Appendix A

Background Material: Functional Analysis

A.1 Topological vector spaces

This section is intended to recap some of the basic material in Linear Analysis, and to
give a bit more detail on the functional analytical underpinnings of some of the more
exotic spaces we consider in particular when constructing distributions. The material is
not examinable, but is included here to justify various assertions earlier in the course.

In the Linear Analysis course, the principle objects of study are Hilbert or Banach
spaces. These are vector spaces which are given the additional structure of an inner
product or a norm respectively. This additional structure allows us to make sense of ideas
such as convergence of a sequence, or continuity of a real valued map. Unfortunately,
some of the vector spaces that we require for this course (for example 2(U), . and &(U))
are not Hilbert or Banach spaces. We need to add to the vector spaces some additional
structure, which permits us to discuss the notions of convergence and continuity, but
which is not as restrictive as assuming the presence of a norm or inner product. The extra
structure that we shall require is of course a topology, but we shall require the topology
to be in some sense consistent with the vector space structure. We are therefore led to
the idea of topological vector spaces.

A.1.1 Vector spaces and normed spaces

In order to fix notation, let’s recall a few standard definitions.

Definition A.1 (Field axioms). A field ® is a set together with two operations, addition
+ and multiplication - which satisfy the following axioms:

i) ® is closed under addition and multiplication: for all a,b € ®, we have a +b € ®
and a-b e .

ii) Both addition and multiplication are associative: the following identities hold for all
a,b,ce ®:

a-(b-c)=(a-b)-c, a+(b+c)=(a+b)+ec.
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i11) Both addition and multiplication are commutative: the following identities hold for
all a,b € ®:
a-b=b-a, a+b=>b+a.

iv) There exist unique, distinct, additive and multiplicative identity elements: there exist
0€® and 1 e d with 0 # 1 such that for all a € ® we have:

a-1=a, a+0=a.
v) There exist additive and multiplicative inverses. For every a € ®, there exists an

element (—a) € ® such that
a+(—a)=0.

Moreover, for every a € ® with a # 0, there exists an element a=' such that

a-a'=1.

vi) The multiplication operation is distributive over addition: the following identity holds
for all a,b € ®:
a-(b+c)=a-b+a-c.

Exercise(x). Show that R, C and the integers modulo p, Z, form fields with
the usual definition of addition and multiplication.

The standard examples of fields that you should keep in mind for our purposes are R
and C. With the definition of a field in hand, we can now define a vector space.

Definition A.2 (Vector space axioms). Let ® be a field, which we call the scalar field,
and we call elements of ® scalars. A vector space X over ® is a set whose elements are
called vectors together with two operations:

i) Addition: to every pair of vectors x,y € X is associated a unique vector x +y € X
such that for all x,y,z € X:

T+y=y+ux, and (x4+y)+z=z+ (y+ 2).
Moreover, there exists a unique element 0 € X such that for all x € X :
r+0=uz.
Finally, for each x € X, there exists a unique vector (—x) such that:

x+ (—x) =0.

it) Scalar multiplication: to every pair (a,z) with a € ® and x € X is associate a
unique vector ax € X in such a way that

le ==, a(bx) = (a-b)x,
and such that the distributive laws:
a(x +y) = axr + ay, (a+b)z =azx+bx
hold for every z,y € X and a,b € ®.
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Note that the same symbols have different meanings in different contexts: + can mean
either scalar or vector multiplication, while 0 refers to the zero element of both the field
and the vector space.

It is useful to extend the operations of vector addition and scalar multiplication to
act on sets as follows. If a € X, A € ® Uy, Us C X, then we define:

a+U;={a+xz:2e€U},
U1+Ug:{a:+y:a:€U1,yEU2},
AUy ={ Dz :x e U}

Note that 0+ U = U, 1U = U, 2U C U 4+ U, but that in general 2U # U + U.

Definition A.3. Suppose X is a vector space over ®, where ® is either R or C. We say
that a subset U C X is convex if

r,yelU = tex+(1—t)yeU foralte]|0,1].
We say that U is balanced if \U C U for all X € ® with |\ < 1.

Exercise A.1. Suppose that A\j A2 > 0 and that U C X is a convex subset of a
vector space X. Show that:

MU + XU = ()\1 + )\Q)U
Finally, we shall define a norm on a vector space

Definition A.4. A norm on a vector space X over ®, where ® is either R or C is a
map:
I : X =R

such that
i) We have ||z|| = 0 for all x € X, with equality if and only if x = 0.

it) The triangle identity holds for all z,y € X :

[z +yll < llzll + llyll-

iti) For any a € ® and x € X we have:
laz ]} = |al {l]] -
A more general notion of distance than a norm is often useful. We define a metric

space as follows:

Definition A.5. A metric space (S,d) is a set S, together with a function d: S xS — R,
called the metric, which satisfies:
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i) The metric is symmetric:

d(z,y) = d(y,x), forall x,y € S.

i1) The metric is positive definite:
0 <d(z,y), for all xz,y € S,
with equality if and only if x = y.
i11) The triangle inequality holds:

d(z,y) < d(z,z) + d(z,y), for all x,y,z € S.

To see that this is a more general notion than a normed space, we have the following
result:

Lemma A.1. If (X, ||-||) is a normed vector space, then it is naturaly a metric space,
with the metric:

d(z,y) = [l -y
Proof. We simply have to verify the three conditions on d. We find:
i) Noting that |—1| = 1, we have:
Aw,y) = llz — yll = 1=y — )l = |-1] |y — 2]l = |y — =] = d(y, =),
so the metric is symmetric.
ii) Since we know that [|z|| > 0, with equality if and only if = = 0, clearly
d(z,y) = llz —yll =0
with equality if and only if x — y = 0, which holds if and only if z = y.
iii) Recall the triangle inequality for norms ||z + y|| < ||z|| + |ly||]. We calculate:

d(z,y) = ||z —yll = [[(z = 2) = (y — 2]
<l =2 + lly — =]l
=d(z,z) +d(z,y).

Thus d satisfies the conditions to be a metric. O
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A.1.2 Topological spaces

The definitions above are purely algebraic in nature. In particular, we have not introduced
any notions of convergence, completeness or continuity for these spaces. The natural
setting in which to do this is that of topology. Let us recall briefly a few definitions and
facts.

Definition A.6 (Topology axioms). A topological space is a set S in which a collection
of subsets T (called open sets) has been specified, with the following properties:

i) The empty set is open: ) € T
it) The whole space is open: S € T,
iti) If Uy, Uy € T are open sets, then their intersection is open:

UinNU; €.

w) IfU C 7 is any collection of open sets, then their union is open:

UZ/[ET.

Note that by repeatedly applying iii), we can easily see that any finite intersection of
open sets is open. Let’s recall some standard nomenclature associated with topological
concepts. A set E C S is closed if its complement E€ = S\ E is open. The closure E of
any set E is the intersection of all closed sets containing E. The interior £° of any set
is the union of all open sets contained in E. Note that the closure is always closed and
the interior is always open. A neighbourhood of a point p € S is an open set containing
p. A limit point of a set E C S is a point p € S (not necessarily with p € F) such that
every neighbourhood of p intersects £ in some point other than p itself.

Lemma A.2. Suppose (S,7) is a topological space. If U C S is open then U = U°. If
E C S is closed, then E = E and E contains all of its limit points.

Proof. The fact that U° C U follows from the definition of the interior as U° is a union
over sets contained in U. Since U is itself an open set contained in U, we also have
U c U°. Similarly, E C E from the definition of the closure. Since E is itself a closed
set containing F, we have E C E. Now suppose that p is a limit point, and assume for
contradiction that p € E°. Then since F is closed, E° is open and hence a neighbourhood
of p. By the definition of a limit point we have ' N E°¢ is non-empty, a contradiction.
Thus p € E. O

A base, B for the topology 7 is a collection of open sets,  C 7 such that any open set
in 7 can be written as a union of elements of 5. A collection « of neighbourhoods of p is
a local base at p if every neighbourhood of p contains a member of ~.

A set K C S is compact if every open cover of K has a finite subcover. That is to
say that from any collection {U;};c7 of open sets such that K C U;ezU;, we can extract
a finite collection {Uj;, }}_, such that K C U}_,U;,. A topological space is Hausdorff if
any two distinct points have disjoint neighbourhoods.
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Lemma A.3. Suppose (S, 1) is a Hausdorff topological space, and that K C S is compact.
Then K 1is closed.

