume that it satisfies continuity from below. Since it’s finitely additive, notice that

() = 2(2),

and since its a finite additive function we have that this means it’s 0. Next, we need to show that

if E; is a disjoint collection of sets, we have

I (U Ez) = uE).

Let F),, = U?Zl FE;. Then we have that F), is an increasing sequence of sets, and furthermore

UF. =JEn
w(UB) = (UR) = timu(F).

Using the fact that E; are disjoint and g is finitely additive, we have

w(Fp) = u(E),
=1

Hence, we have

and so we get

I (U Ez) = u(E),

as desired.

O

Problem 137 (Royden 17.1.11). Let p nad v be measure on a measurable space (X, M). For

E € M, define ((F) = max{u(E),v(E)}. Is v a measure?
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Proof. To be a measure, we need to satisfy two properties.
(1) Notice that {(@) = max(0,0) = 0.
(2) Let A= {0,1}. Define u({0}) = v({1}) =1, and p({1}) = v({0}) = 0. Then
¢({1}) =1,¢({0}) =1,
but
¢(4) =1#2=(({0}) +¢({1}).
O

Problem 138 (Royden 17.4.19). Show that any measure that is induced by an outer measure is
complete.

Proof. To be complete, we need that u(N) =0 = N € M. If p* is an outer measure, we have
that it is a function P(X) — [0, 00] which satisfies properties of being an outer measure. Then
is a measure if we restrict it to the p* measurable sets, which are the sets A that satisfy for all
FCX,

pH(E) = p(ENA) + p*(ENA°).
Let F be a set where p*(F) = 0. Then

WH(ENF) + 1 (BN F9) < g (BN F°) < i (E),

W (E) < u*(E N F) + " (BN Fe),
and so

W (E) = p*(E N F) + (B 1 F°),

Hence, F' € M is measurable. So the measure is complete. ]

Problem 139 (Royden 17.5.29). Show that a set function on a o-algebra is a measure if and only
if it is a premeasure.

Proof. Recall that to be a measure, we require two things:

(1) p(2) =0,
(2) If E; is a disjoint collection of mble sets, then

7 (U Ez> => uE;).

To be a premeasure on an algebra, we require that:

(1) p(@) =0,
(2) If E; is a disjoint collection of sets in the algebra, and |J F; in the algebra, then

I <U Ez) = ).

(=) If p is a measure on M, the o-algebra, then we have that it is clearly a premeasure.
( <= ) If p is a premeasure on the o-algebra M, notice that for any disjoint collection of sets
E; € M, we have | J E; € M, and so we have that it is a measure. ]

Problem 140 (Royden 18.1.2). Suppose (X, M, 1) is not complete. Let E be a subset of a set of
measure zero that does not belong to M. Let f =0 on X and ¢ = xg. Show that f = g a.e. on
X, while f is measurable and g is not.

Proof. We first show that f = g a.e. Notice that {x : f(z) = g(x)} = E°, and since E has

null measure we get that f = g a.e. Next, we see that f is measurable, {f > a} is either nothing

or the whole set depending on a, and so is measurable either way. We see that g is not, since

{g > 1/2} = E, which is not measurable by assumption. O
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Problem 141 (Royden 18.1.4). Let E be a measurable subset of X and f an extended real-valued
function on X. Show that f is measurable if and only if its restriction to £ and X — F are
measurable.

Proof. (=) We see that, for all open U, we have f~1(U)N E is measurable and f~1(U)N(X — E)
is measurable, since f and E are measurable.

( <= ) Notice that, for U open, f~5(U) = (f~Y(U) N E) U (f~Y(U) N E). Since each of these are
measurable, we have f~(U) is measurable. O

Problem 142 (Royden 18.1.6). Consider two extended real-valued measurable functions f,g on
X that are finite a.e. on X. Define X to be the set of points in X at which both f and g are
finite. Show that X is measurable and u(X — Xo) = 0.

Proof. Let A = {|f| < oo} and B = {|g| < oo}, then Xy = AN B. Furthermore, since f,g are
measurable, we have that A and B are measurable, since A = {f > —oo} N {f < oo} and likewise
for B. Hence, Xj is an intersection of measurable sets, and so measurable.

Notice as well that (X)¢ = (AN B)¢ = A°U B°. By subadditivity, we have

#((Xo)%) < u(A%) + u(B°) = 0.

Problem 143 (Borel-Cantelli Lemma). If

then
p (limsup E;) = 0.

Proof. Recall that

o0 [o.¢]
limsup F; = ﬂ U E,,.

n=1m=n

Notice as well that
o

E p(E;) < oo = lim w(Ey,) = 0;
n—oo
m=n

that is, the tails converge to 0. Using continuity from above, and the fact that u(FE;) < oo, we have

oo o
p(limsup ;) = lim p ( U Em> < lim Y p(Em) =0.
m=n m=n
Thus, we have the desired result. ]

Problem 144 (Royden 18.2.1). Prove the following statements:

/ agdp = a/ gdp,
X X

if g < h a.e. on X, then / gdu < / hd,
X

X

[ adn= [ gduit uix - x0) =0,
X Xo
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Proof. Recall that

/owg:sup{/i/) DY CSFY, 0§¢Sa-g}'

However, we could also write this as

/a.g:sup{/(w . C SFY, osws-g},

and we clearly see that [ o) = « [ 4, since

/(w = acu(E) =a)_ cp(B) = 04/1/1-

Hence,

/agzsup{/aw . § C SFY, og¢s-g}=asup{/w . C SFY, 0§¢§-g}

~afs

For the next, we clearly have that if 0 < ¢ < g, then 0 < ¢ < h, and so we get [ g < [ h.
Finally, notice that

/ gdp = / 9(Xxo + xxg)dp = / gxXxo + / gXxg = /X gdp,
0

/ axxs < Nlglloort(XE) = 0.

since

O

Problem 145 (Royden 20.1.2). Let N be the set of natural numbers, M = P(N), and ¢ the
counting measure. Prove that every function f : N'— R is measurable with respect to ¢ and that
f is integrable over N with respect to ¢ if and only if the series Y .- ; f(k) is absolutely convergent.

Proof. It’s clear that every f is measurable, since the inverse image will be a set, and all sets are
measurable in this o-algebra.
(=) Assume f is integrable. We have

/N|f(x)|dc(x) < 0.
Notice that N =] |>? {n}, so we have

|f (z)|de(z Z o)|de(x Z|f )| < o,
| e

so the series is absolutely convergent.
( <= ) If the series is absolutely convergent, then by the relation above, we have that the function
is integrable. O

Problem 146 (Folland 4.1). If Card(X) > 2, there is a topology on X that is Ty but not 7.

Proof. Recall that Ty states that if « # y, there is an open set containing x but not y or an open set

containing y but not x. Recall that T3 is if « # y, there is an open set containing y but not z. Take

the topology which is all but one element; i.e. if X = {a, b}, take the topology 7 = {9, {a}, {a,b}}.

Then we see this is Ty but not 77. We extend this in the obvious way. O
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Problem 147 (Folland 4.2). If X is an infinite set, the cofinite topology on X is 7} but not T3,
and it is first countable if X is countable.

Proof. Recall that a space is T5 if for x # y, there are disjoint open sets U,V such that © € U and
y € V. A space is first countable if there is a countable neighborhood base for every x. The cofinite
topology on X is

T={UCX : U=@ or U° is finite}.
We check first that this is a topology. Notice that @ € 7, X € 7 since X¢ = & is finite. Next, if
{U,} is a collection of sets in the topology, we need to show that | J U, is in the topology as well.

Notice that .
(Uva) =N

If U, is finite for some «, we have that this is finite, and so it is in 7. If they are all the empty
set, it is clearly in 7. Hence, it is closed under arbitrary union. Finally, we need to check it is
closed under finite intersection. Let {U,}7_; be a finite collection of sets in 7. Then we have that
Na_; Ua is either the empty set (if one of them is), or we have that

n ¢ n
(ﬂ Ua> = J s
a=1 a=1
A finite union of finite things is finite, and so this is in 7. Hence, it’s closed under finite intersection,
and so it is a topology.

Next, we need to show that it is 7. Take x # y. Notice that the set U, = {t € X : t # z} isin
the topology, since the complement is x, and y € U,. We argue by symmetry that U, is the same
situation. We see it is not T5; assume U was an open set containing x, V' an open set containing y.
For them to be disjoint, we need U NV = &, but this implies that U° U V¢ = X, which is infinite,
contradicting that U¢ and V¢ are finite. So this is impossible.

Next, we show it is first countable. That is, we have a countable base at every point x. Since X
is countable, enumerate the values {x, : n € N}, with 29 = 2. Then we can define a neighborhood

base via

n

B= {EncX ; E:X—U{xi}}.

i=1
These sets are clearly open, since they will always be finite, and they all contain . Furthermore,
we get that it’s a base by noticing that if x € U, U open, then we have that it must be missing
a finite number of values {z;}, and so we can take NN sufficiently large so that these are excluded,
and hence Enx C U. O

Problem 148 (Folland 4.3). Every metric space is normal.

Proof. Recall that a space is normal if it is Ty; that is, X is a T} space, and for any disjoint closed
sets A, B in X, there are disjoint open sets U,V with A C U and B C V. A metric space is T
(Hausdorff), and so it is 7. Next, let A, B be disjoint closed sets in X. We first prove the following
claim.

Claim. If D is a closed subset of X, x € X, we have d(z, D) = 0 if and only if z € D.

Proof. ( = ) If d(z, D) = 0, then we can construct a sequence ,, of points in D such that
d(x,x,) < 1/n. Hence, we have that x € D = D.
(<) If x € D, then d(z,D) = 0. O

Now, for each z € A, let U, := B(z,r), where we take r = d(x, B)/3. Likewise, for each = € B,
let V := B(x,r), where we take r = d(z,A)/3. Let U = U,cqUss V = U,ep Ve- U and V are
open, and we clearly have A C U, B C V. We then need to check that UNV =&. Let z € UNV.
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Then we have that z € U, which implies that there is an x € A such that d(z,2) < d(z,B)/3 =:r,
and a y € B such that d(y, z) < d(y, A)/3 =: s. Now, without loss of generality take r > s. Then
we have that

3r=d(z,B) <d(z,y) <d(z,z)+d(y,z) <r+s<2r
This can only happen if » = 0, but if » = 0 this implies z € A. A symmetric argument gives z € B
as well, which is impossible. O

Problem 149 (Folland 4.4). Let X = R and let 7 be the family of all subsets of R of the form
UU((VNQ), where U and V are open in the usual sense. Then 7 is a topology that is Hausdorff,
but not regular.

Proof. First, recall that regular implies that it is T3; that is, X is a 71 space, and for any closed
set A C X and any x € A€, there are disjoint open sets U,V with x € U and A C V.

We first show that 7 is a topology. First, X € 7, since X = X U (N Q) = X. We have g € 7
as well. Let {E,} be an arbitrary collection of sets in 7, then

U Ea =UJWa U (van@) = Jta v (Jva) n0Q) €7

Finally, we have that if {E,}}_; is a finite collection, then

(Eo =[UaU(Va N Q) =()Va u(ﬂvm@)er

Hence, it’s a topology.

