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Chapter 1

Topology

1.1 (Set—Theoretic) Topology in General

This part follows [2], [3], [4] and [6].

1.1.1 What is Topology All About ?

Consider some sets X and Y, and they could be Q C R?, or I?(2), or C§°(£2). We wish to understand

e what are continuous maps from X to Y,

e what are open, closed, compact subsets of X,

and the list of questions does not stop here. We would like to define these concepts without measuring
distances in X or Y (because there is no metric in C§°(2) that describes what we want from that
space). Recall that in R™ all these properties can be defined by means of norms, but in topological spaces
this is no longer possible. Instead, neighbourhoods and open sets will become the key concepts from
which everything else will be defined. One price we have to pay is that we should no longer work with
converging sequences because they are not the most relevant idea. As an example: we will see that every
continuous map from a topological space X to a topological space Y will map every converging sequence
to a converging sequence (and the limit is mapped to the limit), but the converse does not hold. This
differs from the metric situation. On the other hand, we will learn that we can achieve a lot without ever
using converging sequences.

One more remark is in order. When we speak about some space, we mean a set with a certain structure.
Examples are

linear spaces (aka vector spaces): these are sets with a linear structure that comes from the two
vector space operations (vector plus vector gives vector; number times vector gives vector),

metric spaces: these are sets with some metric (maybe a certain metric space is also a linear space,
maybe it is not)

normed spaces: these are linear spaces that have a norm structure on top, and both structures are
compatible. Each normed space can be interpreted as a metric space (the converse is wrong).

topological spaces: these are sets with some topological structure (maybe a certain topological space
is also a linear space, maybe it is not). Each metric space can be interpreted as a topological space
(the converse is wrong).

topological vector spaces: these are vector spaces which also have a topological structure on top, and
both structures are compatible.
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1.1.2 Basic Concepts: Neighbourhoods Bases and Open Sets

Definition 1.1 (Neighbourhood basis). Let X be a non-empty set. We assume that to each a € X,
there belongs some subset B(a) of the power set P(X) with the following properties:

Vae X: B(a)#0; and VB € B(a): acB (B1)
Vae X: VBi,B; € B(a): dB3 € B(a): Bs C B1 N By (BQ)
Yae X: VBeB(a): VYbeB: 3ICeBb): beCCB (B3)

Fach such B € B(a) is called basic neighbourhood of a.

Example 1.2. Taoke X = R", equipped with the usual Buclidean norm |z| = (23 + ...+ 22)'/2, and then
put B(a) = {Uc(a): 0 < e < 1}, with Us(a) = {x € R": |z — a| < &} being the usual open balls of radius e
centred at a € R™. Visualise yourself what (B1), (B2), (B3) mean in this ezample.

Definition 1.3 (Open sets, Topology, Topological space). We assume the situation of the previous
definition. A set Q C X is called open set provided that

VaeQ: 3IBeB(a): a€BC.

A set T C P(X) is called topology of X if it comprises all the open sets in X. Then (X,T) is called
topological space.

Lemma 1.4. Every basic neighbourhood B € UyexB(x) in a topological space (X, T) is an open set.

Proof. Let B € B(x) for some z € X. Take any b € B. Due to (B3), some C € B(b) exists with
b € C C B. This means that B is open. O

Proposition 1.5 (Properties of open sets). Let (X, 7) be some topological space. Then we have:

0 and X are open sets (01)

If Q1 and Qo are open sets, then also Q1 N Qs (02)

If Q; are open sets, with i from some non-empty index set I, then also U Q; (03)
iel

Proof. The principle ez falso quodlibet implies ) € 7, and X € 7 is obvious as well, which gives (O1). Let
Q; and 9 be open, and a € Q1 N Qy. Since §2; are open, there are B; € B(a) with a € B; C §;, for
j =1, 2. Owing to (B2), there is some B3 € B(a) with a € Bs C By N Bz C 21 N2, and therefore also
Q1 Ny is open. And to show (03), let us be given open sets §2; for ¢ from some (possibly uncountable)
index set I. Assume a € U;c€;. Then a € Q;, for some ig € I, and Q;, is open, hence some B € B(a)
exists with a € B C Q;, C U;esQ;, proving (03). O

Definition 1.6 (Neighbourhoods and Neighbourhood filters). Let (X,7) be a topological space.
We say that some set U C X is a neighbourhood of a € X if some B € B(a) exists with a € B C U. All
the neighbourhoods U of a € X form the neighbourhood filter N(a):

N(a) :={U Cc X: U is a neighbourhood of a} .

Contrary to the expectation, a neighbourhood need not be open.

Remark 1.7. In other books the following approach can be found: T C P(X) is called a topology on X if
its elements Q satisfy (01), (02), and (03), and those Q are then called opens sets in X. Subsequently,
U C X will be called a neighbourhood of a € X if some open Q exists with a € Q C U. Then the basic
neighbourhoods of a point are defined as the open neighbourhoods of that point. Then one has to prove
that these basic neighbourhoods satisfy (B1), (B2), (B3). However, both approaches are equivalent and
will lead to the same theory and same results. We have chosen the approach here with the hope that we
will arrive faster at the applications.

Definition 1.8 (Interior of a set). Let A be a set in a topological space (X, 7). We say that a point
a € A is an interior point of A (also called inner point) if some basic neighbourhood B € B(a) exists with
a € B C A. All interior points of A form the interior of A,

interior(A) := {a € A: a is inner point of A}.
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Proposition 1.9. For every set A in a topological space, interior(A) is an open set.

Proof. Pick a € interior(A). Definition 1.8 says that then some B € B(a) exists with a € B C A. From
(B3) we learn that to each b € B, there is some C' € B(b) with b € C C B C A. This means that each
b € B is an interior point of A, hence B C interior(A).

Expressed differently: for each a € interior(A), there is some B € B(a) with a € B C interior(A). That
is the definition of interior(A) being open. O

Remark 1.10. We mention without proof: interior(A) is the union of all open subsets of A.

1.1.3 Examples of Neighbourhood Bases and Topological Spaces

The Banach space R": consider the vector space R™ with open sets in the usual sense, and pick a € R™.
Then we define a neighbourhood base

3(a):{{xER": |z —a| <e}: 0<€<1}.

Any metric space: Let (X, d) be a metric space (not necessarily complete), and put (for each a € X)

B(a):{{xeX: d(a,x)<21k}: keN}.

By Definition 1.3, this choice of B completely determines a topology 7 in X. We call it the metric
topology. This is the standard method of interpreting a metric space as a topological space.

The extended real line: Put R := R U {400, —oc} and define neighbourhood bases as follows:
B(a)::{(a—e,a—f—e): 0<€<1}7 a €R,
B(+00) := {(k, o) U {+00}: ke N},

B(—o0) := {(foo, —k)U{—o0}: k€ N}.

The extended natural numbers: Put N := Ny U {+occ} and define neighbourhood bases like this:

B(a) := {{a}}, a € Ny,
B(+00) := {{nGN:nzk}U{—Foo}: kEN}.

The vector space of all sequences in R: Consider the vector space

X ={@re2ws..) 2, € R V)

and define a metric

— 1 |z — Y|
dx(z,y) := — Vo,y € X.
x(z.9) ;2k1+\$k—yk| oY

[As an exercise: prove the triangle inequality for this dx !] Then (X, dx) becomes a metric space
which we can topologise in the usual way.