Proof. Let us fix p € K¢, and consider an arbitrary ¢ € K. By the Hausdorff property
of S, we know that there exist U, V; open, with ¢ € Uy, p € V, and U, NV, = (). Now,
{U; : ¢ € K} is an open cover of K, hence by the compactness of K there is a finite
subcover, i.e. qi1,...qn such that K CU = Uy, U...UU,,. Consider V =V, N...NV,,.
We have that V, UU = 0, so that V' C K. Moreover, as a finite intersection of open sets
V is open. Writing K¢ as the union of the sets V for all p € K¢, we see that K¢ is open
and thus K is closed. O

Lemma A.4. Suppose (S,7) is a Hausdorff topological space, and E C S. Then p is a
limit point of E if and only if every neighbourhood of p contains infinitely many elements
of E.

Proof. If every neighbourhood of p contains infinitely many elements of F, it certainly
intersects E in some point other than p, thus p is a limit point. Conversely, suppose
that p is a limit point and suppose that U is some neighbourhood intersecting £ in only
finitely many points, say {z1,...,xnx}. by the Hausdorff property, we know that there
exist open sets U;, V; such that x; € U;, p € V; and U; N V; = (). Then ﬁi]\il‘/; NU is open,
contains p and doesn’t contain any other points of E. This contradicts the assumption
that p is a limit point. O

A sequence (xy,)nen in a Hausdorff space converges to a point x if every neighbourhood
of x contains all but finitely many of the points x,. If (S1,71) and (S2,72) are two
topological spaces, then we say that f : S; — Sy is continuous if f~1(U) € 7 for all
U € 1. A homeomorphism f : Sy — Ss is a bijective continuous map whose inverse is
also continuous.

If 7, 7 are two different topologies on the same set S such that 71 C 7o, then we say
that 71 is a coarser topology than 7o, or alternatively that 7o is a finer topology than 7.
A finer topology has ‘more open sets’. Note that if a sequence converges in 75 then it
necessarily converges in 7 but that the converse does not hold. The coarsest topology on
any set S is the trivial topology, whose only open sets are the empty set and S itself. The
finest topology on any set is the discrete topology, for which any subset of S is declared
to be open.

Exercise A.2. a) Suppose that (S,7) is a topological space, and that g is a
base for 7. Show that:

i) If x € S, then there exists some B € § with x € B.
ii) If By, By € B, then for every x € By N By there exists B € § with:

re€B B C B; N Bs.

b) Conversely, suppose that one is given a set S and a collection 8 of subsets of
S satisfying i), ii) above. Define 7 by:

U et < forall z € U, there exists B €  such that z € B and B C U.
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i.e. 7 is the set of all unions of elements of 5. Show that (5, 7) is a topological
space, with base 8. We say that 7 is the topology generated by

¢) Suppose that 3, 8’ both satisfy conditions 7), i7) above and generate topologies
7, 7' respectively. Moreover, suppose that if B € 3 then for every x € B
there exists B’ € 3 satisfying

r e B, and B'cB
Then 7 C 7.

If E C S is any subset of a topological space (S, 7), then E inherits a topology, 7|z,
called the subspace topology given by:

TIg={ENU:U €1}

If (S1,71) and (S2,72) are two topological spaces, then S; x Sy inherits a topology T
called the product topology, which is generated by the base

ﬁ:{leUgtUiGTi,i:LQ}

In other words, a set U is open in the product topology if it is the union of sets of the
form Uy x Us with U; € 75, 1 =1, 2.

Exercise A.3. Suppose (S1,71), (S2,72) and (S3,73) are topological spaces,
and that f : 5] x So — S3 is a continuous map. Show that for each a € S; and
b € S5, the maps

fao + S2—Ss, foo 81— Ss,
y— fla,y), x+— f(x,b),

are continuous.

The condition that f is continuous with respect to the product topology is
sometimes called joint continuity, while the continuity of f,, f? is called separate
continuity. Thus joint continuity implies separate continuity. The converse is
not true.

Theorem A.5. Let (S1,71) and (S2,72) be two topological spaces, and let (1 respectively
B2 be a base. Then the set

B ={B1 x By : By € 1, B3z € 52},

is a base for the product topology (S x Sa,T).

Proof. Suppose U € 7, and let x = (z1,22) € U. By the definition of the product
topology, there exist U; € 71 and Us € 19 with x € Uy x Uy and Uy x Uy C U. Since
p1 is a base for (S1,71), and Uy € 71, there exists By € 51 with 1 € By and By C Uy.
Similarly there exists Bs € (89 such that xo € By and By C Us. Thus ¢ € By X By and
B1 X By C Uy x Uy C U. Considering these sets as x ranges over U, we see that U may
be written as a union of elements of 5 and we’re done. O
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Example 19. The real numbers R carry a topology, called the order topology, generated
by the base:
Br = {(a,b) :a,b € R, a < b}.

This induces the product topology on R" = R x --- xR. This is called the standard topology
on R™.

Exercise A.4. Show that the base

Bo=1{(.q) :p,q€Q, p<gq},

generates the standard topology on R.

With the result of this exercise, we can establish the following very useful fact about
open sets in R™.

Lemma A.6. Suppose Q C R™ is open. Then there exists an exhaustion of Q by compact
sets. That is to say a family (K;)32, of compact sets K; C €2 such that

00
K, C (KZ’+1)O, U K, =Q.
=1

Proof. 1. Recall that by the definition of the product topology, a base for the standard

topology of R” is given by:

B=A{Lx--x1I,: I € o}
For any B € 8 we have B = |J{B’ € 8 : B’ C B} since, for example

o]
1 1
ra)=UJ <p+ ~q- n)
n=N

for some N > [2(¢ — p)]~!, and taking products of such sets the result follows.

2. Let
g'={Bep:BcCQ}.
Since [ is a base, |J{B € 5: B C } = Q, thus in view of the discussion above

Q = |Jp'. Moreover, since 8 can be put into one-to-one correspondence with a
subset of Q?", we have that # and hence ' is countable.

3. Let us take an enumeration

3 ={By,Bs,...}.

We define K; inductively as follows. Pick K1 = By. This is a closed box in R", so
is compact. Now suppose that K7i,... K, have been chosen. Since K, C Q, 3’ is
an open cover of K, and so admits a finite subcover. Therefore there exists ,, such
that K, C By U...UB,;,. We define K, 1 = BiU... UE. This is a union of
closed boxes, hence is compact.
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4. By construction we have K; C (K;41)°. Moreover K,,11 ¢ By U...UB;,, so
in+1 > in, and thus i, — 0o as n — co. Pick x € Q). Then = € B; for some i. Since

in — 00, x € K, for sufficiently large n, thus |J;2, K; = Q.
O

For another example of a topological space, we return to the vector space setting.

Example 20. Let (S,d) be a metric space. The open ball of radius r > 0 about xz € S is
defined to be:
By(z):={ye S:d(x,y) <r}.

The metric topology is the topology induced by the base:
B={B.(z):x €S recR}.

We say that a general topological space (S, T) is metrizable if there exists some metric d
on S such that the metric topoplogy of (S,d) coincides with T.

Exercise A.5. Suppose that (5, d) is a metric space. Show that S is Hausdorff
with respect to the metric topology.

An important feature of metric spaces is that the notions of compactness and sequential
compactness are equivalent. We say that a topological space (.S, 7) is sequentially compact
if every sequence (x,)52, with z, € S admits a subsequence (z,,);2; such that z,

converge to x € S as i — 00.

Theorem A.7. Let (S,d) be a metric space endowed with the metric space topology.
Then S is compact if and only if it is sequentially compact.

Proof. 1. First suppose S is compact and consider the sequence (x,)5 ;. We must
exhibit a convergent subsequence. Let us consider the set A = {z,}72 ;. If A is
finite, then x, must take at least one value an infinite number of times, so has a
subsequence converging to that value, and we’re done.

Now suppose A is infinite. We claim that A has a limit point. Suppose not.
In particular, this means that each y € S has a neighbourhood U, such that
Uy N A C {y}. The collection {Uy : y € S} is an open cover of S, hence admits a
finite subcover, say {Uy,,... Uy, }. Note that we have

A:SOA:(Ule...UUyN)ﬂA
:(UylﬂA)U...U(UyNﬂA)C{yl,...,yN}

Since A is infinite, this contradicts the assumption that A has no limit points.