Next, we check that it is Hausdorff. That is, for x # y, we can find open sets U,V such that
UNV = @. Since X is Hausdorff under the usual topology, find U, V,,U,, V, all of the differing
letters are disjoint. Then it’s clear that x € U,,V,, y € Uy, V}, and

(U U (Va NQ)IN[T, U (Vy N Q)] = (UaU, ) UUN(V,N@)U((Va NN, U((VaNQ)N(V,NQ)) =
Finally, we see it’s not T5. O
Problem 150 (Folland 4.5). Every separable metric space is second countable.

Proof. Let (X, p) be our metric space, let A be a countable dense subset of X. We wish to show
that X is second countable; that is, there exists a countable base for X. Define the base as

B:{Bl/n(:c) : x€ A,neN}.

We see that B is countable, and so it suffices to show that this is a base. If we can show that every
r € X isin Jyeg U, we win. Let y € X arbitrary. By the density property of A, we get that, for
every open neighborhood of y, AN{U — {y}} # @. The open balls are the base of the topology
of (X, p), so it suffices to work with B¢(y) for our open sets. We can find an n sufficiently large so
that 2/n < ¢, hence By/,(y) C Be(y). Notice that we have that AN (By,,(y) —{y}) # 9. Take z
in this intersection. Examine the open set By /n(a:) Take z in this. We have that

p(z,y) < p(z,2) + p(x,y) < 2/n,
80 By /n(7) C By/p(y) C Be(y). Since we can do this for all open balls, we win. O

Problem 151 (Folland 4.7). If X is a topological space, a point x is called a cluster point of a
sequence (z;) if, for every neighborhood U of x, x; € U for infinitely many j. If X is first countable,
x is a cluster point of (z;) if and only if some subsequence of (z;) converges to .

Proof. X is first countable, so we have a countable neighborhood basis at x, call it NV,. Assume z is

a cluster point of (z;). Then for every neighborhood U of z, z; € U for infinitely many j. Since N,

is countable, we can define a subsequence as follows: Let U be a nested countable neighborhood

basis at x; i.e. set U = ﬂle N;, N; € N;. We can choose x,, such that ny > ng_1 and z,, € Uy.
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Since this is a neighborhood basis, we have that for every neighborhood V of z, there is a Uy, such
that Uy, C V, and so x,, is eventually in V. Hence, z,, converges to x.

For the other direction, it’s clear that if a subsequence converges to x, then x, is in every
neighborhood of U infinitely often. g

Problem 152 (Folland 4.30). If A is a directed set, a subset B of A is called cofinal in A if for
each a € A, there exists a § € B such that 8 > a.

(1) If B is cofinal in A and (x,) is a net, the inclusion map B — A makes (xg) a subnet of
(Ta)-

(2) If (zo) is a net in a topological space, then (z,) converges to z if and only if for every
cofinal B C A, there is a cofinal C' C B such that (z,) converges to x.

Proof. (1) Recall a subnet is a net (yg) with a map f : B — A such that for every ag € A,
there is a By € B such that ag > ap whenever 8 > o, and yg = zo,. We want to check
that (xg) is a subnet of (x,). We check the first property: take ag € A. Then since B is
cofinal, there is a 8 such that 5 > «. Take By = § (this beta); then for all 8 > [y, we have
that f(f) = f > a. Furthermore, it’s clear that x5 = 23, and so it’s a subnet.

(2) ( = ) Let V be a neighborhood of . Then (z,) converges to x implies that (x,) is
eventually in V. Let B C A be cofinal. Then it’s clear that taking C' = B gives a net which
converges to x, and so the result finals.

(=)
O

Problem 153. f : X — Y is continuous if and only if for all convergent nets x; — = in X,
f(zi) = f(x)inY.

Proof. (=) Assume f is continuous. Let z; — = be a convergent net. Then for all open V' such
that x € V, we have that z; is eventually in V. Let U be an open neighborhood of f(x). Then
f~YU) is open, since f continuous, and = € f~1(U), so ; is eventually in f~1(U), and so f(z;) is
eventually in U. Since this applies for all neighborhoods, f(x;) converges to f(x).

( <= ) We wish to show that for all closed A C Y, B := f~1(A) is closed. That is, B = B. A set
is closed if and only if it contains the limits of all convergent nets in it. So take x; — x, x; € B,
then x € B. However, notice that f(B) C A, and so f(z;) — f(z) € A. So x € B. Since we can do
this for all x € B, we have that B = B. So B is closed.

Folland proof Assume f not continuous at x for contradiction. Then we have that there is a
neighborhood V' of f(z) such that f~1(V) is not a neighborhood of z, so = € f~1(V¢). We can
construct a net in f~1(V¢) which converges to z, since it’s closed, but this gives us the contradiction,
since this implies that f(z;) /4 f(x). O

Problem 154. Prove that second countable implies separable.

Proof. Second countable means that there is a countable base for the topology. Separable means
there is a countable dense subset. Let B be the base. For each U € B, choose an z € U and let

T be this set. Notice that (T’ ): = o, since every point x € X is such that an open neighborhood
intersects some y € 1. Thus, T'= X, and T is countable. O

Problem 155. Suppose X is first countable, A C X. Then x € A if and only if there exists a
sequence x; C A such that x; — .

Proof. Let x € A. Then this implies that z is an accumulation point of A; that is, for every

open neighborhood of x, say U, we have U N A # &. Let {B;} be a countable base at x. Let

U, = ﬂ?zl B;. Then we have that U; 11 C U; by construction. Notice as well we have U; N A # @

for all 4, so choose x; € U; N A. Then for every open neighborhood V of z, we get that there’s
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some n so that U,, C V, since this is a basis, and so we have that x,, is eventually in V. Hence, x;
converges to x.

On the other hand, take a sequence z; — z, (z;) C A. Let U be a neighborhood of z. Since
x; — x, we have that x; is in U eventually. Hence, UNA # @. Since this works for all neighborhoods
of z, we get that = € A. O
Problem 156. If (X, d) is a metric space, the following are equivalent:

(1) X is compact.
(2) X is sequentially compact.
(3) X is complete and totally bounded.

Proof. (1) = (2): Recall that a space is sequentially compact if every sequence of points in X
has a convergent subsequence to a point in X. Take (z,,) C X a sequence, X compact. Let

F,:={zy : k>n},
U, :=F}.

ﬂFn:@,
Uuv. =x,

and since X is compact we can form an open subcover;

X:O%.
=1

If

then we have

Notice that this implies that

n
ﬂ E, =o.
=1

However, we have that (z,,) is an infinite sequence, and so this is a contradiction. Hence, we must

have
T e ﬂFn.

Since z is in the closure, this means that we must have that
B(z,1/n)N{z : k>n} # 2.

Hence, picking x,, from these, we get a converging subsequence.

(2) = (3): Let {z,} be a Cauchy sequence; then xz,, has a convergent subsequence, and since
limits of Cauchy sequences are unique, this implies that x,, converges. To see this, let x be where
the subsequence z,, converges. Then since it’s Cauchy, we have that there is an N such that for
all n,m > N, d(zp,xm) < €/2, and since it’s convergent there is an N’ such that for all ny > N’,
we have d(zy,,z) < €/2. Hence, taking N” to be the max, we have that for all n > N”,

d(xpn, z) < d(zp,xN7) +d(zNr, T) < €.

So z, — x.
Next, we need to show that X is totally bounded. Recall that totally bounded implies that
for € > 0, there is a sequence of points z1,...,2, such that X = (J , B(z;,¢). Assume for

contradiction it is not totally bounded. Then there is an € so that there is no collection of elements
x; where X = |J;_, B(z;,¢). Choose z1 € X. Since X # B(z1,¢€), there is an z9 € X — B(x1,€);
that is, d(x1,z2) > €. For {z1,...,2,}, choose x,,11 such that d(zy, zn41) > eforall k € {1,...,n}.
We have a sequence which has no convergent subsequences by construction, contradicting the fact
that X is sequentially compact. Hence, X must be totally bounded.
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(2) = (1): Assume X is sequentially compact. Take a cover X C |JU;. Assume that X cannot
be covered by a finite refinement. Let F,, = (J;_; U;. Then we can choose z,, € F, and this gives us
a sequence. Since X is sequentially compact, it has a subsequence which converges to something,
say x. But this implies that there is some m such that x € U,,, so x; € U,, for infinitely many
values, but this contradicts the choice of the sequence.

(3) = (1) : Take an open cover X = [JU;. Assume it cannot be finitely refined. Since X is
totally bounded, choose ¢ =1 to get

=1

If each of these balls were covered by a finite subcollection of U;, we win. So assume that B(z1,1)
is not. Since B(z1,1) is still totally bounded, we can cover it with balls with radius 1/2;

B(a:l, 1) = Lj B(a:i, 1/2).
1=2

One of these cannot be covered by a finite subcollection of U;, so choose it to be B(z2,1/2).
Continue down the line, getting a sequence (z,) where d(z,, 7, 1) < 27" 4+ 277! and where
B(x,,27™) is not in any finite collection of U;. Notice that x, converges, since it is Cauchy, and
so it must converge to some point x. We must have that x € U; for some 7. Notice that there is
an r sufficiently small so that B(z,r) C Uj, for if not then we have that = ¢ U;, a contradiction.
By construction, we can find n sufficiently large so that 27" < r, but this forces B(x,27") C U,
which contradicts our choice. Since we have a contradiction, we must have that it can be finitely
refined. O

Problem 157. Let (X,d) be a complete metric space, A C X. Prove that A is compact if and
only if A is totally bounded.

Proof. ( = ) If A is compact, then it is complete and totally bounded by the theorem from the
class notes. For € > 0, take a cover of A via

AcC 6 B(xi,€/2).

i=1
Assume B(z;,€¢/2) N A# @ fori=1,...,n. Choose y; € B(z;,€/2). Then we want to show that

AC U B(yi,e€).

i=1
Let y € A. Then y € B(x;,€¢/2). Notice that
d(y,yi) < d(y, z;) + d(zi, yi) <,

so y € B(y;,€). Hence, A is totally bounded. B
( <= ) Assume that A is totally bounded. Then we want to show that A is also totally bounded.
Let € > 0. Then we have that

A JB(xi,€/2).
i=1
We want to show that
AcC U B(xi,e€).

i=1
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Take y € A. Then we have that B(y,€/2) N A # &. Take z in this intersection; then d(y, z) < ¢/2.
Furthermore, x € B(x;,€/2) for some i, so we have

Hence, y € B(z;,¢€). So A is totally bounded.

Next, we want to show that A4 is complete. However, this is clear; let (z,,) be a Cauchy sequence
in A. Then it has a convergent subsequence, and so it must also converge. So every Cauchy
sequence converges. O

Problem 158 (Folland 4.10). Prove that, for a connected set, the only open and closed sets are
& and X.