The vector space of all sequences in a normed space: Choose some normed space Z with norm
z+ ||z|| ;- Then define X as the vector space of all sequences in Z,

X = {(xl,xg,xg,...): z; €7 Vj}

and define a metric

oo

1 ek —yll,
dx(ey) =S L Mzl x -
x(,y) ;2k1+||117k*?/k‘|z i v
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The space C(R) of continuous functions on R: observe that f — sup,cg |f(t)] is not a norm on
X := C(R) since f = exp belongs to X but the mentioned supremum is infinite. On the other hand,
we can define a metric on C'(R) as

=1 = ol
k

o | 1.2
(f.9) 1;2 L+ 1f = gll e (—epy ;

The discrete topology: let X be any non-empty set and define a topology as 7 = P(X), called the
discrete topology.

The null topology: let X be any non-empty set and define a topology as 7 = {(), X}, called the null
topology, also called the chaotic topology.

This is a good moment to present a method of comparing topologies.

Definition 1.11 (Finer topologies and coarser topologies). Let X be a non-empty set with two
topologies 71 and To. If 71 C 1o (which means that every T1—open set is also To—open), then we say that

e 79 is finer than T,
e 71 is coarser than To.
We also say that T is stronger than 11, and 7 is weaker than 5.

In particular, the discrete topology is the finest topology of all topologies, and the null topology is the
coarsest topology of all topologies. They have a feature—we know that these topologies always exist; like
the tax office.

Lemma 1.12 (Hausdorff criterion'). Let 71 and 2 be topologies on X. Then are equivalent:

e 75 is finer than 1

e Vae X: VBy€Bi(a): IBs € Ba(a): By C By.

1.1.4 Closed Sets

Definition 1.13 (Closed set). Let (X, 7) be a topological space. A set A C X is called closed set if its
complement X \ A is an open subset of X.

Proposition 1.14 (Properties of closed sets). Let (X, 7) be some topological space. Then we have:

0 and X are closed sets (C1)
If Cy and C5 are closed sets, then also Cy U Cy (C2)
If C; are closed sets, with © from some index set I, then also ﬂ C; (C3)
icl
Proof. Nice exercise. Using (01), (02), (03) is recommended here. O

Example 1.15. Let X = R3 and 7 = P(X). Then every subset of R® is open and closed at the same
time. We admit that this topology is a weirdo.

Remark 1.16. One could also have chosen (C1), (C2), (C3) as the foundation of defining a topology
instead of (B1), (B2), (B3), leading to the same results in the end.

Definition 1.17 (Cluster point of a set, Closure of a set). Let A be a set in a topological space
(X, 7). We say that a point a € X is a cluster point of A if each basic neighbourhood B € B(a) contains
some a' € A with o’ # a. All cluster points of A form the cluster point set of A,

cp.(A):={a€X:a is cluster point of A}.
We define the closure of A as

A= AUcp.(A).
1FELIX HAUSDORFF, 1868-1942




1.1. (SET-THEORETIC) TOPOLOGY IN GENERAL 9

Proposition 1.18. For every set A in a topological space, A is a closed set.

Proof. We will show that X \ A is an open set. Pick some
ap € X\ A= (X\4)N(X\cp.(A)).

Then ag € A and ag € c.p.(A).

Now some basic neighbourhood B; € B(ag) exists with By C (X\ A), because: otherwise every By € B(ag)
would contain some element of A (which differs from ag due to ag € A), hence ag would be a cluster point
of A.

And also some basic neighbourhood Bs € B(ag) exists with By C (X \ c.p.(4)), because: otherwise every
By € B(ag) would contain some by € c.p.(A4), and then (B3) gives us some C € B(by) with by € Cy C Bs.
Now be being a cluster point of A means that there is some b5 € C2 N A with b, # be. And also b # ag
because ap € A. Hence we had shown that for each By € B(ag) some b, € By N A exists with b, # ag,
hence ag would be a cluster point of A, contrary to the choice of ag.

Now we apply (B2) and find some B3 € B(ag) with
ag € B3 CBiNBy C (X\A)N (X \cp.(4) =X\4,
and this is the definition of X \ A being open. O

Proposition 1.19. A set A in a topological space is closed if and only if c.p.(A) C A.

Proof. Assume c.p.(A) C A. Then A = A, and A is always closed, hence A is closed.

Now let A be a closed set. Then X \ A is open. Choose any b € X \ A. Then there is some neighbourhood
B € B(b) with b € B C X \ A, in particular BN A = (). Hence b can not be a cluster point of A, and
therefore each cluster point of A is contained in A. O

Remark 1.20. We mention without proof: A is the intersection of all closed sets that contain A.

We come to an application that goes back to EUCLID.

Theorem 1.21. The set of prime numbers is infinite.

Proof. We introduce a topology on Z by defining a neighbourhood base B(a) for every a € Z:
B(a) :={Ngyp: be Ny}, Nop:={zr=a+nb: neZ}.

Then a € N, for every a € Z and every b € Ny, hence (B1) holds. And given N, € B(a), Ny, € B(a),
we quickly check Ny pe C Ngp N Ny, which yields (B2). To check (B3), we take a € Z and some
Ng.c € B(a) with arbitrary ¢ € Ny. Then we take an arbitrary b € N, ., hence b = a 4 noc for some
ng € Z. We need to construct C' € B(b) with C C N, .. We can write C' = N, 4 with some d € Ny and
then have to make sure that Ny 4 C N, . which means b4 nd € N, . for every n € Z. Just take d = c.

Having defined this collection of neighbourhood bases B(a), we then build open sets as in Definition 1.3,
and it follows that every open set is either empty or it contains an infinite number of elements. Moreover,
each N, is an open set. But it is also a closed set, because it is the complement of an open set:

b—1
Nap =Z\ | Natip-

i=1

Now every integer different from +1 has at least one prime divisor (call it p), and then this integer belongs
to Nop. It follows that

Z\{-1,+1} = |J Nop. (1.3)

p prime

Assume that there are only finitely many primes. Then the right-hand side of (1.3) is closed (as a union
of finitely many closed sets), and then {—1,4+1} must be open (as the complement of a closed set).
Contradiction. O
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1.1.5 Induced Topologies

Definition 1.22 (Induced topology, Relative topology). Consider some topological space (X, T) and
some non-empty subset Xo of X. To each ag € Xo, we define a collection Bg(ag) of basic neighbourhoods
on Xo by

Bo(ag) = {XO NB: Be B(ao)},

and then we construct—from all the neighbourhood bases Bg(ag) as ag runs through Xo—a topology 1o of
Xo. This topology is called the induced topology on Xy, also called the relative topology on X or the
trace topology on Xj.

Obviously, it needs to be shown that the collections By as constructed above actually satisfy (B1), (B2),
(B3). This is a nice exercise.

We say that a set Qg is open in Xq if it is contained in Xy and open in the induced topology 1y. For
instance, take X = R and equip it with the metric topology. Put Xy = [0, 1], equipped with the relative
topology. Then (0.7,1] is open in X, but not open in X.

1.1.6 Converging Sequences, and the Hausdorff Property

Definition 1.23 (Converging sequence). Let (X,7) be a topological space. We say that a sequence
(z1,22,23,...) C X converges to x* € X (and write this as lim, o x, = ©*) if

VB € B(z*): 3INyeN: Vn>Ny: z,€B.

Example 1.24. Take some set X and equip it with the null topology. Then every sequence in X converges
simultaneously to each element of X.

This is not what one usually wants, and the obstacle is that we do not have enough neighbourhoods.