Let x be a limit point of A. Since any metric space is Hausdorff, every neighbourhood
of x must contain infinitely many points in A. Define a subsequence as follows. We
pick n; such that z,, € Bi(z). Suppose we have x,, ,. We define nj by requiring
Ty, > Tp,_, and z,, € Bi-1(x). This can always be done. By construction the
subsequence {x,, }3, converges to .
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2. Now suppose that (S,d) is sequentially compact. We first claim that if % is any
open cover of S, then there exists > 0 with the property that for each = € S, there
exists U € % with Bs(xz) C U. Note that while U will depend on z, § does not.

Suppose not. Then for each n, there exists x,, € S such that B1 (x,) is not contained
in any element of % . By the assumption of sequential compay(l:tness, we can choose
a subsequence x,, — a for some a € S. Now, since % is a open cover, there exists
U € % with a € U. Since U is open, there exists ¢ > 0 such that Bc(a) C U.
Now pick ¢ sufficiently large that ni_l < €¢/2 and x,, € B.jz(a). Then we have
Bi jp,(7n;) C Be(a) C U, a contradiction.

3. Next, we show that if (S, d) is sequentially compact, then for each € > 0 there exists
a finite covering of S by balls of radius €. Suppose not, then S cannot be covered
by finitely many balls of radius €. Construct a sequence as follows: take z; € S to
be arbitrary. Given x1,...x,, choose

Tn+1 € (Be(w1) U... U Be(zn))*

which is always possible. Now, by construction (x,,) has no convergent subsequence,
since B,/y(7) contains at most one element of (r,), and we have a contradiction
with the assumption of sequential compactness.

4. Finally we are ready to show that if (.S, d) is sequentially compact, then it is compact.
Let % be an open cover of S. Then by 2. above, there exists 6 > 0 such that for
any = € S, Bs(z) is contained in an element of %. By 3. we know that we can
choose z1,...zyN such that the sets Bs(z;) fori =1,...,N cover S. Let U; € %
be such that Bs(x;) C U;. Then we must have

N N
S = U Bg(m'z) C U Ui,
i=1 i=1
so by construction, {U;}¥; is a finite subcover of % . O

Exercise A.6. Let us take X = R"”, thought of as a vector space over R and
define:

3=

(@1, zn)ll, = (lz” + . 2af?)P p>1.
a) Show that (R, ||-]|,) is a normed vector space:

i) First check that the positivity and homogeneity property are satisfied.
ii) Establish the triangle inequality for the special case p = 1.

iii) Next prove Young’s inequality: if a,b € Ry and p,q > 1 withp~ ! +¢7! =
1 then:
al bl
ab< — + —
p q
Hint: set t = p~1, consider the function log [ta? + (1 — t)b4] and use the

concavity of the logarithm
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iv) With p,q > 1 such that p~* + ¢~! = 1, show that if |z]l, = 1 and
Hy||q =1 then

n
Z |wayi| < 1.
i=1

Deduce Hélder’s inequality:
n
> il <zl llyll,,  for all z,y,€ R™.
i=1
v) Show that
n n
lz + Il <D lwil los + wilt ™" + D lil |2 + P~
i=1 i=1

vi) Apply Hélder’s inequality to deduce:

-1
o+ yllp < (e, + lyll, ) I+ yl

and conclude
lz +yll, < [z, + vl

b) Show that the metric topology of (R", [|-[|,,) agrees with the standard topology.
Hint: Use part c) of Exercise A.2

Exercise A.7 (x). Let X = (0, 1], the set of continuous functions on the
closed interval [0,1]. For f € X, p > 0 define:

i, = ([ \f(ac)\pdsc)’i

a) Show that X is a vector space over R, where scalar multiplication and vector
addition are defined pointwise.

b) Establish Holder’s inequality:

1 glly < [1f1l, lgllg
for p,q > 1 with p~' 4+ ¢~ 1 = 1.

c¢) Show that (X, [|-[|,,) is a normed space.

d) Suppose p < p’. Show that:

£ 1L, < [1f1Ly
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e) Let 7, be the metric topology of (X, ||||,,). Show that if p < p":
Tp C Tpr-

f) Consider the sequence of functions:

7—1 1
re={1o 1855
where n =1,2,...
i) Show that f,, € C]0,1] and
0 1 v < %
S fall, =9 (2t) =2t
00 v > 2

ii) By choosing 7 carefully, show that if p < p’ then

Tp/ ¢ Tp.

141

Hint: in parts b), c) follow the same steps as for the finite dimensional case in

Exercise A.6.

Exercise A.8. Verify that if (S, d) is a metric space, then the metric topology
defines the same notions of convergence and continuity as the standard definitions

for a metric space.

A.1.3 Topological vector spaces

i) Every point of X is a closed set,

it) The vector space operations are continuous with respect to .

+ . XxX X
(z,y) = x+y

Having briefly introduced the concept of vector spaces and topological spaces, we are now
ready to define a topological vector space.

Definition A.7 (Topological vector space axioms). A vector space X over a field @,
where @ is either R or C is called a topological vector space if X is endowed with a
topology T such that:

To put a bit of flesh on the bones of this definition, the first condition implies that for
any x € X, the set {z} is closed, or equivalently X \ {z} should be open. The second
condition should be understood as follows. We require firstly that the map:
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is continuous, where X x X inherits the product topology from X. Secondly, we require
that the map:

dx X - X

(a,z) — ax

Where & x X is endowed with the product topology, and we take the topology on ® to
be the standard topology on R or C ~ R? as appropriate.

We say that a subset, E, of a topological vector space is bounded if for every neigh-
bourhood V of 0 we can find s > 0 such that F C tV whenever ¢ > s.

A useful source of topological vector spaces are the normed spaces that we previously
introduced. We can verify that these indeed satisfy the topological vector space axioms:

Theorem A.8. If (X,||-||) is normed vector space, endowed with the metric topology, then
X is a topological vector space. A set E C X is bounded if and only if sup,cp ||z| < oo.

Proof. 1. First we note that for each € X, the set {z} is closed. To see this, suppose
that y # z, and set r = 3 ||y — 2. Then the open ball B,(y) = {z € X : |z —y|| <
r} does not contain z, thus we have shown that X \ {z} is open.

2. Now suppose U is an open set in X and let z,y € X be such that z=x+y € U.
By the openness of U in the norm topology, there exists r > 0 such that the set
By(z) CU. Let W = Bz (x) x Bz (y), and suppose (z',y') € W. Clearly

lo" +3 =2l = o' 2+ ¢/ —y[ <[]" —af| + v —y[ <7

so that 2’ + ¢’ € B,(z) C U. Thus the set W C (+)~}(U) C X x X. However, W
is open in X x X by the definition of the product topology. Since (x,%) € (+)~1(U)
was arbitrary, we deduce that (4+)~1(U) is open and so + : X x X — X is continuous.

3. Finally, suppose that U is an open set in X and let x € X, a € ® be such that
z =az € U. By the openness of U in the norm topology, there exists r > 0 such
that the set B,(2) CU. Let W = {b € ® : |a—b| < r1} x By,(x), and suppose
(a/,2") € W. Then we have:

Ha'm’ — zH = Ha’w’ — aa:H = H(a’ —a)r’ —a(x — x’)H
< |[(@ = a)'|| +[Jaz — 2)]|
<ry (||z|| + r2) + |a] e

Setting r1 = ro = 4(min{r’1} , we have

I+ +al)
3r

r1(llall +7r2) +lafre <

and so a'z’ € B,(z) C U. Thus the set W C (:)"}(U) C ® x X. However, W is

open in ® x X by the definition of the product topology. Since (a,z) € (-)~1(U)
was arbitrary, we deduce that (-)~!(U) is open and so - : ® x X — X is continuous.
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4. Now suppose F C X is bounded. Then in particular, since B;(0) is an open
neighbourhood of 0, we have that E C tB1(0) for some ¢t > 0. However, tB1(0) =
Bi(0) = {z € X : ||z|| < t}, so necessarily we must have sup,cp ||z|| < t < oo.
Conversely, suppose that sup,cp ||| = M < oo, and let V' be any neighbourhood
of 0. Since V' is open in the metric topology, there exists € > 0 such that B.(0) C V.
Let t = 2Me™'. We have tB.(0) = Bay(0) = {x € X : |z < 2M}, thus
E C tB.(0) C tV. O

Remark. One has to be careful with various notions of boundedness for sets. While for
a normed space the notion of boundedness introduced for topological vector spaces above is
equivalent to the set having finite diameter, this is not true for general metric spaces. See
the remark after Theorem A.18.