Proof. Recall that a set is disconnected if there exists nonempty open sets U and V such that
UUV =X and UNV = &, and is connected otherwise. Let X be connected, and assume that
U is both open and closed. Then we have that U€¢ is also open and closed, which means that
UuU¢=X,UNU*®= . However, the only sets which satisfy this are U = @ or U = X. O
Problem 159 (Folland 4.11). If E1, ..., E,, are subsets of a topological space, the closure of | J;"_; E;
is Ly Ei.

Proof. 1t suffices to show it for the case of two subsets and then induct. That is, we wish to show
that

EiUE, = E U FQ

One direction is clear, we have that

E\UE, C E| UE;,
and the RHS is a closed set, so we must have

E\UE, C E1UEs.

Analogously, we have

E1 C E1UE,,
SO
E| C By U Ey,
and likewise
E, C By U Ey,
o)
EyUE, C Ey U Ex.
Hence
EyUFE; = F1 U Ey,
as desired. m

Problem 160 (Folland 4.13). If X a topological space, U is open in X, and A is dense in X, then
U=UnA.

Proof. First, remark that
UNAcCU,
and so therefore
UNnAcU.
We then wish to show the other direction; that is, U € U N A. Next, we have that U is open, so

U¢ is closed. Notice as well that U N A is closed as well. A finite union of closed sets is closed,
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so U°UUN A is closed. Notice that A C U°UU N A (take z € A, either x e UNACUNA or
x € UNACU°, and since A is dense, we have that

A=XCcUUUNACX = U°UUNA=X.
Hence, we get
U=XNU=UNUUUNA) =UNUYUUNUNA)=UNUNA.

In other words, we have

-

cUNA.
This then gives us

UcUNnA
as desired. ]

Problem 161 (Folland 4.14). If X and Y are topological space, the following are equialent:
(1) f: X =Y is continuous.
(2) f(A) C f(A) for all A C X.
(3) f~Y(B)c f~YB) forall BCY.

Proof. (1) = (2) : If f is continuous, we have pullback of closed sets are closed. Hence, we

have f~1(f(A)) is closed. Notice that A C f~1(f(A)), and so A C f~1(f(A)) by minimality of the
closure. Applying f to both sides gives f(A) C f(A).
(2) = (3) : Since it applies for all A, take B C Y and notice that f~'(B) C X. Then
F(f4(B)) € f(f~1(B)) C B. Hence, f~1(B) C f~1(B).
(3) = (1): Let B CY be a closed set. Then we have

f7AB) C f7U(B) C f7UB) = f71(B)=["4(B).
Hence, it pulls back closed sets to closed sets, which means f is continuous. ]

Problem 162 (Folland 4.15). If X is a topological space, A C X is closed, and g € C'(A) satisfies
g =0 on OA, then the extension of g to X defined by g(z) = 0 for € A€ is continuous.

Proof. We assume the codomain is C for now. Let E C C be open; we have that ¢g7!(F) C A is
open with respect to the subspace topology. Letting g denote the extension to X, we need to show
that 71 (F) is open. Let B={x : g(z) #0} C A, B¢={z : §(z) = 0}. Then we have

g (B)= (7 (B)nB) U (57 (B)N B°).

Since B is open, we get that the left hand side is open. We then wish to establish that the right
hand side is open as well. We examine

(GHE)NB N A°)U (3 Y E)N B NAA) U (G H(E) N A°).

Notice that the left most set is open, the right most set is open (either E contains 0 or it doesn’t),
so it suffices to check that the middle set is open, but this follows by g € C'(A). O

Problem 163 (Folland 4.16). Let X be a topological space, Y a Hausdorff space, and f, g contin-
uous maps from X to Y.

(1) {z : f(z) =g(z)} is closed.
(2) If f = g on a dense subset of X, then f = g on all of X.

Proof.

(1) Let (z,,) C F:={x : f(z) = g(z)} be a convergent net. Then, since f, g are continuous, we
have f(zy) — f(x), g(xzn) — g(z). Since f(z,) = g(zy) for all n, we must have f(z) = g(x)
(since Y is Hausdorff), and so x € F. Since this is true for all convergent nets, we have
that F' is closed.
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(2) This condition tells us that F'is dense. Since F' is closed, we have that the closure is the
whole set, but FF = F = X.
O

Problem 164 (Folland 4.18). If X and Y are topological spaces, yo € Y, then X is homeomorphic
to X x {yo}, where the latter has the relative topology as a subset of X x Y.

Proof. We wish to construct f: X x {yo} — X which is bijective, continuous, and has continuous
inverse. First, notice that f(z,yp) = z is the projection map, which is clearly well-defined and
surjective. For injective, notice that f(z,y0) = f(2',y0) <= =z = 2/, and so (z,y0) = (2, y0).
Finally, we need to show it’s continuous. Take U C X open, then f~}(U) = U x {yo}. This is an
open subspace of X x {yp}, since we can write it as (U x Y) N (X x {yo}). Hence, f is bijective
and continuous.

Notice f~!(z) = g(z) = (x,50). We need to show that this is continuous as well. Let U C
X x {yo} be open, then we have that U = U'N(X x {yo}), where U’ is open. Notice that U’ is open
in the product topology, so we have that the projection map is continuous on it; hence, mx(U’)
is open. This tells us that ¢g=!(U) is open, and so this is a continuous map. Hence, f we have a
homeomorphism. ]

Problem 165 (Folland 4.32). A topological space X is Hausdorff if and only if every net in X
converges to at most one point.

Proof. ( = ) Assume X is Hausdorff. Then we need to show that every net in X converges to
at most one point. Assume (z;) is a convergent net in X. This means that x; — x, which means
that for every neighborhood V' of z, we have that x; is eventually in V. Assume for contradiction
that ; — y as well. Since X Hausdorff, we can find disjoint open neighborhoods U,V such that
x € U,y e V. Since z; is eventually in U, we have that there is an N such that for all n > N,
x, € U. But this means that (z;) is not eventually in V', and so we have that z; cannot converge
to y. Hence, there’s at most one.

(<) Assume X is not Hausdorff. Then there are 2,y € X such that there are no open neigh-
borhoods U,V where x € U, y € V, UNV = @. Consider the directed set N, x N, where N, Ny
are the families of neighborhoods of z,y. Notice we can make this an ordered set in the following
way; we have (Ug,Uy) > (V,, V) if V, C U, and V,, C U,. Notice that for any (U, Uy), (Va, Vy),
we have that there is a (T}, Ty) such that (T3, T,) > (Uy, Uy) and (T3, Ty) > (Vy, V}); if there were
not any, we would have that there were open neighborhoods about x and y which were disjoint.
We can define a subnet (zn, n,)(n,, N,)eN, xN;,, Which converges to both z and y. ([l

Problem 166 (Folland 4.38). Suppose that (X, 7) is a compact Hausdorff space, and 7’ is another
topology on X. If 7/ is strictly stronger than 7 (read: contains more elements, i.e. 7 C 7), then
(X, 7) is Hausdorff but not compact. If 7/ is strictly weaker than 7, then (X,7’) is compact but
not Hausdorff.

Proof. If 7' is stronger, then we clearly see that for every =,y € X, we can find open Uy, Uy so that
U, NU, = @ and the elements are in their respective sets. Take f : (X,7') — (X, 7) defined by
f(x) = z (the identity). Then for all U C 7, we have f~1(U) = U € 7/, since 7’ is stronger, so f
is continuous. Furthermore, it is a bijection. However, it is not a homeomorphism, since there are
U € 7" such that f(U) = U ¢ 7. By the contrapositive of Proposition 4.28, we get that since X
is Hausdorff, X must not be compact under the stronger topology.

Next, assume 7’ is weaker. Then by the same argument, we get that f : (X,7) — (X,7)
defined by the identity is continuous, bijective, and so f(X) = X is compact by Proposition
4.26. However, it is not a homeomorphism by the same argument above, and so we have that
(X, 7") must not be Hausdorff. O
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Problem 167 (Folland 4.40). If X is countably compact, then every sequence in X has a cluster
point. If X is also first countable, then X is sequentially compact.

Proof. Let (x,) be a sequence in X. Let Ey = o, {zn}. If e, Ex = @, then we have that
Ury Er° = X, and so we can take a finite refinement to get U;V:1 Eikjc = X, which implies
that ﬂ;vzlEikj = . This tells us that the sequence terminates after a finite number of steps,
contradicting the fact that it’s a sequence. Hence, we must have that ()~ E), # @. Take z in this
intersection. Let V' be a neighborhood of z. We have that (V — {zo}) N E} # @ for some k, so for
all n > k, we have that xj € V. This tells us that x is a cluster point of (x).

If X is first countable, by Folland 4.7, we have that every sequence has a cluster point if and
only if every sequence has a convergent subsequence. Since every sequence has a cluster point, we
get that every sequence has a convergent subsequence, and so it is sequentially compact. U

Problem 168 (Folland 4.44). If X is countably compact and f : X — Y continuous, then f(X)
is countably compact.

Proof. Let {V,} be an open cover of f(X). Then we have
f(X) Ve

Notice that this implies
X clJrtva).

Since X compact, we have
n
Xl a)
i=1

Taking the image gives

Hence, f(X) is compact. O
Problem 169 (Folland 4.45). If X is normal, then X is countably compact iff C(X) = BC(X).

Proof. Recall a space is normal if it is 17 and for any disjoint closed sets A, B in X, there are disjoint
opensets U,V with A C U and B C V. Recall as well that C'(X) ={f : X — F : f is continuous},
BC(X)={f:X — F : fisbounded and continuous.}.

Assume X is normal and countably compact. Let f € C'(X). Notice that f(X) is compact by
the prior problem, and compact in F' = R or C implies closed and bounded. Hence, f is bounded,
and so we have BC(X) = C(X).

Assume X is not compact. Let {V,} be a cover of X which does not admit a finite refinement.
Define a sequence via selecting z,, € (Jl_; Vo). We want to show that (z,,) has no accumulation
points. If x € X, we have that z € V,, for some n. So taking a neighborhood U C V,, of x, we
have that for N sufficiently large, x ¢ U for all kK > N. Hence, x is not cluster point of (z).
Since the set of cluster points is empty, we have that C' := {x,} is closed. Define f : C' — R by
f(z) = max{n : = = x,}. We see that this is unbounded, and furthermore we use Corollary
4.17 to find F € C(X) such that F|c = f. so C(X) # BC(X). O

Problem 170 (Folland 4.47). If X, X* are such that X* = X U {oco}, and 7 is the collection of

all subsets of X™* such that either U is an open subset of X or co € U and U¥¢ is a compact subset

of X, then (X*,7) is a compact Hausdorff space, and the inclusion ¢ : X — X* is an embedding.
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Moreover, if f € C(X), then f extends continuously to X* if and only if f = g+¢, where g € Cy(X)
and c is a constant, in which case the continuous extension is given by f(c0) = c.

Proof. We break this up into parts.
(1) We first show that (X*,7) is compact. Let {V,} be an open cover of X*; that is,

x*c|Jva
(03
Since V, are open and cover X*, there must be a Vg such that co € Vg and Vi is compact.
Since
X' = V@ U VBC ,
we get

VsuVs | JVauvs.