Definition 1.25 (Hausdorff property). Let (X,7) be a topological space. We say that T has the
Hausdorff property and call (X, 7) a Hausdorff space if the following holds:

Vo, 290 € X: ifxy # 29 then 3By € B(xy), 3IBs € B(xz): BiNBy=0.
Example 1.26. The only topology that turns N into a Hausdorff space is the discrete topology.

Lemma 1.27. Every metric topology has the Hausdorff property.

Lemma 1.28. In every Hausdorff space, every set {p} that contains only one point is a closed set.
We discuss some examples of converging sequences.

e Take the vector space X of sequences that take values in a normed space Z, and equip it with the
topology that comes from the metric (1.1). Then a sequence of elements of X converges (topologi-
cally) if and only if it converges component-wise.

e Take the vector space C(R) of continuous functions on R, equipped with the topology that comes
from the metric (1.2). Then this convergence is equivalent to the uniform convergence on every
compact sub-interval of R.

Definition 1.29 (Dense subset). Let (X, 7) be a topological space, and R C S C X. Then we say that
R is dense in S if

VseS: VBeB(s): IreRNB.

An equivalent statement is: R D S.

Warning 1.30. We have to be careful with sequences. All the following statements are wrong, even in
Hausdorff spaces:
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o The subset A of B is dense in B if and only if, for each b € B, a sequence in A can be found that

converges to b.

Q.

it is sequentially continuous (defined below).

sequentially compact (every sequence contains a subsequence that has a limit in A).

A point a € X is a cluster point of A if and only if a sequence in A can be found that converges to

A map between two topological spaces is continuous (to be defined in the next section) if and only if

A set A is compact (defined by means of covers by open sets in the usual way) if and only if it is

The obstacle is always that there need not be a countable neighbourhood base. On the other hand, those

statements are correct in metric spaces.

The general strategy is to define all relevant concepts using neighbourhoods alone, and to stop thinking

in terms of converging sequences.

1.1.7 Continuous Maps

We recall some rules for any map f: X — Y between two sets X and Y. Here I # () is any index set:

f <U Ai) =Jr4), vacx,

el iel
f(Al n Ag) C f(Al) n f(AQ), vAl,AQ C X,
AL\ A2) O f(A1)\ f(A2), VAL A C X,

and equality in the last two lines (for all A; C X) will hold only if and only if f is injective.

Additionally, if A C X, then

A fTHf(A),

with equality (for all A) if and only if f is injective. Similarly, for all B C Y,

F(F(B) € B,

with equality (for all B) if and only if f is surjective.
The good news is that f~! alone behaves perfectly:

1 (U Bi> =Jr'®m), VB Y,

el el
1 (ﬂ Bi) =+ '(B), VB CY,
i€l i€l

FTUBI\ Ba) = B\ [ (B2), VB1,ByCY.

Definition 1.31 (Continuous maps). Let (X, 7) and (Y, o) be topological spaces. A map f: X =Y is

called continuous at z* € X if
YV e B(f(z*)): 33U € B(z*): [fU)cCV.

We say that this f is continuous if it is continuous at every x* € X.

Lemma 1.32. For a map f: X =Y with X and Y as above, the following statements are equivalent:

e [ is continuous,
e for every open set Q C Y, its pre-image f~1(Q) is open in X,

e for every closed set B C 'Y, its pre-image f~1(B) is closed in X.
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From the penultimate e we quickly deduce that the composition g o f of two continuous maps g and f is
again continuous.

For sake of completeness, we clarify what is meant by sequential continuity at z*: for every sequence
(z1,22,...) C X that converges to x*, the sequence (f(x1), f(x2),...) CY converges to f(z*).

Lemma 1.33 (Continuity implies sequential continuity). Let the map f: X — Y between the
topological spaces (X, 7) and (Y, o) be continuous. Then it is sequentially continuous.

Proof. Pick z* € X and some sequence (x1,x2,...) C X that converges to z*. We need to show that
limg 00 f(xx) = f(z*). To this end, we pick some basic neighbourhood V' of f(z*). Owing to the
continuity of f, there is some basic neighbourhood U of z* with f(U) C V. And by Definition 1.23, we
find some Ny € N with x,, € U for all n > Ny. But then f(x,) C V for such n. O

Lemma 1.34. Let (X, 7) be a topological space, and f: X — C be continuous, where we have endowed C
with the usual metric topology. Then ker f = {x € X: f(x) = 0} is a closed subset of X.

1.1.8 How to Construct Topologies

Proposition 1.35 (Intersection of topologies). Let us be given a non-empty set X and a non-empty
index set I. If T; with i € I are topologies on X, then so is

Ty = ﬂTi-

iel
Of all topologies which are coarser than every T;, T« is the finest.

Sketch of proof. Verity (01), (02), (03). O

Remark 1.36. o The intersection T, need not be Hausdorff even if each 7; is Hausdorff because the
intersection might consist of O and X only.

e Fach identity map
idx: (X,m) = (X, 1), T
18 CONtINUOUS.

e Recall the definition of the infimum of some set A C R: of all lower bounds of A, you take the
largest. The intersection of topologies is defined similarly.

e A neighbourhood base of a € X in 1. is given by all B with a € B C X which are T;—open for each
1€l

Proposition 1.37 (Topology generated by a subset). Let us be given a non-empty set X. If U C
P(X) is some non-empty set, then

T(U) :== ﬂ {U: U Co, o istopology on X} (1.4)

(which means the intersection of all topologies o that contain U) is a topology on X, and it is the coarsest
topology that contains U. A neighbourhood base for a € X then is given by all finite intersections of
elements of the set (of sub-sets of X)

{X}u{U elU: acU}. (1.5)

Proof. The discrete topology participates in the intersection in (1.4), hence the index set is non-empty.
Now apply Proposition 1.35.

For a € X, define B(a) as the set of all finite intersections of elements of the set (1.5). Next we verify
(B1), (B2), (B3). Then X € B(a), hence B(a) # 0, then (B1) quickly follows. To show (B2), it suffices to
choose B3 = By N Bs. And (B3) is verified as follows. Consider any B C B(a). If B = X then the claim
is obvious. If B # X then B = N}_,U; for some U; € U with a € Uj for all j. For every b € B, choose
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C = B. Hence (B3) holds. This shows that all the B(a) (as a runs through X) are a neighbourhood base
for some topology 0 on X.

Next we show that ¢ = 7(U). Each U € U is contained in all topologies o that participate in the
intersection of (1.4), consequently B(a) C 7(U) for all @ € X, hence o C 7(U), which means o is coarser
than 7(U). But g contains U, and therefore ¢ O 7(U). O

Proposition 1.38 (“Union” of topologies). For some non-empty index set I, let us be given topologies
Ti (with i € I) on X. Define

T = ﬂ {o: 7 Co (Vi), o istopology on X} .
Then T* is again a topology on X, and

e of all topologies which are finer than every T;, it is the coarsest;

e cach identity map
idx: (X, 1) = (X, 77), T T
18 continuous.

e A neighbourhood base for a € X is given by all finite intersections of elements of

{X}U{UEUTi: aEU}.

il
Proof. Nice exercise. O

Remark 1.39. e The topology T is not the set—theoretical union of the sets 1; (similarly to the direct
sum of sub-vector spaces, which is not equal to the union set of these sub-vector spaces either).

o But 7" = 7(J;c; Ti) in the sense of Proposition 1.37.