We now prove a simple but useful consequence of the topological vector space definition.

Lemma A.9. Let X be a topological vector space. For any a € X and A € ® with X\ # 0,
define the maps:

T, : X — X, M, : X — X,
r—x+a. T — AT.

These are homeomorphisms of X to itself.

Proof. These maps are manifestly bijective, with inverses given by (7,)~! = T_, and
(My)~ = M,-1. All four maps are continuous by the definition of the topological vector
space, since joint continuity implies separate continuity (see Exercise A.3). ]

Lemma A.9 tells us that a set £ C X is open if and only if all of the translates a + F
are open. In particular this means that the topology of a topological vector space is
determined by a local base at the origin.

Theorem A.10. Suppose that (X, T) is a topological vector space, and that 3 is a local
base at 0. Then the collection

ﬁ:{a—i—B:aGX,BGB}

is a base for T.

Proof. Recall that a collection of open sets ﬁ is a local base at the origin if every
neighbourhood of the origin contains a member of . First note that 3 is a collection of
open sets, since translations of open sets are open. Now suppose that U € 7 is an open
set and pick € U. We have that (—z) + U is a neighbourhood of the origin, and so
there exists B € (8 such that B C (—x) 4+ U. Since translation of sets preserves inclusions,
we have 2+ B C 2+ (—x) + U = U. Thus for any U € 7 we have exhibited an element
of 8 contained in U, so § is indeed a base for 7. O

Theorem A.11. Suppose that X is a topological vector space. Then:

a) If U C X is a neighbourhood of 0 then U contains a balanced neighbourhood of 0.
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b) If U C X is a convex neighbourhood of 0, then U contains a convex balanced neigh-

bourhood of 0.

Proof. 1. Since scalar multiplication is continuous, there exists 4 > 0 and V open such

that aV C U for all |a| < 4. Let

W = UaV.

|a|<d
Then W is balanced and open, and U’ C U, establishing a).

Now, suppose that U is convex, set

A:ﬂaU

lal=1

and choose W as in the previous paragraph. Since W is balanced, a ™ 'W = W
whenever |a| = 1, so W C aU for all |a| = 1 and thus W C A. Thus A° is a
neighbourhood of the origin. Clearly A° C U. Since U is convex, so is aU for
any « and thus A is an intersection of convex sets hence convex. The interior of a
convex set is convex, thus A° is convex. Next I claim that A is balanced. Suppose
0 <r<1and|5] =1. Toshow A is balanced, it suffices to show that rGA C A.
Note
rBA = ﬂ rpal = ﬂ ral.
o]=1 =1

However, since aU is convex and contains 0, we have raU C «aU, and it follows
that A is balanced. It follows that A° is balanced, convex, open, contains 0 and is
a subset of U.

O

Lemma A.12. Suppose (X, 7) is a topological vector space. Then:

a) T is Hausdorff.

b) The set {x} is bounded for any x € X.

¢) If E1, Ey are bounded, then so is E1 + Fy. In particular, x + Ey is bounded for any
r e X.

d) If (x5)22 is a sequence in X such that {x,}5° | is bounded and (a,)S2, is a sequence
of scalars with a, — 0, then a,x, — 0.

Proof. 1. We first show that every neighbourhood, W, of 0 contains a balanced open

set U satisfying U + U C W. To see this, note that 0 + 0 = 0, so by the continuity
of 0, there exist neighbourhoods Uy, Uy of 0 such that Uy + Us C W. We let

U,:UlmUQ

which satisfies U’ + U’ € W. By Theorem A.11, U’ has a balanced subset U, and
U+UcCU+4+U cCcWwW.
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. Now consider z,y € X with = # y. Since {y} is closed and = € {y}¢, there exists
W, a neighbourhood of x with y € W. Since —x + W is a neighbourhood of 0,
there exists a balanced U with U +U C —x + W. Thus x +U + U C W and in
particular y € x + U + U. 1 claim (x + U) N (y + U) = (. Suppose not, then there
exists a,b € U such that x4+ a = y + b, which impliesy =x+a—b. But a,—b € U,
soy € x+ U+ U, a contradiction. We have constructed sets z + U and y + U which
are open, and contain x, y respectively, thus X is Hausdorff and we have established

a).

. Fix z € X and consider the map f, : R — X given by f,(\) = Az. This is a
continuous map, so f, (W) is open in R. Since 0 € W, we have 0 € f,~1(W),
and thus from the definition of an open set in R, the interval (—¢,¢) € f,~1(W) for
some € > 0. Thus Ax € W for X € (0, ¢), or equivalently = € tW for ¢t > e~ !. Thus
we have established b).

. Let W be any neighbourhood of 0. By paragraph 1. there exists U a neighbourhood
or 0 such that U +U C W. Since E1, Fy are both bounded, there exists s € R such
that t 'E; C U for t > s and i = 1,2. Thus for ¢t > s,

tH E1+E) =t "By +t "By cU+UCW,

or equivalently F1 + Ey C tW and hence Eq1 + FEs is bounded, which is the first
part of ¢). The final part of ¢) follows by applying the result from b).

. For part d), suppose W is any neighbourhood of the origin in X. As in part 1., we
can take U balanced and open with U C W. Then there exists s > 0 such that
Tn € tU for allm=1,2,... and any ¢t > s. Since a,, — 0, there exists N such that
lan| < s7! for all n > N. Since U is balanced, and we have z,, € tU and |ta,| < 1
for n > N, we deduce that a,x,, € U C W for all n > N and we’re done. O

Suppose that X is a vector space equipped with a metric d. We say that d is invariant

dlx+ z,y+ z) = d(z,y),

for all x,y,z € X. We have the following useful result

Lemma A.13. Suppose that X is a vector space, equipped with an invariant norm d,
and let T be the induced metric topology. Given a sequence (), with x, — 0, there
exist scalars oy, — 0o such that apx, — 0.

Proof. 1. First note that if d is invariant, then

d(nz,0) < nd(zx,0).
This is clearly true if n = 1. Suppose it holds for n =1,...k — 1 Then

d(kz,0) < d(kx,z) + d(z,0)
=d((k —1)z,0) + d(z,0)
< (k—1)d(z,0) + d(z,0) = kd(x,0)

and we’re done by induction.
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2. Now note that since x,, — 0, for any m € N there exists N, such that
1
where we can assume that N, < Np41. We define o, = m for Ny, <n < Ny
Suppose that N,, <n < Npy1. Then
1
d(any,0) < md(zy,0) < p—

Thus as n — oo, we have that a,x, — 0, however a,, = .
O

A crucially important concept which you may have come across when studying metric
spaces is the idea of a Cauchy sequence.

Definition A.8. i) Suppose (S,d) is a metric space. We say that a sequence ()02,
1s d-Cauchy if for every e > 0 we can find an integer N such that

d(Tp, Tm) < €, for allm,m > N.
A metric space is called complete if every d-Cauchy sequence converges in S.

ii) Suppose (X, T) is a topological vector space. We say that a sequence (x,)0°, is
7-Cauchy if for every neighbourhood, U, of the origin we can find an integer N such
that

Ty — Ty € U, for all n,m > N.

Exercise A.9. Let (X, 7) be a topological vector space

a) Show that if (z,)22, is a 7-Cauchy sequence, then {x,}°° ; is bounded.

b) Fix a local base 3. Show that a sequence ()%, is 7-Cauchy if and only if
for any B € 8 we can find an integer IV such that

Tn — Ty € B, for all n,m > N.
Lemma A.14. Suppose that X is a vector space, equipped with an invariant norm d,

and let T be the induced metric topology. Then a sequence (x,)5; is d-Cauchy if and
only if it is T-Cauchy.

Proof. Suppose that (x,) is 7-Cauchy. Then for any € > 0, there exists N such that for
all n,m > N we have x,, — x,,, € B((0), i.e.

€ > d(O, Ty — CCm) = d(xmwm)a

thus (z,) is d-Cauchy.