Notice that this means
Vs c | J(Van V),
(6%

and so taking a finite refinement we have

Vs C | J(Va, NVE),
=1

hence

n
X*=VaUVsC Ve, UV
i=1
So we have that there is a finite refinement, and so it is compact.

(2) We now show it is Hausdorff. Take z,y € X*. If x # y and both are not infinite, we have
that we can use the Hausdorff property from X to find the open sets. Suppose y = oo,
x # y. Since X LCH, find compact neighborhood U of . Then U¢ is an open neighborhood
containing oo such that U°NU = @. So we win.

(3) We show that ¢ : X — X™* is an embedding. Clearly, it’s injective. We see it’s also a
homeomorphism onto it’s image, since i(U) = U is open in 7, and the only open sets in
i(X) are the ones already open in X. So, it’s an embedding.

(4) Omitted.

Problem 171 (Folland 4.49). Let X be a compact Hausdorff space and E C X.

(1) If E is open, then F is locally compact in the relative topology.
(2) If E is dense in X and locally compact in the relative topology, then E ' Is open.
(3) E is locally compact in the relative topology iff E is relatively open in F.

Proof.

(1) Take x € E. By Proposition 4.30, since z € E, E open, we have that there is a compact
neighborhood N of z such that N C E. We can then find an open neighborhood U of x so
that U C N. Now U N FE open in the relative topology of F, so we get that N is a compact
neighborhood of x in the relative topology as well.

(2) If, for all z € E, we can find an open U such that z € U C FE, then we have that F is
open. Take x € F arbitrarily, then. Since £ LCH in the relative topology, we get that we
can find a compact neighborhood N such that © € N C E. Thus, we can find a relatively
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open neighborhood U of z such that € U C N. Since U is relatively open, we have that
U =V NE, where V is open. Since E open, we have that V =V N E. Hence, we have

reVcV=VNECNCE.

Thus, we win.

(3) Omitted
O
Problem 172 (Folland 4.50). Let U be an open subset of a compact Hausdorff space X and U*

its one-point compactification. If ¢ : X — U* is defined by ¢(z) = xz if z € U and ¢(x) = oo if
x € U¢, then ¢ is continuous.

Proof. Let V. .C U* be open. There are two cases to consider: either co € V or not. If co ¢ V', we
have that V' C U is open, and so ¢~!(V) = V C U open. Since U open, we get that V open in
X. Now, if oo € V, we have that V¢ C U C X is compact. Since X Hausdorff, we get that V¢ is
closed, so ¢~ 1(V¢) = ¢~ 1 (V)¢ is closed. This gives us that ¢~!(V) is open, as desired. O

Problem 173 (Folland 5.2). We have £(X,Y) ={T: X — Y : T is bounded} is a vector space,
and the function || - || defined by
Tl = sup{[[T|| - [Jz][ = 1}
is a norm. Moreover, prove that
Tx .
sup{||Tz|| : ||z||=1} = Sup{HHxHH o] # 0} =inf{C : ||Tz|| < C||z|| for all =}

Proof. 1t’s clear that £(X,Y) is a vector space; we have that for all f,g € L(X,Y), f—g is linear and
bounded, (since ||(f — )(x)l| = [|£(z) — g(x)I| < ||f @)+ lg(@)l| < Cllzl|+ Dllal] = (C + D)z},
and it’s also closed under scaling (||cf(z)|| < |c|||f(x)|| < |¢|C||z||). The other properties are clear
after similar calculations.

To see it’s a norm, we need to show three things.

(1) Notice that
|eT[| = sup{[|cT (x)]| : [|l2|l = 1} = sup{[e[ - [[T(@)[| : |J«]| = 1} = |e[sup{[[T(2)[| : ||lz|| =1}
= [e] - [[T].
(2) We have that
T+ S| = sup{[[(T"+ S)(@)[| : [l=[| =1} = sup{[|T(z) + S()]| = [lz]| =1}
<sup{|[T(@)|[ + |IS(@)I| = [[=]] = 1} < [IT1 + |IS]]-
(3) Finally, let ||T'|] = 0. Then we have
sup{[[T(z)[| : [[z][ =1} = 0.
Since 0 < ||T'(x)|| for all = € X, this gives
0<[T@)|] <0 = |[T(x)]| = 0.

for all = such that ||z|| = 1. Hence, T'(z) = 0 for all x such that ||z|| = 1. By scaling, we
see that this gives us T'(z) = 0 for all z, and so T' = 0.

Hence, we have that this is a norm.
Finally, we check that these sets are equal. Notice that

I | (=)

||
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and norm of z/||x|| is 1. Hence, the first two values are clearly equal. Let C' be the infimum, r the
supremum. Then we have

IT@Il _

[

1T (2)]| < Cllz]| =

so taking the sup of the left hand side yields that » < C. For the other direction, for all x, we have
| ()]
[E41

and so C' < r. Hence, r =C. O

<r = |[T(2)|] < rllxl],

Problem 174 (Folland 5.3). Complete the proof of Proposition 5.4. That is, prove that if Y is
complete, then so is £(X,Y).

Proof. Let (T},) be a Cauchy sequence in £(X,Y). If x € X, then (T,(z)) is Cauchy in Y, since
|Tn(z) — T (z)|| < ||Tn — Twl|||x||- Define T': X — Y by T(x) = lim,, T),(z). We need to show
that T € L(X,Y); that is, it’s linear and bounded. To see linear, notice that

T(x —y) =lim T (z —y) = lim T (z) - lim T, (y) = T(z) = T(y),
and for « in the underlying field,
T(azx) = liTIln T(azx) = ozligln Th(x) = oI (x).
To see it’s bounded, take € X. Then we have
I T(2)]] = [Mm T (2)]| < lim Gy fz|| = O],

since (||T,|]) = (Cy) is Cauchy as real numbers (to see this: notice that the reverse triangle
inequality gives ||| Tn|| — | Tml|l] < ||Tn — Tinl||)- Finally, we need to show that T,, — T. Take z € X
arbitrary. Let ¢ > 0, then since (7},) Cauchy we have that there is an N such that for all n,m > N,
we have

| Tn(2) = T(@)|| = [[(Tn = T)(2)|| = T [|[(Tn = Tn) ()] < €l|]],
so letting € — 0 gives ||T,, — T'|| — 0. To get the in fact, notice that |||T5,|| — ||T||| < ||Tn — T|, so
Toll = [IT1]. O

Problem 175 (Folland 5.4). If X, Y are normed vector spaces, the map (T, x) — Tz is continuous
from £L(X,Y) x X to Y.

Proof. We need to show that if T,, — T', x,, — x, then T},(x,,) — T'(x). Notice that we can write
T (zn) = T(@)|] = [|Tn(zn) = Tn(z) + Tn(z) = T(@)|| < |[To(2n) = To(@)|| + [[Tn(x) = T(2)]]-
On the left, we have
| Tn (2 — 2)|| < ||Tnllllzn — ]| — 0.
On the right, we have
T () = T(2)|| < [[Tn = TI[[|2[| = 0.
(]

Problem 176 (Folland 5.12 b). Let X be a normed vector space and M a proper closed subspace
of X. Let ||z + M|| = inf{||z + y|| : y € M} be the norm on X/M. For any € > 0, there exists
x € X such that ||z|| =1 and ||z + M|| > 1 —e.
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Proof. Since M proper, we have that X — M is non-empty. Hence, take z € X — M. If ¢ > 1, then
we are done, simply by normalizing x/||x||. Otherwise, we have 0 < e < 1, andso 0 <1 —¢€ < 1,
and hence 1 < 1/(1 —¢), so ||z + M|| < (||l + M]|)/(1 — €). Since this is an infimum, we have
that there is a y € M such that ||z +y|| < (||z + M]||)/(1 —¢€). Let z = (|| + y||) "' (z +y). Then
l|z]| = 1, and furthermore we have

Iz +y) + M| _ ||z + M]|

Iz + M| = -
le+sll  lwtl

>1—ce.

O

Problem 177 (Folland 5.12 ¢). Given the conditions of the last problem, prove that the canonical
projection map 7 : X — X /M has norm 1.

Proof. Recall that
Il = sup{[[m(2)[| : [l=[| = 1}.
Writing this out, we get
||l = sup{||z + M| ||| = 1}.
It’s clear that ||7|| < 1. It suffices, then, to show that ||7|| > 1. To see this, we use the prior
problem, taking the infimum over all e. O

Problem 178 (Folland 5.15). Suppose that X and Y are normed vector spaces and T' € L(X,Y).
(1) Show that ker(7') is a closed subspace.
(2) There is a unique S € L(X/ker(T),Y) such that T = S o m where 7 is the canonical
projection. Moreover, ||S|| = ||T||.

Proof. (1) Note that T" is continuous. Let z, € ker(T"), and suppose x,, — x. Then we need to
show that x € T. But this is clear, since

T(x) =T(limz,) =limT(z,) =lim0 = 0,

so z € ker(T).
(2) The uniqueness is clear from the universal property of quotients. Notice that ||T|| < |[|5]],
and ||S]| < ||T|| is a simple calculation which I'll omit.
(]

Problem 179 (Folland 5.17). A linear functional f on a normed vector space X is bounded iff
F71({0}) is closed.

Proof. (=) If f is bounded, then f is continuous, and so f~1({0}) is closed.

(<= If f~1({0}) is closed, then this means that ker(f) is closed in X. If ker(f) = X, then this
means that f is the zero map, and so is clearly bounded. Hence, assume its proper. By 5.12(b),
we see that there exists a « € X such that ||z|| = 1 and ||z + ker(f)|| > 1. In particular, for all
y € ker(f), we have ||z + y|| > 3. So, if y is such that ||y|| < 1/2, we have z +y ¢ ker(f). Notice
that {f(y) : |ly|| < 1/2} is connected and symmetric about zero, so it is either bounded or it is
all of R. If it is all of R, then we have f(z +y) € R, so f(z+vy) = f(x)+ f(y) = 0, but this means
that  +y € ker(f) for ||y|| < 1/2, contradicting what we noted earlier. O

Problem 180 (Folland 5.18). Let X be a normed vector space.

(1) If M is a closed subspace and z € X — M, then M + Cz is closed.
(2) Every finite-dimensional subspace of X is closed.

Proof. (1) Since M is closed, x ¢ M, we have that there is a f € X* = £(X,C) such that
f(xz) # 0 and f|p = 0. In particular, ||f|| = 1 and f(z) = infycn ||z — y||. We want to
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show that M + Cz is closed, so take a sequence (y, + apz) C M + Cz, and suppose it
converges to z € X. Then we wish to show that z € M + Cz. Notice that

flz)=f (nlggo(yn + anx)) = nlggo fyn + o) = nlggo an f(x),
SO
lim oy = f(2) =

w7 )

Hence,

lim apr = ax.
n—oo

Notice that

lim y, = lim (y, + anx) — apr = z — az,
n—oo n—oo

and furthermore notice that z — ax € M since M is closed. Hence, z € M + Cz, and so
M + Cz is closed.
(2) Notice M = {0} is clearly closed, and so M; = {0} + Cx = Cz is closed by (1). Inducting
gives every finite dimensional vector space is closed.
O

Problem 181 (Folland 5.19). Let X be an infinite dimensional normed vector space.