Next we show how topologies can be defined using maps between sets of which some are already topological
spaces. Suppose you have sets X and Y, with Y already being equipped with a topology. And you consider
maps from X to Y. The goal is to construct a topology on X. If you provide too few open sets on X,
then almost none map from X to Y will be continuous, which is a situation without sense. On the other
hand, if X has too many open sets, then almost every map from X to Y will be continuous, and again the
concept “continuity” becomes meaningless. It seems advisable to endow X with “just the right amount
of open sets” as a topology. We call it the initial topology.

Proposition 1.40 (Initial topology). Let us be given a non-empty set X. Assume that (Y;, 0;) with
i € I are topological spaces, and we have maps f;: X =Y, for each i. Then

ﬂ {T CP(X): 7 is topology on X and all f;: (X,7) — (Y, 04) are continuous (i € I)}

is a topology on X, and it is the coarsest topology on X for which all f; become continuous. We call it
the initial topology on X generated by the maps f;: X — Y;. A neighbourhood base of a € X is given by
the finite intersections of elements of

{X}u{UcX: Jiel, 3VeBifia)): U:f;l(V)} (1.6)
with B;(fi(a)) as a neighbourhood base consisting of (o;—)open neighbourhoods of f;(a) € Y; in o;.

Proof. Observe that 7 = P(X) participates in the intersection, hence the index set is non-empty. Now
apply Proposition 1.35. A neighbourhood base for the topology of the point f;(a) is given by all open
sets V' C Y; that contain f;(a). Then f;'(V) contains a € X and is required to be open in 7, and
therefore 7 C P(X) must contain all the elements of the set (1.6), as a runs through X. Now 7 is (by its
construction) the coarsest topology that contains (for all @ € X) the set (1.6) as a subset. It suffices to
apply Proposition 1.38. O
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Example 1.41. Take Y = [—1,1] with the metric topology, X = R and f: X — Y with y = sin(z).
Determine the initial topology on X. Explain why it does not have the Hausdorff property.

Example 1.42 (The induced topology, reloaded). Consider some topological space (X, 7) and choose
some non-empty subset Xo C X. Then we have the inclusion map f: Xg — X that sends every x € X
to itself. The initial topology on Xy generated by the map f is exactly the induced topology on Xj.

Here comes one more example of the initial topology.

Definition 1.43 (Product space topology). Let (X;, ;) be topological spaces, with i = 1,...,n. Put
X =X, x...x X, and define the projections

mi: X — X;, mi(x) = x4,

where i =1,...,n and © = (x1,...,2,). Then the product space topology on X is defined as the initial
topology on X generated by the maps ;.

Lemma 1.44. In the situation of Definition 1.43, a neighbourhood base of a = (ay,...,a,) € X is
B(a) = [[ Bi(ai) := Br(a1) x ... x By(an),
where B;(a;) denotes a neighbourhood base of a; in the topological space (X;,7;).

Proof. Let By € By(ma(a)) be a basic neighbourhood of mz(a) = as € Xo. By Proposition 1.40, the
pre-image ng(Bg) = X7 X By x X3 X ... x X, is a member of the neighbourhood base of ¢ € X, and
then (), 7, '(B;) also is a basic neighbourhood of a € X. But (., 7; '(B;) = By x By X ... x By, €

%

H:‘L:l Bi(a;)- 0

Having understood how to transfer a topology from Y to X, we now consider the opposite direction.

Proposition 1.45 (Final topology). For i € I # 0, let us be given topological spaces (X;,7;), and
additionally some set Y. Consider maps f;: X; = Y for alli € I. Then the following holds:

e there is some topology o on'Y , given by
c={Qcyv: f7H(Q) is open subset of X;, Viel},
called the final topology on Y generated by {f;: i € I},
e this topology on Y is the finest topology on Y that makes all the maps f;: X; — Y continuous,
e we have the intersection

o= o; CP(Y): o; is final topolo enerated by f; alone}.
NH{ ( pology g y

Describing a neighbourhood base for the final topology is not easy, see [2, 0.2.16] for some ideas.

Example 1.46. Take X = R with the metric topology 7., Y = R and f: X — Y with y = sin(z).
Determine the final topology on Y .

Example 1.47 (Quotient topology). Let (X, 7) be a topological space with some equivalence relation
~. Define X/ ~ as the set of equivalence classes generated by the relation ~. Then the map

T X = X/ ~, x > [x]

that maps x to its equivalence class [x] is called canonical surjection of X onto X/ ~. The quotient
topology on X/ ~ is defined as the final topology on X/ ~ generated by 7.
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1.2 Topological Vector Spaces

1.2.1 Definition and Immediate Consequences

Definition 1.48 (Topological vector space). A vector space X over K € {C,R} is called topological
vector space (tvs) if X is equipped with a topology T, and the usual vector space operations

+: X x X — X,
cKxX - X
are continuous, where X x X and K x X have the product topologies, and K has the norm topology.

Lemma 1.49. Let (X,K,7) be a tvs. Then the vector space operations are separately continuous, which
means: for each xog € X and each \g € K, the maps

X=X, T — T+ o,
g: X =» X, T = A

are continuous.

Proof. Nice exercise. Using Lemma 1.44 is recommended. O

Corollary 1.50. Let (X,K,7) be a tvs, and choose some a € X. Then a neighbourhood base B(a) is
given by a + B(0) (which means by translating a neighbourhood base of the origin by the vector a).

In particular: the topology on a tvs is uniquely determined after a neighbourhood base of the origin has
been specified.

Proposition 1.51. Let X and Y be tvs over K.

e A linear map from X to'Y is continuous if and only if it is continuous at the origin.

o Sums, scalar multiples and compositions of linear maps are again linear maps. In particular, L(X,Y)
is a vector space, and L(X,X) is an algebra.

o For every A€ L(X,Y), ker(A) is closed if and only if Y is a Hausdorff space.
Lemma 1.52. Let (X,K,7) be a tvs, and U be a basic neighbourhood of 0. Then the following holds:

)
e There is some U' € B(0) with U' + U’ C U.
o There is some U’ € B(0) with aU' C U for all o with || < 1.

e For each xg € X, there is some positive § such that xg € AU for all X € K with |\ > %.

Proof. We make repeated use of Definition 1.31 and Lemma 1.44, without mentioning it. The first claim
is shown like this: Addition is continuous at (0,0) € X x X, hence, for all U C B(0), there are U; € B(0)
and Us € B(0) with U; + Us C U. Now choose U’ = Uy N Us.

We come to the penultimate claim. The multiplication by scalars is continuous at (0,0) € K x X. Hence
there is some W € B(0) and some & > 0 such that ax C U for all @ € K with |a| < ¢ and all z € W. Now
choose U’ = SW.

Concerning the last claim: the multiplication by scalars is continuous at (0,z9) € K x X. As a special
case, for each U € B(0) some positive 0 exists such that for all & € K with |a| < J, we have azg € U. It
suffices to substitute A = é O

We say that all U € B(0) are absorbent sets, by which we mean that if you blow up U sufficiently (multiply
it by growing A) then you eventually arrive at any xg € X and afterwards never lose it when A keeps
growing.

Definition 1.53 (Bounded subset of a tvs). A subset A of a tus X is called bounded if for each
neighbourhood U of the origin, there is a positive A\g with A C AU for each A > \g.

Intuitively, this means that the set A will be swallowed by each neighbourhood of the origin if you pump
up the neighbourhood big enough.
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1.2.2 Seminorms

Sometimes we prefer to work with seminorms on a tvs instead of neighbourhoods of the origin because
seminorms allow for easier calculations.

Definition 1.54 (Minkowski—functional). Let (X,K, ) be a tvs and U € B(0) be a basic neighbourhood
of the origin. Define a function py: X — R>q by

pu(z) :=inf{\A>0:z € \U},
called Minkowski—functional of U.