Now suppose () is d-Cauchy. Let V be any neighbourhood of 0. Since V' is open,
there exists € > 0 such that B¢(0) C V. Since (zy,) is d-Cauchy, there exists N such that
d(xp, ) < € for all n,m > N. Thus

€ > d(zp, Tm) = d(0, 2, — Tp,),

SO Ty, — Ty € Be(0) C V and () is 7-Cauchy. O
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We're now in a position to distinguish various useful classes of topological vector
space. There is some difference of opinion on the definitions below, we follow here the
conventions of Rudin. Here (X, 7) always refers to a topological vector space:

i) X is a locally convez topological vector space if there is a local base 3 whose members
are convex.

ii) X is locally bounded if 0 has a bounded neighbourhood.
iii) X is locally compact if 0 has a neighbourhood whose closure is compact.

iv) X is metrizable if there exists some metric d on X such that 7 is the metric topology

induced by d.
v) X is an F-space if its topology 7 is induced by a complete invariant metric.
vi) X is a Fréchet space if it is a locally convex F-space.

vii) X is normable if a norm exists on X such that the metric topology of the norm
agrees with 7.

viii) A normed space (X, ||-||), with the metric topology, is Banach if the metric induced
by the norm is complete.

ix) A space X has the Heine-Borel property if every closed and bounded subset of X is
compact.

The space R™ with the norm ||-||, introduced in the exercises is an example of a
topological vector space which belongs to all of these classes. The spaces that you studied
in Functional Analysis were mostly Banach spaces, although not all. For example if X is
an infinite dimensional Banach space, then the weak-* topology of X™* is locally convex,
but not metrisable.

We note that the converse of the Heine-Borel property is always true for a topological
vector space:

Lemma A.15. Suppose (X, T) is a topological vector space and that K C X is compact.
Then K 1is closed and bounded.

Proof. 1. The fact that K is closed follows immediately from Lemmas A.3, A.12.

2. Next, suppose U is a neighbourhood of 0. By the continuity of scalar multiplication,
there exists § > 0 and a neighbourhood V' of the origin in X such that oV C U
for any |a| < 0. Define W to be the union of these sets as a varies over {|a| < ¢}.
Then W C V is an open, balanced, neighbourhood of 0.

3. Now I claim that

[jnW:X.

n=1
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To see this, fix x € X. Since the map a — ax is continuous, the set of all a with
ax € W is open and contains 0, hence contains n~! for sufficiently large n. Thus
n~lz € W, or x € nW for large enough n. Note that since W is balanced, in
particular sW C tW for s < t.

4. Finally, since % = {nW}, is an open cover of X, it is also an open cover of K.
Thus there exist nq,...,ny such that

N
KC U W = nyW C nyU.
=1

Thus K is bounded.

A.2 Locally convex spaces

We shall now specialise somewhat, to the case of locally convex topological vector spaces.
These can be given a nice description in terms of a family of semi-norms. When that
family is countable, the topology is equivalent to that induced by an invariant metric,
which if it is complete gives a Fréchet space. These can be thought of as generalisations of
the Banach spaces that you may be familiar with from functional analysis. The canonical
example of a Fréchet space that is not a Banach space is C*°(2), the space of smooth
functions on an open set 2. The finite regularity spaces on a compact set C*(K) are
Banach spaces in a natural way, but this is not true of C*°(Q).

A.2.1 Semi-norms

A very useful way to construct the topology for a locally convex topological vector space
is via a family of semi-norms.

Definition A.9. A seminorm on a vector space X over ® (with ® being either R or C)
is a map p: X — R satisfying:

i) p is subadditive. For all z,y € X we have:
p(z+y) <p(z) +py)
it) For all A € ® and v € X we have:

p(Az) = |A|p(z)

A family of seminorms &2 is said to be separating if for every x € X with x # 0, there is
at least one p € P with p(x) # 0.

From the definition we can immediately deduce some useful properties:

Lemma A.16. Let X be a vector field over R or C, and let p : X — R be a seminorm.
Then:
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a) p(0) =0
b) [p(z) — p(y)| < p(z —y)
c) p(z) =20

d) {z : p(x) = 0} is a vector subspace of X.
e) The set B = {x:p(x) < 1} is convex and balanced.

Proof. a) Applying property i) from the definition of a seminorm with A = 0 we
immediately have p(0) = 0.

b) From the subadditivity property we have
p(x) =ple—y+y) <plz—y)+pQy)

so p(z) — p(y) < p(z — y). Similarly p(y) — p(z) < p(y — z), but p(r —y) = p(y — )
and the result follows.

c) Applying a),b) with y = 0 gives |p(z)| < p(z) which implies p(z) > 0.
d) Suppose p(x) = p(y) =0 and A\, u € . Applying ¢) we have:
0 <pAz+ py) < [Alp(z) +[plply) =0,
so that p(Az + py) = 0 and thus {z : p(x) = 0} is a vector subspace.

e) It is clear that B is balanced by property ii). To see that B is convex, suppose that
z,y € Band 0 <? < 1. Then

ptr + (1 —t)y) < tp(z) + (1 —t)p(y) <1,
sotx + (1 —t)y € B and B is convex. O

Note that these results are already enough to show that a seminorm p with the
property that p(z) # 0 whenever z # 0, is in fact a norm.

We are now ready to prove an important result that shows that a family of seminorms
specifies a locally convex topology on a vector space. The proof is quite long, and you
may wish to omit it on a first read through. The argument is similar to the proof of
Theorem A.8, which in fact could be understood as a corollary of this result.

Theorem A.17. Suppose that & is a separating family of seminorms on a vector space
X. Associate to each p € & and n € N the set:

Vp,n) = {x € X :plx) < 1}.

n

Let 5 be the collection of all finite intersections of the sets V(p,n). Then B is a convez,
balanced, local base for a topology T on X, which turns X into a locally convex topological
vector space such that:
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a) every p € & is continuous
b) a set E C X is bounded if and only if every p € & is bounded on E.

Proof. 1. Let us define g8 by
5:{x+B:meX,BeB}.

Since 0 € B for any B € B, we immediately have that for any = € X there is an
element of B containing x. Now suppose that By, By € 5. We may write

N M
By=y+(\V(pini), Ba=z+[]V(g,my),
i=1 j=1

for y,z € X, pj,q; € & and N,M,n;,m; € N. Fix x € By N By. Clearly v € B
and B € 8. I claim that B C B; N By for

N M
B=z+ (ﬂ V(pm”é)) N m V(Qj,m}) )
j=1

i=1

provided that n}, m} are chosen sufficiently large. Since x € By N B, we have:

1 1
pilr —y) < =, qr—2)<—, foralli=1,...,N, j=1,...,M
n, :
For each i, j, pick nj, m’ sufficiently large that
1

( )+1<1 ( )+ ! <
(z — — < = (r—2)+ — < —
pi y n, o ong 4 m; m;

Now suppose w € B. Then we have that:

1 1
pilw—2)<—, ¢gw—z)<—, foralli=1,...,N, j=1,....M
n m/;

Using the subadditivity of p; we have that for each i:

1 1
pi(w —y) < pi(w —2x) +pi(z —y) < Wﬂ%(:c—y) <
i )

thus w € Bj. Similarly, we have for each j that:
1 1
6w —2) < glw—2) + g0 —2) < — + (e —y) < —,

j T

Thus the collection B satisfies the conditions of Exercise A.2 and thus defines a
topology 7 on X. Moreover, (3 is a local base for 7 and each element of 5 is convex
and balanced.
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2. Suppose that z,y € X with x # y. Then since z — y # 0 and & is separating,
there exists p € & such that p(z — y) > 0. Thus, there exists n € N such that
np(x —y) > 1. For this n we have that « ¢ (y + V(p,n)). Thus we may write {x}°
as a union of sets which are open in 7, hence {z} is closed.

3. Next we must show that addition is continuous. Suppose U is an open set in X,

and pick z € U. Then
N

ﬂ V(pi,ni) C —z+U
i=1

for some p; € #, n; € N. Suppose that (z,y) € (+)"(2), i.e. z+y = z. Let

N N
Vi=az+ [ \V(pi2n), Ve=y+[ V(i 2n)
i=1 i=1

and suppose (w1, wz) € Vi x V5. Then for all i we have

1 n 1 1
2n;  2n;  ny
so that V; + Vo C U, or alternatively V3 x Vo C (+)7}(U). Thus we can write
(+)~Y(U) as a union of sets which are open in the product topology. This proves

that addition is continuous.

pi(wi +wa — 2) = pi(wr —z+we —y) < pi(w1 —x) +pi(w2 —y) <

4. Next we must show that scalar multiplication is continuous. Suppose U is an open
set in X, and pick z € U. Then

N
ﬂ Vpi,ni) C —z+U
i=1

for some p; € &, n; € N. Suppose that (o, z) € (-)71(2), i.e. ay = 2. Let

N
V=z+(\Vpin), D={Becd®:|a—p<e
=1

Suppose (B,y) € D x V Then for each ¢ we have:

pi(By — ax) = pi(B(y — x) — (o — B)z)
< ’5‘ + epi(x)

ol + €
< ’n’ + epi(z).