(1) There is a sequence (z;) in X such that ||z;|| =1 and ||z; — z4|| > 1 for all j # k.
(2) X is not locally compact.

Proof. (1) Select ;1 € X and normalize so that ||z1]|| = 1. Now, notice that M; := Cz; is a
closed vector space by the prior problem. Choose y € X — My, let fi := inf.cpr ||y — 2||.
Notice fi > 0, since y ¢ M;. Choose u € M; such that ||y — u|| < 2f;. Let zy =
(y —u)/(|ly — u||). Then we have ||z2|| = 1, and for all v € My,

Yy—1u 1 1

[ lly —ullll > —f
— V|| =——|ly—u—2|ly —u —f1 ==
Ty — ] Ty — ] ST A

So in particular, notice that ||xa — z1|| > 1/2. Induct using the same procedure.
(2) Scale around things, notice that we can make a sequence with no convergent subsequences.

0

||lw2 — vl =

Problem 182 (Folland 5.20). If M is a finite-dimensional subspace of a normed vector space X,
there is a closed subspace A/ such that M NN = {0} and M + N = X.

Proof. Let eq,...,e, be a base of M. Consider T : k" — M via T(ay,...,a,) = > a;e;. We get
that T is bounded (equipping k" with the norm ||(a1,...,a,)|| = D |a;|); notice that

@) = |7 (Y aie) | = | Yo airten|| < a3 lail,

where M = max{||T(e;)||}. So T is continuous. Furthermore, the same argument gives us that 7!
is also continuous (bounded). Let 7y,...,m, : kK — k be the canonical projection maps. Then we
have that f,, := T~ ' o, is a linear functional from M to k. We see that
-1 -1
[ fm @) = [|T7" 0 mm(2)[| < T[]l

and so we can use Hahn-Banach to extend this to Fi,..., F, : X — k. Taking N' = (I, ker(F;),
we see that this is closed (since the kernel is closed), and we see that

MNON =Mn(\ker(F) = [ ker(f;) = {0}.
=1 =1
Furthermore, M + N = X. O
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Problem 183 (Folland 5.22). Suppose that X and Y are normed vector spaces and T € L(X,Y).
Define 7T : Y* — X* by T'f = foT. Then T € L(Y*,X*) and |[T7|| = ||T||. (This is the
adjoint).

Proof. We check linearity first. Notice that TT(f+¢g) = (f+g)oT = foT +goT = T(f)+T1(g).
Notice as well that TT(af) = (af) o T = a(f o T) = aTT(f). Next, pick f such that ||f|| = 1. Then
we have that

Y fIl = [1f 0TIl < [T = [T,

so it is bounded. Finally, we need to show that ||T|| < ||TT||. Pick z such that ||z|| = 1 and

|| Tz|| > ||T|| — € (such an x exists by supremum properties). Then Hahn-Banach gives us an f
with [|f|| =1 and f(T(x)) = ||T(x)||. Hence,

1T (@) = |If o T(2)l| = IT()l| > |IT]| —e.
We can do this for all € > 0, so we get that ||TT|| > ||T]. O

Remark. Something worth noting (but not worth doing) is that a closed subspace of a Banach
space is Banach, and a subspace of a Banach space which is also Banach is closed.

Problem 184 (Folland 5.35). Let X and Y be Banach spaces, T € L(X,Y), N = ker(T), M =
Im(7). Then X/N is isomorphic to M iff M is closed.

Proof. First, notice that N is closed since T' is continuous. Hence, X Banach gives us that X /N is
Banach. Denote by 7 the canonical quotient map, i.e. 7: X — X/N.

(=) Suppose X/N is isomorphic to M. Since X/N is Banach by the above remark, we get that
M is Banach, which means it’s closed.

( <) Suppose that M is closed. We have the following commutative diagram:

X T s M

| A

X/N

where T is defined in the canonical way; T'(7(z)) = T(z + N) = T(x). Notice that T is linear
apriori, and we have that ||T|| = ||T|| by prior exercises, so T is bounded. Furthermore, T is
injective (by construction) and T is surjective (by construction), so it is a bounded bijective linear
map. The open mapping theorem gives us that this is an isomorphism. O

Problem 185 (Folland 5.36). Let X be a separable Banach space and let u be the counting
measure on N. Suppose that (x,) is a countable dense subset of the unit ball of X, and define
T: LNp) = X by T(f) = 37 f(n)zn.

(1) Show that 7" is bounded.

(2) Show that T is surjective.

(3) Show that X is isomorphic to a quotient space of £(u).

Proof. (1) We wish to show that, for all f € £L(u), ||T(f)|| < M||f||. Here, the norm on £*(u)

is defined by
1] = / Fldu =317 ()

Hence,

o0

<D m)ll|zall < Zlf ) =11l

1

1T(f

Hence, it is bounded. (Moreover, it is continuous)
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(2) Let’s show that it’s surjective onto the unit ball of X. Notice that by linearity we will get
that it’s surjective onto X, and so we are actually done if we can do this.
Pick * € B1(0) € X. We can find z,, € (z,) such that ||z — x,,|| < 27! Let y; =
2(x — @y, ). Then we have that y; € B1(0), since

lyll = 112(z = 20|l = 2[lz — zn, || < 1.
Now choose @, € () such that ||y; — 2, || < 27!. Furthermore, notice that
1 = Tnall = 12(2 = @) = @ng || = 2/l = Tny = 27 | <277,
so that
|z — 2n, — 2 2, || <272
Continue inductively like this. Then we have that

n

T — E 2171%7%

1

1=k 5f . — n

< 27",

Define f € £'(u) by

0 otherwise.

We see that f € £1(u), since

DG =) 2" <o,
T(f) = Z fn)x, = Z 2, = .

and

So T is surjective.
(3) T is continuous, so ker(T') is closed. T is surjective, so Im(7") = X, which is closed. By the
prior problem, £!(u)/ ker(T) = X.
U

Problem 186 (Folland 5.37). Let X and Y be Banach spaces. If T': X — Y is a linear map such
that foT € X* for every f € Y*, then T is bounded.

Proof. We would like to establish the closed graph theorem. Let (x,,T(zy)) — (x,y). We want
to show that y = T'(x). We have that (f o T'(zy)) — (f o T'(z)) for all f € Y*, and we have that
(foT(zpn)) = (foy). So for all f € Y*, we have that f(y) = f(T(x,)). We have that Y* separates
points, so this implies that y = T'(z;,). O

Problem 187 (Folland 5.38). Let X and Y be Banach spaces, and let (7},) be a sequence in
L(X,Y) such that lim T,z exists for every z € X. Let Tz = imT,,z, then T € L(X,Y).

Proof. The idea is to use the Steinhaus boundedness principle. We first need to show that T is
linear. Let z,y € X, a a scalar, then

T(ax +y) =lim T, (ax + y) = limaT, () + im T, (y) = aT'(x) + T'(y).
n
So it’s indeed linear. Now, we need to show that 7" is bounded. Notice that

T} < sup || T,
n

and by the Steinhaus boundedness principle we have that
| Th(2)]] < oo Vo e X = sup||T,|| < oo,
n
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SO

[|IT]| < oc.

Hence, T' € L(X,Y). O

Problem 188 (Folland 5.42). Let E,, C C([0, 1]) be the space of functions f such that there is an
xo € [0,1] such that |f(z) — f(x0)] < n|z — x| for all z € [0, 1].

(1) Prove that E, is nowhere dense in C([0, 1]).
(2) Show that the subset of nowhere differentiable functions is residual in C(]0, 1]).

Proof.

(1) Recall that a set A is nowhere dense if (A)° = @. Per Royden (Exercise 10.20), we
should show first that this set is closed. Take a sequence (f;) C E,, where f; — f € C([0,1]).
We wish to show that f € E,. From the definition, for each f; there exists an z; € [0, 1]
such that |fi(x) — fi(x;)] < n|z — z;| for all € [0,1]. Notice that this is a sequence of
points (z;) C [0,1], so we can extract a convergent subsequence (z; ) C [0, 1] such that
xi, — xo € [0,1]. We then would like to show that this is the appropriate choice of zg for f
such that | f(z)—f(x0)| < n|x—xo| for all z € [0, 1]; that is, f € E,. Since f; — f € C([0,1]),
we have that for ¢ > 0, there exists N such that for all n > N, ||f — fulleo < €/2.
Furthermore, we can choose ¢ > N such that we have |f;(z) — fi(xo)] < n|z — xo| by
uniform continuity. Hence, we get that

[f (@) = fzo)| = [f(2) = filx) + fi(x) = fi(xo) + fi(wo) — f(0)]

< |f(@) = filx)| + [fi(z) = fixo)| + [fi(zo) — f(xo)l-

By the infinity norm, we get that this is less than or equal to

[f (@) = fzo)| < 2/[f = fill + |fi(x) = fi(zo)| < e+ nlz — ol

Since this applies for all € > 0, we get that

|f (@) = f(xo)| < nlz — x|

as desired; f € E,. Hence, E, is closed, and so it is sufficient to show that (E,)° is empty.

By prior homework, we have that PWL are uniformly dense in C([0, 1]), hence, for all
f € C([0,1]), e > 0 fixed, we can find a piecewise linear function h such that || f —hl|oc < €/2.
If we can approximate h with a piecewise linear function g whose linear pieces have slope
+2n such that ||h — g||cc < €/2, then we get that ||f — g||c < €, and so we can uniformly
approximate f € C([0,1]) with piecewise linear functions whose linear pieces have slope
+2n. It suffices to show that we can find such a g for a line of arbitrary slope, since
we can just subdivide the problem into the piecewise linear components and apply this
appropriately.

To see that we can find such a g for a line of arbitrary slope on the interval [a, b], we can do
a sort of oscillating approach, drawn below. There will only be finitely many components,
and we see that by subdividing it up more, we can approximate it arbitrarily well.
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Thus, we can find g with components whose slope is £2n where ||f — g||oc < €. To show

that E, has empty interior, we need to show that we cannot find an € > 0 such that the
ball centered at any f € FE, with radius € is contained in E,,. Take f € FE,, fixed ¢ > 0,
and examine B(f). Then this is the collection of g € C([0,1]) such that ||f — g||ec < €.
With our construction before, we see that we can fined a piecewise linear function g with
components whose slopes are +2n such that g € Bc(f). But notice that this means that
g ¢ E,. Hence, we see that B.(f) ¢ E, for any € > 0, any f € E,, and so (E,)° = @.
Hence, it is nowhere dense.
Recall that being residual means being the complement of a meager set. Recall that being
meager means that you are a union of nowhere dense sets. Take g € C([0, 1]) such that it is
differentiable at a point = € [0,1]. This means that for all € > 0, there exists a § > 0 such
that for all y € [0, 1] with |y — x| < §, we have

9(y) — g(z)

y—1x _gl('r) <€

or
l9(y) — g(x)| — |y — z||g' ()| < |g(y) —g(x) — (y — 2)g' (x)| < |y — zle.
Choosing € = 1, we have that
l9(y) — g(@)| < |y —z|(l¢g'(z)| + 1).
So for |y — x| > 0, we get that
l9(y) — g(@)| < g(W)] + g(@)] < |glloc + 1lglloc = 2[|9]|oo;

SO

lg(y) —g(x)| <2
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Hence, letting n = max{26||g|c0, |¢’(z)| + 1}, we have that

l9(y) —9(z)| < nly — 2|
for all y € [0,1]. Thus, g € E,, for some n sufficiently large. To be nowhere differentiable
means that g is not differentiable at any point, and so g ¢ E,, for any n. Hence, g ¢ (J,~; En,
or g € (U,—; En). But since this works for all nowhere differentiable functions, we have

that I' C (U2, Ep)°. In other words, I is the complement of a meager set, and so residual.
O

Problem 189. Suppose X and Y are Banach.