Definition 1.55. A set M in a vector space (X,K) is called absolutely convex if
vyeM, |a[+|Bl <1 imply ox+ By € M.

Proposition 1.56. If U € B(0) is an absolutely convex basic neighbourhood of the origin, then py is a
seminorm on X, which means

pu(r) >0 Vre X,
pu(Ax) = |Apu(z), Vee X, Vek,
pu(z+y) <pu(z)+puly), VryeX.

Proof. Nice exercise. 0

Remark 1.57. Now we have a method of constructing a collection of seminorms from a base of convex
neighbourhoods of the origin:

o Let B.(0) be a neighbourhood base of the origin, consisting of absorbent convex sets.

e Then (by Lemma 1.52) there is also a neighbourhood base B,.(0) consisting of absolutely convex
absorbent neighbourhoods of the origin (and B,.(0) generates the same topology as B.(0)).

e Fach U € B,.(0) gives rise to a seminorm py on X. This seminorm py is the Minkowski functional
associated to U.

e The topology of X has the Hausdorff property if (for each 0 # x € X ) some py (with U depending
on x) exists with py(x) # 0.

This procedure can be reversed:

Proposition 1.58 (Building a TVS from a Seminorm Family). Let X be a vector space over K,
and let {p;: 1 € I} be a family of seminorms on X. To each i € I and each € > 0, we define

Ui ={zeX: p(z)<e},

and then we put, for every finite subset J of I,

UJ75 = ﬂ Uj75.

JjeJ
o Then
B(0) :={Uje: €>0, J finite subset of I}, B(a) :=B(0) +a
form a neighbourhood base of a topology on X.

o If X had already a topology before, and the seminorms p; have been constructed by the procedure
in Remark 1.57, then the topology constructed from these seminorms is equivalent to the original
topology.

e The topology has the Hausdorff property if for each x € X some i € I exists with p;(z) > 0.
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o A set A C X is bounded if and only if

Viel: 3C;>0: VYreA: pix)<C;.

o A sequence (x1,Z2,...) C X converges to a limit z* € X if and only if

Viel: lim p;(z, —z%) =0.
—

m—0o0

Such a vector space X, equipped with this topology, is called locally convex (topological vector) space.

Proposition 1.59. Let X and Y be locally convex topological vector spaces, with {p;: i € I} being the
collection of seminorms on X. A linear map f of X into Y is continuous if for each seminorm q on'Y,
there is a finite set I' C I and a constant Cy such that

VoeX:  q(f(x) <Cp Y pila).

iel’

The situation becomes nicer if the index set I is countable (WLOG I = N, ), in which case we can define
a function d: X x X — R like this:

oo

Ay ey =Y ga L= T) L x

= 1+pi(e—xo)

We quickly show that d has all the properties of a metric. We say that the tvs X is metrisable.

If we now suppose additionally that X is a complete space (which means that each metric Cauchy sequence
has a limit in X), then X is called a Fréchet  space.” The advantage is now that continuity is again
equivalent to sequential continuity, density equivalent to sequential density, compactness (defined by
coverings using open sets) equivalent to sequential compactness.

Lemma 1.60. Let X be a Fréchet space, and let Y be any locally convex tvs. Then a linear map f: X — Y is continuous
if and only if it is sequentially continuous.

Proof. We need to show that f is continuous at the origin (see Proposition 1.51). Suppose that f were not continuous at
the origin. Then there is a neighbourhood V of 0 € Y with f~!(V) not containing any neighbourhood of 0 € X. But
the topology of X can also be generated by a metric d, hence for every e > 0, the e-ball {x € X: d(0,z) < €} is not fully
contained in f~1(V). This means that for any € > 0, there is some zc € X with d(0,zc) < € but f(xc) € V. This contradicts
the sequential continuity of f. O

We need to work with quotient spaces, too:

Definition 1.61 (Topology of a quotient space of a TVS). Let X be a tvs and Y C X be a sub-vector space. On
X, we define an equivalence relation ~ as x1 ~ x2 if and only if x1 — x2 € Y. The quotient space X/Y comprises all the
equivalence classes, and the canonical projection m: X — X/Y maps each element x to its equivalence class [x] =: wx.

We say that a set A C X/Y is open if n—1(A) is open in X.
Then X/Y actually is again a tvs.
Lemma 1.62. Let X be a tvs, and Y be a sub-vector space of X.

o The quotient space X/Y is a Hausdorff space if and only if Y is a closed subspace of X.

e Let X be a normed space and'Y is a closed sub-vector space of X. Then X/Y is actually a normed space with norm

T = inf ||z — .
I ”X/Y er” yllx

Proof.

e The quotient space X/Y is a Hausdorff space

<= if and only if the set {[0]} that contains only the zero vector [0] of X/Y is a closed subset of X/Y,
<= if and only if the complement C := (X/Y) \ {[0]} is an open subset of X/Y,

<= if and only if the pre-image 7~ 1(C) is an open subset of X.

Now it suffices to recognise that w~1(C) is the complement of Y in X.

2MAURICE RENE FRECHET, 1878-1973
3The actual definition of Fréchet spaces includes the invariance: d(z1 + y,x2 +y) = d(z1, z2), which obviously holds.
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e By direct calculation, one checks that [[(wz1) + (m22)llx,y < l721llx)y + ll722llx/y and ||A- (72)llx,y =
[Al Iz x /v, and also [|mz|lx,y = 0 if and only if € Y. Therefore, the expression 7z — ||z x,y actually is
a norm. It remains to have a look at Example 1.47 to verify that this quotient norm actually generates the correct
topology.

O

Example 1.63. Let X = KM (for some M € N) be a vector space of column vectors, equipped with the
natural norm topology. Then the vector space of linear maps from X into K is isomorphic to the vector
space of row vectors with M entries, and these maps (from X to K) are automatically continuous. We
write X' for the set of linear and continuous maps from KM into K. Its elements are written as x', rows
with M entries. A dash () on a vector informs us that it is a row.

Neat consider Y = K~ for some N € N. Then every linear and continuous map A: X — Y is being
generated by a matrizv A € KN*M in the sense of y = Ax = A - as a product of matriz times column
vector. We are being pedantic on purpose and insist on distinguishing Ax (which is the map A applied to
the vector x) from A-x (which is the matriz-times-vector product of A and x). Applyingy’ € Y toy €Y
gives a number y' -y € K.

Moreover, the transposed matriz AT then maps from'Y to X, in the sense of x = A" -y. If you transpose
this equation, you get v7 = (AT -y)T =y T - A. Now we can write (with v’ € X' defined as x' :=vy' - A)

y -y =y (A=W -A)-x=2a - x
ey’ ey ex’ eX

and this could be abbreviated as
y - (Az) = (A%Y) - z.
We may say that AT belongs to a map At:Y' — X'.

We lift the ideas from this example to a more abstract level.

Definition 1.64 (Topological dual space). Let X be a locally convex tvs over the field K. The set
of all linear and continuous maps from X into K is denoted by X', and it is called the topological dual
space?.
Each x € X generates a seminorm p, on X' via

T pe(T):=[(T|2)yiyx|, TeX.
The topology of X', generated by these seminorms, is called the weak—*—topology.

We make no attempt at describing a neighbourhood base for the weak—+—topology, because seminorms
are so much nicer.