(2

Taking € < (2n;p;(z)) ™1 and n! > 2(|a| + (2n;pi(x))~1) for each i, we conclude that

N
(By —2) € [ V(pirna),
i=1

which implies that D x V' € (-)71(U). Thus scalar multiplication is continuous, and
we have established that (X, 7) is a locally convex topological space.



152

5.

Appendix A Background Material: Functional Analysis

To see that p € &2 is continuous, we must show that p~!(a, b) is open, where a < b.
Suppose x € p~!(a,b), so that a < p(z) < b. Consider

U=z+V(p,n)

Suppose y € V. Then
1
[p(y) = p(@)] < ply —2) < —,

by part ¢) of Lemma A.16. For n sufficiently large, we have p(y) € (a,b) so that
V C p~!(a,b) and we're done.

It remains to show that F C X is bounded if and only if every p € & is bounded
on E. First suppose FE is bounded and fix p € &. Since V(p, 1) is a neighbourhood
of the origin, from the definition of boundedness we have that £ C kV (p, 1) for
some k < co. But x € kV(p, 1) implies p(x) < k, so that p is bounded on E.

Now suppose that every p € & is bounded on E. Let U be a neighbourhood of the

origin. Then
N

(Vpini)CU
i=1
for some p; € &, n; € N. By our assumption, there exist M; < oo such that
pi < M;yon Eofl <i<N.Ifn> Mn; for all i, then E C nU, since if p;(z) < M;,
we have
pile)<M;< X  i=1... N

ng

1 1
pi<$><‘ i=1,....,N

and n 1z e U. O

so that

Thus we have seen that a separating family of seminorms gives rise to a locally convex
topological space. In fact, the converse is true: given a locally convex topological space,
we can find a (not necessarily unique) separating family of seminorms which generates
the topology in the manner of the previous theorem.

In the case where the separating family of seminorms & is countable, we have an
alternative means of describing the topology.

Theorem A.18. Let

P = {pi}fil

be a countable separating family of seminorms on a vector space X, and let T be the
topology induced by this family as described in Theorem A.17. Then the locally convex
topological vector space (X, T) is metrizable, and the topology T agrees with that induced
by the invariant metric:

-y
1+ p; az—y)
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Proof. 1. We first verify that d indeed defines an invariant metric. It is clearly
symmetric since p(—x) = p(x) for a seminorm. We note that the map
t
F:t——
1+t
is smooth, monotone increasing, concave and takes [0,00) to [0,1). Thus d(z,y)
is a sum of non-negative terms, so d(z,y) > 0. Equality occurs if and only if
pi(z —y) = 0 for all ¢, which by the fact that & is separating implies 2 = y. Next
we claim that F is subadditive. To see this, we note that by the convexity of F,
together with F(0) =0 we have for t > 0 and 0 < A < 1:

FOM) = PO+ (1= M\)0) = AF(t) + (1 — \)F(0) = AF(t).

Then for ¢,s > 0:

F(t) + F(s) = F ((t+s)tis> +F <(t+s)tj8)
> o Flts) + H%F(tjus) = F(t+s).

Now, since p is a seminorm we have

p(z —y) <plz —2) +p(z —y)
— Flp(z —y)] < Flp(z — 2) + p(z — y)] (Monotonicity of F)
= Flp(x —y)] < Fp(x — 2)]+ Flp(z —y)]  (Subadditivity of F)

s i pi(x — Z) pi(z - y)
<;2 <1+pi(x—z)+1+Pi(Z_y)>
=d(z,2) +d(z,y),

so d is indeed a metric on X. It is manifestly invariant.

2. Now we need to show that the topology induced by d, which we denote 74, agrees
with the topology 7 induced by the family of seminorms &. Recall that the open
sets of 74 are precisely those sets which can be written as a union of the open balls
By(z)={y e X :d(z,y) <r}.

3. From the definition of 7, we have that each p; is 7-continuous on X. Since |F ()| < 1,
we conclude by the Weierstrass M-test that the sum in d(x,y) converges uniformly.
Hence d is continuous as a real valued function on X x X with the product topology
coming from 7. In particular, the map d, : X — R given by d,(y) = d(z,y) is
continuous, and thus d,'(—r,r) = B,() is an open set in the 7 topology. Thus
T4 C T.
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4. Now suppose that W is an open set of 7, and that € W. By the definition of 7,
there exists B such that x + B C W and B has the form

N

B= [V (i)
k=1

for some p;, € & and ny € N, where we recall V(p,n) = {y € X : p(y) < n~1}.
Now suppose d(z,y) < €2~*. Then in particular, for 0 < i < M we have

pi(r —y) <.
L+ pi(z —y) =

so that if € < %:

pi(z —y) < < 2e.
1—¢

Thus if we take M > i and € < (ng)~! for all k = 1,..., N we deduce that if
Yy € Boy-m(z) then y — 2z € B and thus y € W. Since x was arbitrary we can write
W as a union of open balls for the metric d, and thus 7 C 7. O

Remark. 1. Note that while a countable separating family of seminorms gives rise
to a metrizable locally convex topology, it need not be the case that the metric balls
B,(0) are themselves convex. The sets V (p,n) however are.

2. It is straightforward to see that d(xz,y) < 1 for any x,y € X, so that any subset of
X has finite diameter. On the other hand, it does not follow that all subsets of X
are bounded in the sense introduced above for a topological vector space.

A.3 The test function spaces

A.3.1 £(2) and Pk

Let © C R™ be an open subset of R®. Recall that for a function f : Q@ — C, we say
feC>(Q)if D*f is a continuous function in  for all multiindices a. Clearly C'*°(Q2)

is a vector space over C, with addition and scalar multiplication defined pointwise: if
frg € C™®(Q), A € C, we define the maps f + g, Af by

f+g : Q—=C, Af o Q—=C,
x— f(x)+ g(x), x = Af(x).

Then f + g, A\g € C*°(Q).

We shall endow C*°(2) with a topology which makes it into a Fréchet space with the
Heine-Borel property. By the exhaustion lemma, Lemma A.6, we can find a sequence
of compact sets (K;)2, such that K; C Q, K; C (K;41)° and |J; K; = Q. We define a

family of seminorms by:

pn(f) =max {|Df(z)| : x € Ky, |a] <n}. (A.1)
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The family & = {p,, : n € N} is separating. If f # 0, then f(x) # 0 at some point = € €.
For n sufficiently large, = € K,,, and thus p,(f) > 0. Thus the family of seminorms &
induces a topology, 7, on C*°(€2) which is locally convex and metrizable by Theorem
A.18. When C*°(Q) is endowed with the topology 7, we use the notation &(£2). A local
base is given by the sets

VN:{fGCOO(Q):pN(f)<1}, N=12 ..

N
It’s useful to categorise convergence in this space in terms of more familiar concepts
as follows:

Lemma A.19. A sequence (fn)nen in &(Q) converges to f if and only if D f,, — D f
uniformly on compact sets for each multiindex c.

Proof. By the translation invariance of the topology, we can assume w.l.o.g. that f = 0.
The sequence (fy,) tends to 0 in &(€2) if and only if for each N there exists my such that
fn € Vy forall n > my.

First suppose f, — 0 in &(2). Fix a and let K C € be any compact subset. For
any ¢, there exists N such that N > max{|a|,e '}, K C Ky. If n > my then f, € Vy,
which implies

<€,

2| =

sup [D fn| < sup [ D fu] < pn(fn) <
K Ky

Thus D f, — 0 uniformly on K.

Conversely, suppose that for each multiindex o and compact set K we have that
D f, — 0 uniformly on K. Fix N. Then for each a with |a| < N we have D*f, — 0
uniformly on K. In particular, for each « there exists m, such that if n > m,, we have

that 1
Dof | < —.
SI?E | D f N

Thus if m = max|, <y Mq then for all n > m we have f,, € Vy and thus f, - 0in &. O

Theorem A.20. The topological vector space & (S2) is a Fréchet space with the Heine-Borel
property.