(1) Show that if T € L(X,Y) is bounded, then T is weak-weak continuous.
(2) Show that if a linear map 7' : X — Y is norm-weak continuous, then 7" € L(X,Y).

Proof. (1) Recall that weak convergence says that for all ¢ € X*, p(z,) — ¢(z). Let x,, = =
weakly. Taking 7' bounded, we wish to show that, for all ¢ € Y™, o(T(xy)) — o(T(x)).
Notice that oo T : X — F, so poT € X*. Hence, p(T(xy,)) — ¢(T(x)).

(2) We wish to show it is bounded; hence, we wish to use the closed graph theorem. Let z,, — z,
T(xy) — y, then we wish to show that T'(z) = y. Since we have norm-weak continuity, we
have that for all ¢ € Y*, o(T(z,,)) — @(T(z)). Since ¢ € Y* is continuous, we have that
o(T(zn)) — »(y) as well. Since this applies for all ¢ € Y*, and Y* separates points, we get
that we must have y = T'(x), as desired. So T is bounded by the closed graph theorem.

]

Problem 190. If X is finite dimensional, prove that the weak topology is the norm topology .

Proof. X is finite dimensional, so we have that X = F", where F' the underlying field. Without
loss of generality, it suffices to prove the statement for F”. Let m; denote the canonical projection
maps onto F; these are clearly continuous, and so in L(F™, F'). Consider an open set B(z) under
the norm topology. Then we have that

Be(z) ={ye X : |z —yll <e}.

We can rewrite this as
n

Be(x) = [ 7 (Ue(2)).

i=1
Since both of these generate the topologies, we have the open sets with regards to either topology
are open with respect to the other topology. Hence, they have equivalent topologies. ]

Problem 191. Prove that if X is not finite dimensional, then the weak topology is different from
the norm topology.

Proof. Consider the open ball of radius one centered at 0 with respect to the norm; i.e.
Bi(0)={z e X : |z|| < 1}.
We wish to show that this is not open with respect to the weak topology. Assume for contradiction
it were. Then we have that there are linear functionals fi, ..., f, such that
{reX : |f(zx)) <1 for k=1,...,n} C B1(0).

That is, we have that for all 2 such that |z| < 1, |fx(z)| < 1. Construct a linear function f : X — F"
via f(x) = (fi(z),..., fu(x)). We have then that we can find a vector x with f(xz) = 0. We can
scale this vector to get that B1(0) is unbounded, which is a contradiction. O

Remark. Chaining the last two statements together, we have that the weak and norm topology

are equivalent iff X is finite dimensional.
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Problem 192 (Folland 5.47). Suppose that X and Y are Banach spaces.

(1) If (T,) € L(X,Y) and T,, — T weakly, then sup, ||T,|| < oo.
(2) Every weakly convergent sequence in X, and every weak*-convergent sequence in X*, is

Proof.

bounded.

(1) Let T denote the adjoint of T’; that is, the map so that f(T) = T'(f). Since T}, — T
weakly, we have that for all f € Y™, f(T},(x)) — f(T'(z)). We can rewrite this as

F(Ta(2)) = & 0 To(f),
2o Tu(f) = 2o T(f).
Fix z € X. Since this converges for all f € Y*, we get that
1& 0 Tu(f)]] < o0
for all f € Y*, and so
|| 0 Tp|| < o0

by the Uniform Boundedness principle. Fix n € N. If T;,(x) = 0, we are done. Otherwise,
by Hahn-Banach, we have that there exists a linear functional f so that

(T () = T (2)]]-
In other words, we get
1 To(@)]| = [f(Ta(@)]| = |& 0 Tu(F)I] < ||E 0 Tyl < oo.
Since this applies for all x € X, n € N, we get that the uniform boundedness principle

applies to give us
sup ||T,|| < oo.
n

Let x,, — = weakly. Then fixing f € X*, we have that f(z,) — f(z). Hence, we get that
Lf (@)l = [l ()] < o0

for all f € X*. Uniform boundedness applies to give us ||2,|| < co. "is an isometry, so
%]l = [Jzall < oc.

Let f, — f in the weak* topology. Then we have that, for all z € X, f,(x) — f(x).
In other words, ||fn(z)|| < oo for all n, and so Uniform Boundedness applies to give us
supy, || full < oo.

U

Problem 193 (Folland 5.48). Suppose that X is a Banach space.

(1)
(2)
(3)

Proof.

The norm-closed unit ball B = {z € X : ||z|| <1} is also weakly closed.
If E C X is bounded (with respect to the norm), so is its weak closure.
If F C X* is bounded (with respect to the norm), so is its weak* closure.

(1) Let @, — z weakly, (z,) C B. We wish to show that z € B. Weak convergence
implies that for all f € X*, f(x,) — f(x). We can rewrite this as 2,,(f) — Z(f). Notice
that

12| = sup{[|Z(/)I| : fe X"}
Taking f such that ||f|| = 1, we get that

12(HI = 1 @) = [[lim f(zn)[| = [[Tim 2 (F)]] < 1.

Since this holds for all || f|| = 1, we get that ||Z|] < 1, and the isometry gives us ||z|| < 1.
Hence, it’s closed.
143



(2) Let E be bounded. Then for all z € E, we have that ||z|| < M for some M > 0. Take a
specific x € E, then we have that

Hence, M~'E C B. Taking it’s closure, we have that M—1E C B. Multiplication is
weakly-continuous, so M~'E ¢ M—'E C B. Hence, E is bounded by M.

(3) Let f, — f in the weak™® topology. Then for all z € X, f,(x) — f(x). Assuming that
|| fn]] < M for all n, we'd like to show that || f|| < M. Choose x with ||z|| = 1, then

1F @)l = [l fo(2)I] = lim || fn(2)[] < sup || fa()[| < sup || fu]] < M.

Since this applies for all x, we get || f|| < M as well.
U

Problem 194 (Folland 5.53). Suppose that X is a Banach space and (7},), (S,) are sequences in
L(X, X) such that T,, — T strongly and S,, — S strongly.
(1) If (z,) C X and ||z, — z|| — 0, then ||T,,z, — Tx|| — 0.
(2) T,,Sn, — T'S strongly.
Proof. (1) We have
| Tnan — T + Topx — Ta|| < || Tn(wn — 2)|| + [|2(Th — T)]
STl - flon =[] + ||2]] - [ T0 = T].
Notice that sup,, ||T5|| is finite by earlier, so we get
Tl - flzn = @[] + 2] - [T = TN < M - |Jan — 2| + [|2]] - [|Tn = TY|.
Letting the sequences go to 0, we win.
(2) Notice that, for fixed x € X, S,,(x) — S(z), and from the first part we get that T),(S,(z)) —

Tn(S(x)) = T(S(x))- -

Problem 195. Show that (-, -) is self-adjoint iff (x,z) € R for all z € H.
Proof. (=) If (-,-) is self adjoint, then this means that (z,x) = (x, z), which can only happen if
(x,z) € R.

( <) Suppose (x,z) € R for all z € H. We wish to show that (x,y) = (y,z). Write z = a + bi,
y = ¢+ di, where a,b,c,d € R. Then

(x,y) = (a+bi,c+ di) = {a,c+ di) + i(b,c + di)
= (a,c) —i(a,d) +i(b,c) + (b,d)
= (¢,a) —i(d,a) +i(c,b) + (d,b),
{y,z) = (¢ — di,a — bi) = (¢c,a — bi) — i(d, a — bi)
= {(c,a) +i{c,b) — i(d,a) + (d,b),
and we see that they are equal. O

Problem 196. Prove that if (-,-) is positive (i.e. (x,x) > 0 for all x € H), then it is self-adjoint.

Proof. Follows by the prior problem ({x,x) € [0,00) C R). O
Problem 197. Suppose H is a Hilbert space, S,T : H — H are linear operators such that for all
z,y € H, (Sz,y) = (z,Ty).

(1) Prove that ||S]| = ||T].
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(2) Prove that S and 7" are bounded.

Proof. (1) We have that
S]] = sup{[[S()[] : |Jf| =1}
Recall that
IS(@)[1* = [{S(2), S(x))| = [z, T(S(@)))] < |l=[IT(S(@))Il < ITN[S].
So
IS11* < IS,
which gives us that
1| < (|7
An analogous argument gives
1Tl < ISl = IS = IITl.

(2) Again, we want to use closed graph theorem. Let z, — z, consider S(x,) — y. We want
to show that S(x) = y. We have that, for all z € H,

(S(xn),2) = (20, T(2)) = (2,T(2)) = (S(x), 2),
and
(S(zn),2) = (y,2).
So
(S(x) —y,2) =0
for all z € H. Recall that H- N H = 0, so we have that S(z) = y. Hence, closed graph

theorem tells us that S is bounded. (1) tells us that 7" is bounded.
O

Problem 198. Suppose Xy C X, X Banach, is a dense subspace. Let Ty : Xg — Y be such
that Ty bounded, Y Banach. Then there exists a unique extension T : X — Y bounded such that
|IT[| = [|To|| and T'|x, = To.

Proof. Let x € X, and take a sequence (z,,) C Xg such that x,, — z. Since T is linear and bounded,
we get that
[ To(zn) — To(zm)|| < Cllzn — zml| — 0,
so (To(zy)) is a Cauchy sequence, and we have that Ty(zy,) — y. Define T': X — Y by T'(z) =y,
where y is given as above. We need to check four things.
(1) The definition of T" is independent of the sequence: Let (z,), (yn) be two sequences such that
Ty — x, Yo — . Then we have
A (o~ 9n) =0,

lim TO(xn - yn) = lim TO(xn) — lim TO(yn> =0,

n—o0 n—oo n—oo
SO

lim Ty(zy,) = 1i_>m To(yn) = T(x).

n—oo

(2) T is well-defined: Assume z7 = x3. Then take a sequence (z,) such that z, — x1, (g,) such
that g, — x2. Then we have
T(z1) = lim Ty(zy),
n—oo
T(z2) = lim Ty(gn),
n—oo
T(z1) — T(x2) = lim To(2n — gn) = To(z1 — 22) =0,
n—oo
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so T'(xz1) = T'(x2).