Definition 1.65 (Transposed operator). Let X and Y be locally convex spaces, and let A: X =Y be
linear and continuous. Then A generates a linear operator At: Y’ — X' via

(Aty |CL‘>X/XX = | AZ)yr vy y ey, zeX,
which we call transposed operator.
Proposition 1.66. With the above notations, At is continuous.
Proof. We start from Proposition 1.59. For each seminorm p of X/, we need a finite collection of seminorms
qi,---,qr of Y and a constant C, such that

k
vy €Y' p(Aly) <CY ()

j=1
Only those p are interesting that are generated by an x € X via

pa’) = (2" @) yiix], V2 €X,

4We quickly check that X’ is an algebraic vector space over the field K
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hence we have
PAY) = [(AY | @) x| = 18 1 AD)y sy | = 0¥,
where ¢ is a seminorm on Y’ that is being generated by Az € Y.

You may ask “what are these transposed operators good for”, and a part of the answer can be given when
we look at matrices A € KVN*M that map from K into K. It is easy to check that ker(A) L img(AT)

and also ker(AT) L img(A). If you utilise the dimension formula for sub-vector spaces and the rank-nullity
theorem®, then you can show that

KM = ker(A) @ img(A"), K" = ker(A") @ img(A),

as orthogonal direct sum of sub-vector spaces. A conclusion then is: A generates a surjective map if and
only if AT generates an injective map. We think that this is a nice result.

The next proposition is an attempt at generalising this principle.

Proposition 1.67. Let X and Y be locally convex topological vector spaces with the Hausdorff property.
If the operator A: X — Y is continuous and has dense range, then At is injective.

Conversely: if A: X =Y is continuous and At is injective, then A has dense range.

Proof. Suppose that img(A) is a dense subset of Y, which means img(A) = Y. We wish to show that Ay’ = 0 implies
y' = 0. Let Aty’ =0 € X', which means

veeX: (Aly'| $>X’><X =0, hence (y'| ./{ac>y/xy =0.
Hence img(A) is contained in the pre-image (y’)~1({0}). But the one-member set {0} is a closed subset of K, and 3’
is continuous, and therefore (y')~1({0}) is a closed subset of Y. Finally we observe

Y 5 (y)7H({0}) D img(A) =Y,

with the implication (y')~1({0}) =Y, or 3/ =0 € Y. For the second D, we have used that the closure img(A) is the
intersection of all closed sets that contain img(A), and (y’)~1({0}) is one of them.

Conversely, let A’ be injective, and suppose img(A) to not be dense in Y. We will now construct some non-zero y’ € Y’
with Aty’ = 0, which will contradict the injectivity of Af. There is some yo € Y with yo & img(A).

We build the quotient space Z = Y/img(A), and we let w: Y — Z be its canonical projection. Define zg := 7yg. Then
zo # 0 because yo ¢ img(A). By Lemma 1.62, Z is a Hausdorff space (in particular a normed space, and ||zo| , # 0).

5Dimensionsformel fiir lineare Abbildungen
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Now we apply the Hahn-Banach theorem® with Zy = span(zo), p(2) := %, and A: Zg — K is given by A(tzg) = ¢

for t € K. Then the Hahn-Banach theorem gives us some linear map A: Z — K with A(tz9) =t for all ¢ € C and
|A(2)| < p(z) on Z. In particular, A is continuous as a map from Z to K, hence A is an element of Z’. Put 2’ := A.

Then this 2’ € Z’ enjoys (2 | 20) 5/ 5 # 0. We define the desired 3’ as y’ := 2’ o w, and we observe
W 1Y0)yrxy = (Fom[90)yryy = (Z' [ 790) 51 5 # 0.
This proves y’ # 0 € Y’. On the other hand, for all z € X we have
(Aty" | I>X’><X = |Ax>y,xy ={om| AT) 1y = (| TAT) 5 = (2| 0>Z’><Z =0=(0|z)xryx»

and therefore A'y’ = 0 as identity in X', contradicting the injectivity of A*.
|

Proposition 1.68. We keep the assumptions of the previous proposition. If A: X — Y is a topological
isomorphism (which means that A: X — 'Y is bijective, and A, A~' are both continuous), then also At is
a topological isomorphism, and we have (A')~! = (A~1)%.

Proof. The proof is split into several steps.

(A™1)! exists and is continuous: Since A~! is continuous, there is a continuous transposed operator
(A=Yt X' — Y defined by

—1 -1
<(‘A )tl’l ‘ y>y/><y = <xl | A y>X’><X'
At is injective: this holds since A is surjective, hence its range is dense in Y, and then Proposition 1.67
yields the injectivity of A®.

At is surjective: to show this, let us be given 2’ € X’, and we wish to find ¢/ € Y’ with Aly’ = /. We
claim that 3’ := (A~1)%2’ does the trick: For all z € X we then have

(Aty" | x>X,XX = | AZ)y/y = <(A71)tx' | Ax>y,xy = (a' | A71AI>X,XX
= <CL'/ | x>X’><X’
and this means Aly’ =
(A7t = (A™1)": we need to check that (A~1)!A" = idys and A'(A~!)" = idx-. To this end, we calculate

W Wyiey =W 1TAAT Y,y =AY 1A Y) o = (AT AY 1Y)y y

(@ [2)xrox = (@ [AT D) o = (A7) [ A)y, = (ATATD S [2) 5 s

from which both identities follow.
O

The identity (A?)~! = (A~1)! can be visualised as a commutative diagram, which tells us that it does not
matter which path you take from the top-left corner to the bottom-right corner:

transposition
RO,

_ 1| transposition (.At)il
A — (‘Afl)t
6 The Hahn-Banach theorem is one of the holiest theorems of Functional Analysis, compare 36.1 in [3]. Its statement

is this: Let Z be a vector space over K, p be a seminorm on Z, and Zy be a sub-vector space of Z. Suppose a linear map
A: Zo — K satisfies |A\(2)| < p(z) for all z € Zy. Then there is some linear map A: Z — K which coincides with A on Zj,
and |A(z)] < p(z) for all z € Z.



Chapter 2

The Fourier Transform

This chapter is following [5]. Another nice presentation can be found in [10], and a further approach
(which is quite nice from the functional analytic aspect) is in [7]. Compare also [3] and [9].

2.1 The Fourier Transform Applied to Functions

2.1.1 The Schwartz Function Space $(R")

Definition 2.1 (Schwartz function space §(R")). The SCHWARTZz' space S(R") consists of all those
functions f € C(R™) with

pi(f) = Z sup }zﬁaﬁf(m” < 00, Vk € Nop. (2.1)
laf+181<k “EX"

Here we have set, for a, f € Nj,

a1 oo o
ol =g B o 80":8 4 4
! 2 v v Oz 0x? oxn™

We equip the vector space S(R™) with the locally convex topology that comes from this countable collection
of seminorms py, and then S(R™) turns into a Fréchet space.

These Schwartz functions are infinitely smooth, they decay at infinity faster than all powers of |z|~!, and
all their derivatives decay at infinity faster than all powers of |z| ™!, too.

Lemma 2.2 (Convergence in §(R")). A sequence (p1,¢2,...) C 8(R™) converges to ¢ € 8 in the
topology of 8(R™) if im0 pr(pj; — ) =0 for all k. We write this convergence as

S
Pj P
]*)OO

This means (at least) that the sequence (1, p2,...) converges to ¢ uniformly, and all the sequences of
derivatives enjoy uniform convergence, too. The convergence in the topology of 8 is exceptionally powerful.
It will turn out to be helpful to introduce some notations:
1 dé
D := -V, d¢ .= ——.
i ¢ (2m)»
Definition 2.3 (Multiplication operator). For 5 € Njj, we define a multiplication operator Mg that
maps a function f: R" — C to a function Maf: R™ = C, defined as
(Mg f)(z) := 2’ f(z),  =eR"

I LAURENT SCHWARTZ, 1915-2002, inventor of the distributions (after Sobolev), Fields medallist 1950

21
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Lemma 2.4. The multiplication operator Mg and the differential operator D are continuous maps of
the Fréchet space 8(R™) into itself.