Proof. 1. Since we already have that &(Q) is locally convex and inherits its topology
from an invariant metric, in order to show that & (2) is Fréchet, we simply have to
show completeness. A sequence (fn)nen With f,, € &() is Cauchy if for any fixed
N, there exists M such that for all 4, j > M we have f; — f; € Viy. Thus

sup | D f; — D*f;| < i, for all |a| < N.

Ky N

Since Ky exhaust €2, this implies that there exist continuous functions g such
that D*f, — ¢“ uniformly on compact subsets of 2. By a standard result, this
implies that there exists a smooth function f such that f, — f and D“f, — Df
uniformly on compact subsets of 2. Thus every Cauchy sequence has a limit and
& () is complete.
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2. Now suppose that E C &(Q2) is closed and bounded. We need to show that E
is compact. By Theorem A.7 it suffices to show that any sequence in E has a
convergent subsequence. By Theorem A.17, the boundedness of F is equivalent to
the existence of My such that py(f) < My for all f € E.

3. In particular, we have that
|ID*f| < My for || =N

holds for all f € F on K. This in particular implies that for each 5 with |5] < N—1
the set {D?f : f € E} is equicontinuous on Ky_1, and it is trivially pointwise
bounded by the condition pn(f) < My.

4. Suppose that (f,)nen is any sequence in E. By Arzela-Ascoli we can extract a
subsequence ( fn}c) keN such that f"i converges uniformly on Ky. Suppose now that
an increasing sequence of integers n]kv are given with the property that (D? fnzkv) keN
converges uniformly on Ky _; for all |3| < N — 1. Consider the sequence ( f”iv) kEN-
Since this is a sequence in E, we know that for each  with |5] < N the set
{D# f”zjcv : f € E,k € N} is equicontinuous and pointwise bounded on K. Thus we
can extract a subsequence ( fnzka) ren such that (D? fnkN+1)k€N converges uniformly

on Ky for all |[3] < N. Thus by induction, we can find név with the required
property for all V.

5. Consider the sequence (Fy)gen with Fj, = f"';i where név are as constructed above.
Since niv *1 is a subsequence of n{cv , we conclude that D®F}. converges uniformly

on compact subsets for any «, and thus for any sequence in F we have exhibited a
convergent subsequence.

O

If K C R™ is a compact set, we denote by Zk the space of all f € C*°(R") whose
support lies in K. If K C 2, then P may be identified with a vector subspace of C*°(2).
In fact, this subspace is closed with respect to the &'(€2) topology. To see this, note that
the map 4, : £(Q) — C given by f +— f(z) is continuous. Thus the set §,1({0}) is a
closed set in &(€2). Since we can write:

75 = () 6 "({o})

zeQ\K

and arbitrary intersections of closed sets are closed, we deduce that Zk is closed (and
hence complete in the subspace topology). Thus Zk is itself a Fréchet space, when
equipped with the subspace topology, which we denote 7.

A32 2(Q)

We have described the spaces P, which consist of smooth functions whose support is
restricted to a given compact set K C Q. The set Z(€2) of test functions is the union
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over the sets Zx with K C ) compact:

2Q) = | Z.
KcQ

In other words, f € 2(Q) if f is smooth, and is supported in some compact subset of 2.
It is clear that Z() is closed under the natural operations of addition and multiplication
by a complex number, and thus Z(f2) is a vector space over C. We would like to endow
2(£2) with a topology which turns it into a complete, locally convex, topological vector
space, such that the subspace topology induced on Pk agrees with the natural Fréchet
topology, Tk introduced above for each compact K C 2.

One natural possibility is to consider the norms

[flly = max{[ D[ (z)| : © € Q, |a] <k}.

The family 2 = {||-||, : K =0,1,...} is a countable separating family of seminorms and
so defines a locally convex metrizable topology, 79 on Z(2). A local base is given by:

WN:{fEC"O(Q):Hf|N<1}, N=12 ..

N
The subspace topology induced on Pk by Tg is indeed 7x. To see this, recall that
Tk is defined by the family of seminorms introduced in (A.1). Note that for any fixed
compact K C  there exists Ny such that K C Kpy,. For N > Ny we have || f||y = pn(f)
for all f € Pk. Clearly then:

VN N9k = Wn N Pk, N = Nyg,Ng+1,....

Suppose U is an open set in the subspace topology induced on Zk by 79 and pick x € U.
Then —x + U is a neighbourhood of the origin, and thus there exists n such that

WoND C —xz+U

But Wy,+1 C W, for all m, so without loss of generality we may assume n > Ny. But
then we conclude that

VN9 =W,N9x C —x+U

and so U is open in 7x. An identical argument shows the reverse inclusion: i.e. an open
set in T is open in the subspace topology induced on Pk by 79.

Thus the topology 79 is locally convex, and induces the right subspace topology on
Pk . However, it is not complete. To see this, consider {2 = R, and let ¢ be any non-zero
function with support in [0, 1]. Consider the sequence of functions (f,)men with:

(@) = Dz — 1)+%qﬁ(m—?)+%¢(x—3)+...+%¢(x—m).

This is a Cauchy sequence with respect to the topology 79: if n < m, then

1
I6n = Gl = - 161l
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thus for any N if n,m > N ||¢|y we have ¢, — ¢, € Wn. On the other hand, the
sequence has no limit in 2(Q), since for sufficiently large m, ¢,, has support outside any
compact set. We thus are led to discard 79 as a prospective topology for Z(2).

In fact, the topology T is too coarse: in a sense, the notion of convergence is too loose.
This suggests that we should seek a finer topology. The topology that we shall introduce
for 2(2) will in fact be the finest locally convex topology such that the subspace topology
induced on Pk agrees with the natural Fréchet topology for each compact K C (.

Definition A.10. Let 2 be a nonempty open subset of R™.
a) For each compact K C Q, T is the Fréchet space topology on Py introduced above.

b) [ is the collection of all convex balanced sets W C Z(Q) such that Zx "W € T for
every compact K C €.

¢) T is the collection of all (possibly empty) unions of sets of the form ¢ + W with
pe D) and W € 5.

Theorem A.21. a) 7 is a topology for 2(§) and B is a local base for T.
b) T makes 2(2) into a locally convex topological vector space.

Proof. 1. It is clear from the definition that 2(2),0 € 7 and that 7 is closed under
arbitrary unions. If we can show that for any Vi,V5 € 7 and ¢ € V1 N Vs, then

b+ W CVinVy (A.2)

for some W € 3, then we can deduce that V3 N V5 is open and so 7 is a topology.
Moreover, setting ¢ = 0 and Vo = 2() in (A.2) we deduce that any neighbourhood
of 0 contains an element of 5 and so [ is a local base. To show a) then, it is enough
to establish (A.2).

2. From the definition of 7, there exist ¢; € Z(Q) and W; € 8 such that ¢ € ¢; + W;
and ¢; + W; C V; for i = 1,2. Choose a compact K C €2 such that ¢,¢; € Px.
Since Yx N W; is open in Pk, we have

¢ — i € (1—5)W; (A.3)

for some 9; > 0. To see this, recall that Pk is a topological vector space, so in
particular scalar multiplication is continuous. Thus for any ¢ € Yk, the map
Fy : R — Py given by t + t1) is continuous. Thus the set A = (Fy5_g,) " [WiN Zk]
is open in R. In particular, there exists ¢; such that (1 — 2¢;,1 + 2¢;) C A,
which is equivalent to t(¢ — ¢;) € W; N Pk for t € (1 — 2¢;,1 + 2¢;). But if
(I+€)(¢p— ¢i) € Wi N Pk, then (A.3) must hold for some 6; > 0.

3. Since W; is convex, we can use the result of Exercise A.1 to deduce that
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whence we deduce that
o+ 6W; C ¢ +W; C V.

Taking W = §1¢1 N d2¢2 we have established (A.2) and thus proven part a) of the
theorem.