(3) T is linear, and is an extension of Tp: Let z,y € X, a € F. Then we need to show that
T(ax +y) = aT(x) + T(y). Take (x,) such that z,, — =, (y,) such that y, — y. Then we have
that ax, + yn, — ax + y, and so we see

T(az+y) = lim To(axn+yn) = lim aTy(zn)+To(yn) = a lim To(zyn)+ lim To(yn) = aT(x2)+T (y).
Let x € Xy, take a sequence (x,) such that x,, — x, then we have

To(x) = nh_)rréo To(xy) = T(x).

(4) T is bounded: Let x € X, then we have a sequence (x,,) C Xy so that z,, — x, and we have
that

@) = T [[To(en)l| < Yim Cllaa]| = Clz]],

by norm continuity.

Next, we need to show that ||T|| = ||To||. Clearly ||To|| < ||T||, so it suffices to show that
[|T|| < |To||- This follows simply by noting that
Tl = sup{[|T(2)|| : llz|| =1} < C = sup{|[To(z)[| : [[=[| =1,2 € Xo}.
O

Problem 199 (Folland 5.56). If F is a subset of a Hilbert space H, (E+)~ is the smallest closed
subspace of H containing FE.

Proof. In other words, we want that E = (E+)*.
Step 1: We first show that £ C (E+)*. Recall that

Et={zecH : (z,y)=0forally c E}.

If we take x € E, we see that, for all y € B+, (z,y) =0, so x € (E+)*. Hence, E C (E4)*.
Step 2: We now want to show that (E+)t is closed. Let (y,) C (E+)* such that g, — y. Then
we have that, for all z € E+,

(y,z) = (limyy,, z) = lim(y,,z) = 0.

Hence, y € (E+)*, so it is closed. Notice this argument also shows that E- is closed.
Step 3: We want to show that if S C T, then T+ C S*. This follows from simply noting that if
x € T+, then (z,y) = 0 for all y € T, which in particular means for all y € S, and so x € S*.
Step 4: We now want to show that EN = EL Clearly E+ C E*. For the other direction, note
that

Ec Bt — gttt c Bt

and

EL c EJ_J_J_’
so B+ = EL.
Step 4: Write

H=E&E*.

Then for every element y € H, we have that it decomposes uniquely into (x,m), where z € E and
m € E+. Hence, for every y € E+L, we have that y = x +m. We wish to show that m = 0. Notice
that for z € B+, we have

0= (y,2) = (x+m,z) = (r,2) + (m, z) = (m, 2).
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Since this applies for all z € EL, taking in particular m, we have

0= (m,m),
which implies that m = 0. Hence, y € E, but this implies that E* C E, which gives us
equality. O

Problem 200 (Folland 5.58). Let M be a closed subspace of the Hilbert space H, and for x € H
let Px be the element of M such that x — Pz € M. Show that P € L(H, H).

Proof. Let x,y € H. We want to show that P(z +y) = P(xz) + P(y). Notice that Pz, Py € M,
and we have that
z+y— (Px— Py)e M*,
so by uniqueness we must have that P(x+y) = P(z)+ P(y). Similarly, P(ax) is an element of M,
and we have that
ax — a(P(x)) = a(z — P(z)) € M,

so P(ax) = aP(x) by uniqueness. Hence, P is linear. We now want to show that P is bounded.

Take z € M. Then we have that z = m + y, where m € M, y € M*t. Hence, we can identify
P(z) = y. Notice that

1P@)[| = llyll < ]«],

so it is bounded, and hence continuous. ]

Problem 201. Let H be a Hilbert space. Show that a closed subspace S C H is a Hilbert space,
with operation inherited from H.

Proof. Tt suffices to show that it’s complete with respect to the norm given by

]l = v/ (2, ).

Let (x,) C S be a Cauchy sequence. Then z, — x by the completeness of H, but since S closed
this implies that x € S. O

Problem 202. Suppose [ is a positive linear functional on C.(X), for each compact K C X there
is a constant Ci such that

1I(f)] < Okl fllu
for all f € C.(X) such that supp(f) C K.
Proof. Take f € C.(X). It suffices to look at real valued f by breaking it up into the real and

complex parts. Now, use Urysohn to find ¢ € C.(X,[0,1]) such that ¢|x = 1. Then we have that,
if supp(f) C K,
1< M ud-
Then
—f<flluds f < IS lud,

SO
0<|[fllud+f, O<|[fllud—f,

so since [ is a positive linear functional we have
I(fllu + f) = L(|f[lu) + I(f) = 0,
I(fllu = f) = L(|f[lud) = I(f) = 0,

SO

LN < N1l (9)-
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Problem 203 (Folland 7.1). Let X be a LCH space, Y a closed subset of X, and p a Radon
measure on Y. Then I(f) = [(f|y)du is a positive linear functional on C.(X), and the induced
Radon measure v on X is given by v(F) = u(ENY).

Proof. Linearity follows from the fact that

/kfhﬂdu==/;fdu

and the linearity of the integral. For positivity, take f > 0. Measures are positive, so we see that

/ fdp > 0.

Hence, it’s a positive linear functional on C.(X). Notice that we can write

/f Xy dp.

Notice there exists a positive Radon measure v on X such that

I(f):/fdl/.
Take £ € M, f = xg. Then we have

I(xg) = /XE cxydp = pu(ENY),

HXE)=:/XEdV=l4E%
so we have
v(E)=pu(ENY).
O

Problem 204 (Folland 7.2). Let u be a Radon measure on X.

(1) Let N be the union of all open U C X such that u(U) = 0. Then N is open and u(N) = 0.
The complement of N is called the support of p.
(2) x € supp(p) iff [ fdu > 0 for every f € C.(X,[0,1]) such that f(z) >0

Proof. (1) Clearly N is open (arbitrary union of open sets is open). Using the fact that p is a
Radon measure, since N is open, we have that

w(N) =sup{u(K) : K C N,K compact.}.
Let K C N, K compact. Then we have
K c | JUa,
where U, is such that u(U,) = 0. Since K is compact, we have
n
K C U Uj.
j=1
Hence,
n
p(E) = | JU; Z
J=1 Jj=1

Since this applies for all K, we get u(N) = 0.
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(2) Take = € supp(u) = N¢. Let f(x) = ¢ > 0. Since f is continuous, we have f~1((c/2,1)) is
an open set (say V'), and we have z € V. Since V is an open set, V ¢ N, we must have
(V) > 0. Hence,

(/MMZAfW>;MW>Q

Now, assume that

/fdu>0
(

for every f € C.(X,][0,1]) such that f(x) > 0. Notice {x} is a compact set, take an open
set U such that x € U. Use LCH Urysohn to get a g € C.(X,[0,1]) so that g(z) = 1 and
supp(g) C U. Then
nU) = /gdu > 0.
([
Problem 205 (Folland 7.3). Let X be the one-point compactification of a set with the discrete

topology. If 1 is a Radon measure on X, then supp(u) is countable, where supp(u) = N¢, with N
being the union of all open U such that pu(U) = 0.

Proof. Let Y be a set, 7 = P(Y) the discrete topology on Y. Let X be the one-point compactifi-
cation of Y; i.e. the open sets are subsets of X or sets with infinity such that their complements
is open. We have that p is a Radon measure, which means that it’s finite on compact sets, outer
regular on all Borel sets, inner regular on open sets. Examine

N :=supp(p)° = {U : U CP(Y), u(U) =0}.
For all y € Y such that u({y}) = 0, we have that y € N. So
YNNe={yeY : u(y) >0}

Since X is compact, p finite on all compact sets, pu(X) < oco. If supp(u) was uncountable, then
supp(p) NY is also uncountable. So

p(Y) > p(supp(m)nY) = Y p({y}) = .
y€Esupp(p)NY

This is a contradiction. OJ

Problem 206 (Folland 7.4). Let X be a LCH space.
(1) If f € Cu(X, [0,00)), then f~1([a,0)) is a compact G5 set for all a > 0.
(2) If K C X is a compact G set, there exists f € C.(X,[0,1]) such that K = f~1({1}).

Proof. (1) We have
FH(Ja,00)) = () £ ((a = 1/n, 00)),
n=1

where f~!((a — 1/n,00)) are open sets. So this is a G set. To see it’s compact, we notice
that f~!([a,00)) is a closed set (by continuity, using the subspace topology), so we have a
closed subset of a compact set, which is then compact.

(2) Since K is a G5 set, we can write



For each i, we have that we can find precompact open W so that
KcWcW cU.
Write

V, = (ﬂ Ui> nw.
i=1

This is an open subset for each n. Using LCH Urysohn’s lemma, for each n, we can find

fn € Co(X) so that 0 < f,, <1, supp(f,) CV,, f =1 on K. Write

F= ok
1

We have supp(f) C W, so f € C.(X,[0,1]). If x ¢ K, then we have that there is some n so
that = ¢ Vi, so fn(x) = 0, and therefore f(x) < 1. So K = f~1({1}).
]

Problem 207. If i is a o-finite Radon meausre on X and F C X is Borel, then for all € > 0, there
exists a F' C E C U with F closed and U open such that u(U — F) < e.

Proof. Suppose u(E) < oo, u is outer regular on E, fix e > 0. We can find U such that pu(U —
E) < €/2. We can then by Proposition 7.5 find closed F' so that u(E — F) < €/2. Then
wlU—-F)<uwU—-E)+uwE—-F)<e.

Suppose p(E) = co. We have E = |J Ej, u(E;) < oo. Find Uj such that E; C Uj;, u(U; — E;) <
€277~ Then

p(U—E) <Y pU;—E;) <Y e2777 < e/2.

Apply the same argument to E° to find V with u(V — E°) < ¢/2, and so we get u(E — V) < ¢/2,
and V¢ C E. O

Problem 208 (Folland 7.7). If i is a o-finite Radon measure on X and A € By, the Borel measure
wa defined by pa(E) = p(E N A) is a Radon measure.

Proof. From prior exercises, we know this is a measure. It suffices to show it is a Radon measure;
that is, finite on compact sets, outer regular on Borel sets, and inner regular on open sets. Let K
be compact. Then pa(K) = p(ANK) < pu(K) < oo, so it is finite on all compact sets. Let F' € By,
then we get that u is outer regular on AN F. So there is an open set U such that AN F C U, and
pwU) < u(ANF)+e.

Suppose 4 (F) = oo, then we’re done. Otherwise, suppose p4(F') < co. Write F C (FNA)UAC.
We can find open U such that FNA C U, and p(U) < u(F N A)+€/2. So we need to find an open
V such that A° C V. Use the outer regularity of p to get u(V — F) < €/2, where V' is open and F’
closed, F' C A° C V. We have U UV is open, and hence we get

pa(UUV) = p((UUV)NA) = p((UNA)U(VNA)) < p(UNA)+p(VNA) < p(U)+p(VNE) < pa(F)+e.

Hence, we get outer regularity.
Finally, we need to get inner regularity. This follows by using the inner regularity of u. O

Problem 209 (Folland 7.8). Suppose that u is a Radon measure on X. If ¢ € L'(u) and ¢ > 0,
then v(F) = [, ¢du is a Radon measure.