Definition 2.5 (Convolution in L!(R")). For functions f and g from L}(R™), we define their convolu-
tion fxg=(f*g)(x) as

(fxg)(x):= [ flz—y) g(y)dy.

Ry
Lemma 2.6 (Properties of the Convolution). If f, g € L}(R"), then also f * g € L}(R™), and
ILf *QHLl(Rn) < ||f||L1(R”) ||9||L1(Rn) :

Moreover, the convolution product is a bilinear and continuous map of S(R™) x §(R™) into S(R™).

Proof. The inequality is an exercise in applying Fubini’s theorem. Concerning the second claim, we
estimate pi(fxg). Differentiating under the integral sign with respect to z is allowed, hence fxg € C°(R"™),
and then we wish to understand

o] [ 102G =l ol dy
for |a| + |8] < k. Now we have

18]
8] < Ja# < (2 — gl + 1) < (L Jo =) - L+ [g) T = (14— g 1+ )
k ) k )
<q (z o y) S ).
i=0 j=0
and therefore (with certainly a new Cy in every line)

k

p(fe0) <Y Y s [ fla=yl9 s =) o) dy

|| <k i,j=0 TER

k
<Gy, >l (zsgﬂglzlic’??ﬂz)!) /R 1y ()| dy

|| <k ,j=0

<
< Cep2ar(f) - Prgnt1(9),

because of |z| <14 |z1|+ ...+ |2zn| and

1 dy
— — .1 n+l dy<C / — = .
[y / TP (L + lyI" ) u(y) dy < n<R$1+|y|n+1 D1 (1),

to be applied to the function u(y) = |y|*g(y). O
2.1.2 The Fourier Transform on §(R")
Definition 2.7 (Fourier® transform on $(R")). For f € $(R"), we define Ff = f as

EOEQ = [ TS dn, €ERY wgimmb b,
called the Fourier transform of f.

We quickly check that f € C*°(R") for f € §(R™).

2 JEAN BAPTISTE JOSEPH FOURIER, 1768-1830
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Lemma 2.8. If f € §(R™) and a € Nj, then

(F(DEF))(E) = €F(€) = (Ma(TF)(E), (2.2)
DEF(E) = (~1)aa f(@)(€) = (=1) /I F (Mo f)(E). (2.3)

Sketch of proof. The first identity follows from integration by parts, the second from differentiation with
respect to a parameter. O

The following commutative diagrams should be self-explanatory:

e [pey —>.(_Af‘;u| (-1 M,. f
4l 7| 7| d

M., F(D2f) D¢ —1)lelF (M,
T = M.(F)) = | )D?((?f)f)

Combining both equations reveals (observe the switched roles of o and )
(7" D2 ) )| = D¢ (677©)]

Proposition 2.9. The Fourier transform is a continuous map from S(Ry) into S(R) in the sense that
for each k there is a constant Cy with

pe(f) < Coprsnia(f),

for each f € 8. Moreover, the Fourier transform preserves the 8 convergence,
S ; S(RY) 4
fi——f = fi—1/

J]—0 J]—0

Proof. Fix some k and some «, 8 with |a| + |3] < k. Then

wwlentie] < ¥ |52 (sc)
¢ £ sk
= C}, sup Z ‘( waé()))(ﬁ)‘SC;c Z |27 D3 f(a HU(]R")
Iy |+18]<k [yI+151<k

< CePrans1(f),

where we have used once again that [lul|l; gn) < Cpnyi(u) for every u € S(R™), and also ||| <
o]l - .

Proposition 2.10. The Fourier transform has the following property for f and g from S(R™) and all
£ eR”:

(f *9)1&) = f(&) - 9(9).

Furthermore, we have for f, g € 8(R™) and all x € R™ the identity

[ éfen©dc= [ fa+niw . (24)

Ry

Proof. Note that f*g € S(R™) by Lemma 2.4, hence (f xg) exists, and the first statement is an insightful
exercise in using Fubini’s theorem. And finally we have

/ T f(©)g(e)de = [ ¢ ( / eiy'fﬂy)dy) g(€) e = ( / e“”)fg(&)df) f(y)dy
? ]Rg v RZ/ g

~ [ -0 dy= [ 5w+

n
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Again we have a commutative diagram:

(9] —— [fxg
7| 7|
;- - |(fxg)”
(f,9) | — — i

Corollary 2.11. From (2./) we immediately obtain

i fgdz = i fgdz,  f,g€8(R"), (2.5)

by setting x = 0 and renaming variables.

The next example prepares the inversion formula.

Example 2.12. Take f = f(z) = exp(—az?) on R, with Ra > 0. Then

8§f(f) = (95/ e_iw-ff(x) dz = / (_iw)e_iw'ff(x) e — _;Qia R e—iw.gazf(x) N
=50 | D) = = e (DO = 5 (0

and this ordinary differential equation (ODE) has the solution
A €2\ .
= —= 0
fo =ew (-5 ) 70
with an unknown constant f(O) =: I which can be found by

2 %) oo
12 = // exp(—a(z? + %)) dedy = / / exp(—ar?)r drdg = 27T/ R R
R ¢=0 Jr=0 r—0 a

The final answer is (with the square root defined in C using a cut along (—o0,0))

Nezt we take f = f(z) = exp(—a|z|?) on R™ with Ra > 0. Then
. » L e —a? va\" €2
f(& 2/ e @&t tanbn) £(1) dgp = / e ket 4t | = ( exp | —— |.
©=[, @ar=II /, Ve o

Proposition 2.13 (Inverse Fourier transform on 8(R"™)). The Fourier transform is an isomorphism
from §(RY) onto 8(RE), and the inverse Fourier transform is given by

o(x) = /Rn eTTEp(€) de, r€R" ¢ e 8§R). (2.6)
3

Proof. We wish to show that

e ela) = | ( [ eeeow) dy> de,

for all ¢ € 8§(R™) and all € R™. However, the integral on the RHS does not converge absolutely, so we
cannot swap the integrals.

Pick some ) € §(R™). Then we know already from (2.4) that

| eseon@c= [ o rnita

: Ry
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In this equation, we choose v as ¥(£) = exp(—¢&2[£|?), and then we have

. n/2 2
Ao

42

As next step, we substitute z := e~ 'y and find

J

i n/2 2
e p(€) exp(—e[¢]?) dé = /Rn Pz +y) o exp (_y|> dy

€ 4g2

— 71_n/2 7|Z|2
= plx+ez)exp | ——— | dz.
Rn 4

We send € to +0 and apply the Convergence theorem of Lebesgue, which yields

J

This was our goal. O

n
13

z 2 2
TEp(€) de = 12 p(x) / exp (|4|> dz = 7" (z) (4m)"? = (2m)" ().

; R

We have only shown that the Fourier transform is an isomorphism between algebraic vector spaces.
However, Proposition 2.9 enables us to quickly prove that the Fourier transform is also a topological
isomorphism (exercise).