. To show that 7 makes Z(2) into a locally convex topological space it is enough to
show that the topological vector space axioms are satisfied. Since f is a local base,
and is convex by construction the result will follow. Suppose that ¢1, P2 € Z(£2)
are distinct, and consider the set:

W={¢€2(Q):lly<ll$r — ¢2llo}

This is certainly convex as it is a metric ball. Moreover, since the sets {¢ € P :
|6l < 7} (and their translations) are open in 7x for any r and all compact K C €,
we conclude that W € 3. Moreover, ¢; & ¢2 + W. Thus the singleton set {¢;} is
closed in 7.

. To establish the 7-continuity of addition, suppose U € 7 is any open set, and
suppose that we have ¢1, 2 € Z(Q) with ¢1 + ¢o € U. Since S is a local base,
¢14 ¢2+ W C U for some W € 3. I claim (¢1 + 3W) x (¢ + 3W) C (+)"1(U).
To see this, note that by the convexity of W:

(G1+ 5W)+ (2 W) = b1+ 62+ W CU.

Thus (+)~!(U) is open in the product topology and addition is T-continuous.

. Finally, to show that scalar multiplication is continuous, suppose U € T is any open
set, and suppose that we have a € ®, ¢ € 2(Q) with a¢ € U. Since S is a local
base, agp + W C U for some W € . I claim that for €, ¢ sufficiently small, we have
{o/ €®:|a/ —al <} x(¢p+eW) C (-)~HU). Note that

¢ —agp=d(¢ —¢)+(a —a)o

Now, by a similar argument to that in paragraph 2. above, the continuity of scalar
multiplication restricted to Yk for a compact K which contains the support of ¢
ensures we can choose § > 0 such that 6¢ € 3W. Let us set € = (2(|a| + §)~'. By
the fact that W is balanced and convex, we deduce that

1 1
a’¢'—a¢€§W+§W:VV,

so that {o/ € @ :|a/ —al < §} x (¢ +eW) C ()7 1(U) and scalar multiplication is
indeed continuous. O

From now on, whenever we refer to Z(2), we shall assume that it is given the topology

7 that has just been constructed. The main results of this section (indeed this chapter)
are the following two results which characterise convergence and continuity in Z(€2).
These results justify the approach taken in lectures to disregard a close study of the
topology of Z(2) and focus instead on sequential definitions of continuity.
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Theorem A.22. a) A convex balanced subset V' of Z(Q) is open if any only if V € 3.

b) The Fréchet topology Ti of any P C D(Q) coincides with the subspace topology that
DK inherits from 2(2).

¢) If E is a bounded subset of 2(2) then E C Pk for some K C 2, and there are real
numbers My < oo such that every ¢ € E satisfies the inequalities

d) 2(Q2) has the Heine-Borel property.

e) If (¢i)ien is a Cauchy sequence in 2(R2), then {¢; }ien C Pi for some compact K C (2,
and (¢;) is Cauchy with respect to the norm ||-|| 5 for each N =0,1,....

f) If ¢; = 0in 2(Q), then there is a compact K C Q which contains the support of every
i , and D%p; — 0 uniformly, as i — oo for every multiindezr «.

g) In 2(92), every Cauchy sequence converges.

Proof. 1. Since [ is a local base, clearly if V' € 8 then it is open. Now suppose V is an
arbitrary convex, balanced, open set. Let K be any compact subset of €2 and pick
¢ € Y NV. Since B is a local base, we have ¢ + W C V for some W € 5. Thus

b+ (IxnNW)C IxgnNV.

From the definition of 8, we know that Zx N W € 7g, so we have shown that
Pk NV is open in g . Since 8 contains all convex, balanced sets whose intersection
with each Zj is open, V € 5 and we have established a).

2. The previous paragraph shows that any element of 7| 9, also belongs to 7x, i.e.
any set which is open with respect to the subspace topology is open in the Fréchet
topology. Suppose now that F € 7. To show E € P N W € 1, we have to show
that £ = 2 NU for some U € 7. Suppose ¢ € E. Then from the definition of the
topology of g, there exists IV, such that:

{Y € Dk : | — 9|y <6} CE.

Let:
Wy ={ € 2(Q): |[¢]y <d}.

Then W, € 3, and moreover
@Kﬂ(¢+W¢) =0+IxkNWy CE

Taking:
U= U (¢ +Ws)

Pel
we have U € 7 and E = Pk NU. This establishes b).
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To show the first part of ¢), we prove the contrapositive. Suppose E C 2(Q2) does
not lie in any Zg. Let {K,, }men be an exhaustion of Q. Since E ¢ Pk, , for each
m, we can find ¢, € E with supp¢,,, ¢ K. In particular, there exists ,, € Q\ Ky,
with ¢, () # 0. Let

W ={¢ € 2(Q) : |¢p(xm)] <m™" |dm(zn)]}.

A short calculation shows W is convex and balanced. Suppose K C 2 is compact,
then there exists M such that K C Kjy;. In particular this implies x,, ¢ K for
m > M. Thus Zx N'W is an intersection of finitely many open sets, and so W € f.
However, ¢,, € mW for any m, so E is not bounded. Thus any bounded set in
2(22) belongs to Zk for some K. By b), E is thus bounded in Pk, and the final
part of ¢) follows by Theorem A.17.

Statement d) follows from c¢), since Zx has the Heine-Borel property (Theorem
A.20). Since Cauchy sequences are bounded (Exercise A.9), ¢) implies that every
Cauchy sequence (¢;);en lies in some Zk. By b), (¢;)ien is Cauchy with respect to
7K, and e) follows. Statement f) is a restatement of e). Finally, g) follows from e)
together with b) and the completeness of Zk.

O

The final major result of this section concerns linear maps from Z(12) into a locally
convex space. Before we state the theorem, we introduce the notion of a bounded operator
as one which takes bounded sets to bounded sets. That is to say if X, Y are topological
vector spaces, then a linear map A : X — Y is bounded if A(E) is bounded in Y whenever
F is bounded in X.

Theorem A.23. Let Y be a locally convex topological vector space. Suppose that A :
2() =Y is a linear mapping. Then the following are equivalent:

a) A is continuous.

b) A is bounded.

c) If i — 0 in 2(Q) then A¢; — 0 inY.

d) The restrictions of A to every i C 2(Q) are continuous.

a) = b)

b) = ¢)

Let E be a bounded set in () and let W be a neighbourhood of 0 in Y. Since A
is continuous, there exists a neighbourhood V' of 0 in Z(2) such that A(V) C W.
Since F is bounded, there exists s > 0 such that £ C tV for all ¢ > s. Since A is
linear, A(E) C A(tV) =tA(V) C tW, and hence A(FE) is bounded.

By part e) of Theorem A.22, if ¢; — 0 in 2(£2), then there exists K C Q such
that ¢; — 0 in Yk . Since Pk is metrizable, there exist scalars a; — oo such that
a;¢; — 0 in Pk and hence in () by part b) of Theorem A.22. By the linearity
of A, we have

A¢Z = Oél_lA(Ozld)Z)



162

c) =d)

d) = a)

Appendix A Background Material: Functional Analysis

Now (a;¢;) is Cauchy in 2(f2), and hence bounded. Since A is bounded by
assumption, {A(;¢;)} is bounded. As ai_l — 0, by Lemma A.12, part d), A¢; — 0.

By part b) of Theorem A.22, we have that ¢) implies that if ¢; — 0 in Pk then
A¢; — 0. We work by contradiction. Suppose that the restriction of A to Pk is
not continuous. Then there exists a neighbourhood W of 0 in Y such that A=!(WW)
contains no neighbourhood of 0 in Y. Since Pk is metrisable, pick a metric
d which generates 7 and construct a sequence () by choosing x, such that
d(rn,0) < n~! and x, ¢ AY(W). Then z, — 0 in Pk and hence in 2(Q2), but
A(zy,) # 0, contradicting c).

Suppose that U is a convex, balanced, neighbourhood of the origin in Y and set
V = A~Y(U). Then V is convex and balanced by the linearity of A. By part a) of
Theorem A.22, V' is open in Z(Q) if Zx NV is open in P for every P C (),
but if A is continuous when restricted to each Pk, then Y NV is open in Y
from the definition of continuity. Thus V is open. Now suppose that W is any
open set in Y, and suppose ¢ € A~1(W). Since Y is locally convex, there exists
U, a convex neighbourhood of 0 in U such that A¢ + U C W. By Theorem A.11,
we may assume that U is balanced. Since A is linear, ¢ + A~1(U) C A~Y(W), and
¢+ A~Y(U) is open in 2(f2), so A is continuous.
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