Proof. Again, we must show the properties that it is finite on compact sets, outer regular on Borel
sets, and inner regular on open sets. Let K compact. Then we have that

l4¢§/¢<m'
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Next, we wish to show that it is outer regular on Borel sets. We can use the absolute continuity to
get that there is a 6 > 0 such that if u(F) < 0, then

/ ¢pdpu =v(F) < €/2.
F

Let E be a Borel set. Let E,, = {x : ¢(z) > 1/n}. We have that u(E,) < co. Let F = JE, =
{z : ¢(z) # 0}, then E — F = {z : ¢(z) = 0}. Hence, v(E) = v(E - F)+ v(F) = v(F).
Since v finite, we get that there exists an n so that v(F — E,) < ¢/2. Find compact K C E,, with
w(E, — K) < 4. Hence, v(E, — K) <¢€/2. So K CE, CF CE,

VE-K)=v(E—-F)+v(F—-E,) +v(E,—K) <eg,

so K is compact and we conclude inner regular.
We now want to show outer regular. Given a Borel set E, we have that there is a compact
K C E°¢ with u(E°— K) < e. Hence, u(K¢— E) < ¢, and K¢ open. So we get that it’s Radon. [

Problem 210. Complete the proof of Proposition 3.1.

Proof. Let v be a signed measure on (X, M). If (E;) is an increasing sequence in M, then

v (U Ej> = lim v (Ej).
If (E;) is a decreasing sequence, with E; finite, then
v (ﬂ Ej) = lim v (Ej).
O

Proof. Assume first of all that J E; is finite; otherwise, we must have that v(FE,,) is infinite for
some n, and so the result is clearly true. Write

G = L,
Go = Ey — Fy,

e (05)
Uz =le.
v(UB) =v(6i) =D vy

v(Gj) = Ej — Ej1,

so rewriting the right hand side we have

> u(G)) =lim > v(G;) = lim <V(E1) + ) v(E)) - V(Ej_l)) :
1

Then we have that

and furthermore

Notice now that

Hence, we have

and so



We can use the first part and the finiteness of E;. Write
F = Eq,
Fy = Ey — Es,

F,=FE - E,.
Then F), is now an increasing sequence, and so applying the first part we get

V(E)) — v (ﬂ En> —v (E1 - ﬂEn> —v (U Fj) — limv(F,) = v(E1) — limv(Ey).
The finiteness of F let’s us add and subtract things to get the desired result. O

Problem 211 (Folland 3.2).
(1) If v is a signed measure, F is v null if and only if |v|(F) = 0.
(2) If v and p are signed measures, TFAE:
(a) v L,
(b) v L p,
(c) vt Ly, v~ Lp.
Proof. (1) (=) Assume E is v null. Write v =v* —v~, X = PUN, vH(N) =v (P) = 0.
Then |v| = vt + v, and we have
v|(E) =vT(E)+v (E)=v(ENP)—v (ENN),
and since E' is v-null, each respective component is 0. Hence, |v|(E) = 0.
( <= ) Assume |v|(E) = 0. Since |v| a positive measure, for all FF C E, |[v|(F) = 0.
Furthermore, this gives that v+ (F),v~(F) = 0 for all F C E. Using this, we get
v(F)=vH(F)—v (F)=0.

Hence, F is v-null.
(2) See HW14.
O

Problem 212 (Folland 3.5). If v1, 15 are signed measures that both omit the value co or —oo,
then |V1 + VQ‘ < ’Vl‘ + ’VQ‘.
Proof. Since vy, vy are signed measures, we have
v = I/f_ -vy,
vy = I/; —Vy.
We see that v + v is also a signed measure, and so we write
vi+uve=A—p.
Hence,
lv1 + v = A+ p.
Notice as well that
1/1+V2:Vf'—1/1_+1/;—y2_.
Hence, we have that
v+ g >,
vy vy =g,
SO
it vel = A+ p <l +up v vy = v+ el
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Problem 213. Suppose that v is a signed measure on (X, M) and F € M.
(1)
vi(E)=sup{v(F) : Fe M,F C E}
and
v_(E)=—inf{v(F) : Fe M,F C E}.
(2)

n n
|v|(E) = sup {Z lv(E;)| : neN,E,..., E, are disjoint, and UEj = E} :
1 1

Proof. (1) Write
V=vy — V-
where
X=PUN, vy(N)=v_(P)=0.
We have that, for £ € M,
vi(E) =v(ENP).
Notice that P is positive, so we can use this to deduce that
vi(F) < vi(E)

for all FF € M, FF C E. Hence,

sup{v(F) : Fe M,F C E} <v,(E).
For the other direction, use the fact that

ENnPe{F : Fe M, FCE}

to get that

vy(E) <sup{v(F) : Fe M,F C E}.
Hence,

vi(E) =sup{v(F) : FeM,FCE}.

The argument is analogous for v_(F).
(2) Let E € M. Then we have that

W|(E) = [V(ENP) + [V (ENN) =vs(ENP) +v_(ENP) + v (ENN) +v_(ENP)

=vi(ENP)+v_(ENN)=|—-v_(ENN)|+ v (ENP)|=|v(ENP)|+ |v(ENN)|.
Hence,
lv|(F <sup{Z]1/ : neN,FEy,...,E, are disjoint, and UEj:E}.
1

Now, notice that

DB < Y (B + - (Bl = Y WI(E)) = v|(E),

since |v| is a positive measure. Hence,

n
lv|(F >sup{2]y :neN,Ey,..., E, are disjoint, and UEj:E}'
1
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Problem 214. Let u be a o-finite signed measure, show that
dp

d|p

=1 |u| a.e.

Proof. We define

dp
dp = < dlul.
d|pl

We first want to show that p < |u|. Since p is a signed measure, we have a decomposition
p=ps—p—, X=PUN, pi(N)=p_(P)=0.
We have then that
|l = py + p—.
Take E € M such that
[Wl(E) =0 = py (E) + p—(E) =

Since pi4, i are positive measures, we see that this forces p4 (E
p(E) = 0. So p < |pl.

By the LRN theorem, we get that there is a function 2 ﬂ such that

0.
) = p—(E) = 0, which then forces

dp = ——d|pul,
dH

and it is unique up to |u|-a.e. Let f = xp — xn. Then we have
W(E) = (E N P) + u(ENN),

u(EﬁP)=ﬂ+(E)=/Edeu+Z/Ede!u!,

WENN) = —u(B) =~ [ xvdu— =~ [ vl
E E
S0
u(B) = [ (=)l
Hence,
d
S
d|u]
|u|-a.e., and we see that
dp
el =1m1=
iz
since X = PUN. D

Problem 215 (Folland 3.10). Theorem 3.5 may fail when v is not finite.

Proof. Recall the statement of Theorem 3.5:
Let v be a finite signed measure and p a positive measure on (X, M). Then v < p if and only if
for every € > 0, there exists a 0 > 0 such that [v(FE)| < € whenever u(E) < ¢.

Consider dv(z) = %‘T and du(x) = dz on (0,1). We first check that v < p. Take E € M such

that
/ der =0=pu(E).
E

v(E) = dr _ 0.

Then we have that



However, we see that for all ¢,

((0,9)) / — hm log(d) —log(m) > lim —log(m) = oc.
m—0
So v is not finite. Furthermore, given any € > 0, ¢, let E = (0,0/2). Then
p(E) <6,

while

lv(E)| = — 00.

6/2 dx
L5
]

Problem 216 (Folland 3.11). Let u be a positive measure. A collection of function {f,} C £'(u)
is called uniformly integrable if for every € > 0 there exists a § > 0 such that

' | fadu
E
for all &« € A whenever u(E) < 4.

(1) Any finite subset of £!(u) is uniformly integrable.
(2) If {fn} is a sequence in £!(u) that converges in the £! metric to f € L£1(u), then {f,} is
uniformly integrable.

<€

Proof. (1) Take f € £'(u). Then we have that f is uniformly integrable; to see this, notice that
the measure v(E) = | g fdp is a finite signed measure. Furthermore, we see that v < p;
take E € M such that y(F) = 0, then we have

w(B) = [ fdn= [~ [odu=o

So by Theorem 3.5, we have the desired result. Now, take a finite collection { fi}}_,. Then
for € > 0, we have d1,...,d, such that

‘/ fkd,u’ <€
E

assuming p(FE) < 0. Taking 6 = min{dy,...,d,}, we have the desired result.
(2) We have that

= Al = [ 1= f1 >0,
Choose € > 0 and N sufficiently large so that for all n > N + 1,

€
/fn_f’d,u<2‘
Let I = {j};\le Then we have that {fi}rer is uniformly integrable by (a), so we have a §
so that
/ fkdﬂ‘ <
E 2

for k€ I. For k € N — I, we have

]/ fkdu\ /fk—f>+fdu /Ifk—f!dwr /fdu

and we see that this gives us that by the same § above, we have

€ €
d — - =
‘/Efkﬂ‘<2+2 ‘
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Problem 217 (Folland 3.12). For j = 1,2 let p;, v; be o-finite measures on (X;, M;) such that
Vi < fhj. Then vy X v9 <« p1 X po, and

d(]/l X 1/2) dUl dl/2

x1,T9) = x
d(p1 % Mz)( L) = g )dm( 2)-
Proof. For the first one, we let E € M; x My be such that (u1 x p2)(E) = 0. Then we have that

(11 X p2)(E) = inf{z,ul(Ai)ug(Bi) . Ec|JAix Bi, Aje My, B; € MQ}.

Notice for this to be 0, we must have that p;(A;), p2(B;) = 0 for all 4, and so by the absolute
continuity of v; we get that v1(A4;),2(B;) = 0, and hence

(V1 X VQ)(E) = 0.

So v X vy K g X pa.
For the second part, we write

(1/1 X I/Q)(E) = /E

d(Vl X 1/2)

d(py x M)d(/n X p2) = /Ed(ul X 13).

We rewrite this as

/Ed(ul X Vg) = /XEd(m X vg) //XEy )dvi (x)dva(y //XE z, y)dvr (x)dva(y).

Using Fubini in multiple successions, we get

J[ et pin@ine = [ X ) T (@) ()l )= [ XExyd”2 (y)du <y>f§:1<x>dm<x>

dvy dvy
@) =22 (y)d(pg X ).
Y dn, (y)d(p1 x p2)

By uniqueness, we have the result. ]

Problem 218 (Folland 3.13). Let X = [0,1], M = Bygjj, m Lebesgue measure, and p counting
measure on M.

(1) m < p but dm # fdu for any f.
(2) p has no Lebesgue decomposition with respect to m.

Proof. (1) We have u(F) =0 iff £ = @, and m(@) = 0. So m < p. Assume dm = fdu. Then

we have
E)—/ fdu.
E

m({x}) =0 = /{ = 1),

and since this applies for all  we have that f = 0. However, we see

/deuzm(X -
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Take E = {x}, then

which is a contradiction.



(2) Assume that
p=A+p,
where A L m, p < m. Since p < m, we have that p({zx}) = 0. Hence, since u({z}) =1, we
get that A({x}) = 1. This then applies for all z € X. Since A L m, we have that we can
write X = AU B, where A is A null and B is m null. By the prior remark, we see that it

forces A = @, but this is a contradiction since m(B) = 1.
O
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