We draw some conclusions:

Remark 2.14. For any Schwartz function w, we have

w(—z)(€) = /]R e Ew(—z) da :/ eV Ew(y) dy = w(—¢),

R
(Fw)(&) = (@m)" (T w) (=€),
(FFw)(x) = (2m)"F (T w)(=9)) (@) = (2m)"(FF ' w)(~z) = 2r)"w(~a).

n
Y

Now choose Schwartz functions f and g. Then Schwartz functions u and v exist with f =4 and g = v,
and we also have

F(&) = FFu)(€) = 2m)"u(=€),  §(&) = (FFv)(€) = (2m)"v(=E).

Then we conclude, from Proposition 2.10, that
T9(&) = (F(f9) (€) = (F(@0) ) (€) = (F(Fluxv)) ) (€) = (2m)" (u s v)(=¢)
= 0" [ u-¢=metdn=@n)" [ u(-€+ (-0 dc

]R:;’ RC

=) [ @n (=€~ 0)- r)"u(=0 g

= (@m)" | JE=0)-9(¢)d¢

= (F+9)©.

with * as the convolution operator in the E—world (note the dn instead of dn):

(fx9)(&) = [ f()-5(6 —m)n. (27)

n

We draw an intermediate summary: the difference between the Fourier transform F and the inverse
transform F~! are the exchange of exp(+iz - ) against exp(—iz - £), and an additional factor (27)~".
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2.1.3 The Fourier Transform on I*(R")

Proposition 2.15. The Fourier transform preserves the I? scalar product (up to a factor (2m)™) in the
sense of

Vf,g € 8(R"™): f@)g(z)de = | F(£)a(§)ds,

R Ry

Proof. We begin with

f©a@ ac = 2m [ j©i@de=n " [ fa)i)dr,

R7 R RP

from (2.5). Next we calculate

5€ = [ e de = (2n) 3L (5 ),

1

and therefore § = (2m)"g. O

This property yields the PARSEVAL® identity:

Ry </]R<

The space I?(R") is of great physical importance because it has a scalar product. The definition of F on
I?(R™) will be made possible by §(R™) being sequentially dense in I?(R"): for each f € I*(R"™), there is
a sequence (f1, fa,...) C 8(R™) with lim;_, || f; — fHB(R”) = 0. And because §(R") is a Fréchet space
(and I*(R™) is a metric space), we are happy because in this setting sequentially dense means the same
as topologically dense (the topological closure of the smaller set is the bigger set).

1z gy = ||

1/2
|f(£>|265> .V fe8R).

n
3

Definition 2.16 (Fourier transform on I[?(R")). For f € I*(R"), let (fi,fa,...) C 8(R") be a
sequence approximating f. Then we define

f(&) = Jim f5(8).

This limit is independent of the choice of the sequence (f1, f2,...). The convergence of the sequence
(f1, f2,...) in the norm of I? (Rg) follows from the Parseval formula.

2.2 The Fourier Transform Applied to Temperate Distributions

2.2.1 What are Distributions All About ?
We wish to define generalised functions (called temperate distributions) with the following properties:

e every “reasonable function” can be understood as a distribution, where “reasonable” could mean
measurability, absence of strong poles, and at most polynomial growth for |z| — oo;

e every temperate distribution can be differentiated as often as we want, and the result is again a
temperate distribution;

e we have a meaning of a temperate distribution being the limit of a sequence of temperate distribu-
tions;

e we have various operations that we can let act upon temperate distributions (adding them, multi-
plying them by numbers and by smooth functions, computing their Fourier transforms, determining
their convolutions);

3 MARC-ANTOINE PARSEVAL DES CHENES, 1755-1836
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e these operations are continuous in a sense of appropriately chosen topological vector spaces, and
they coincide with the previously defined operations if the temperate distributions coincide with
smooth functions of moderate growth.

Unfortunately, we have a price to pay: it will not be possible to define products of distributions. In that
sense, the distribution theory will always be a linear theory.

2.2.2 The Space §'(R") of Temperate Distributions

Definition 2.17 (Temperate distribution). A map T: §(R™) — C is called temperate distribution”
if T is linear and continuous. The set of all temperate distributions is called 8'(R™).

Example 2.18 (Regular distribution). A temperate distribution is provided by a function f = f(x)
with the property that

f(@) 1
= ————¢c L (R"
T2 T €L ®Y
for some N € N, which will generate a distribution Ty via

Ti(p) = o fe)px)de, ¢ eSR™).

Such a distribution Ty is called regular distribution.

’ Every function with moderate growth can be seen as a temperate distribution. ‘

Example 2.19 (Dirac’s Delta distribution®). Let 7o € R". We define a map T via T(p) =
(T [ @)grxs = @(20).

Finally we mention that a function with fast growth for |x| — oo can be a temperate distribution as well:
Lemma 2.20. The function f = f(x) = exp(x) - cos(exp(z)) = O, (sin(exp(z))) generates a distribution
Ty € 8'(RY) in the sense of

Ty | @)gixs = Jim win f(z)p(z) da.

Proof. This follows from

z=R

/ f(@)p(z) dz = sin(exp(a)) - ¢(z)
lz|<R

- / sin(exp(z)) - ' (x) da,
z|<R

r=—R

hence
(Tr | 0)gig =— /R1 sin(exp(z)) - ¢’ (z) dz.
O

The reason is that there are two types of integrals in R™ that have to be distinguished. One is the usual
Lebesgue integral as in the definition of L!(R™), the other is limg_,o0 f‘ . dz. These are not the

same, as can be seen from the function g(z) = # which is integrable in the second sense, but not in

the first (recall that if g were a member of I'(R™), then so would |g|).

z|<R "

4 Perhaps you will read sometimes the expression tempered distribution, even written by a native speaker of English.
Such authors have no taste.
5 PAUL ADRIEN MAURICE DIRAC, 1902-1984
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We lift our investigations to a more abstract level.
Definition 2.21 (Canonical map of §(R") into 8'(R")). We have a map® ¢: $(R") — §'(R") that
interprets a Schwartz function 1 as a temperate distribution v, defined as

] Phoxs 1= | vlep)de, Vo e SR,

From now on, we often write ¢ f instead of Ty. Both notations mean the same thing: the Schwartz function
f is being construed as a temperate distribution.

Lemma 2.22. This map ¢ is continuous and injective.

Proof. + is continuous: We appeal to Proposition 1.59. Let p, be any seminorm on 8'(R™). Then there
is some x € §(R™) with

px(w) = {0 | X)grnes| < /Rn Y (@)lIx(@)| dz < ([9]l e [Ixll2 = Xl 22 o (),
with po being the seminorm on §(R™) as defined in (2.1).

¢ is injective: Suppose ¢y = 0 € §', which means (¢ | ) = 0 for all ¢ € S(R™). Now choose ¢(x) =
¥(x), the complex conjugate. This gives ||¢||2L2 =0, hence ¢y = 0 € §(R™).

O
We have the following operators:
0%: 8(R™) — 8§(R™): continuous, by Lemma 2.4,
(0%)t: 8'(R™) — 8'(R™): defined in Definition 1.65. It is continuous, by Proposition 1.66

t: 8(R™) — 8'(R™) continuous and injective by Lemma 2.22, with img(¢) dense in 8’ (R™) (by Lemma 2.37)

2.2.3 An Operation in 8'(R"): Taking Derivatives

For sake of clarity, we begin with the pedestrian approach.

We observe: if ¢ € §(R™) and f € Cg°(R™) (which shall mean that the smooth function f and all its
derivatives are bounded on R™) then

[ @rane@ s = (-0 [ sz

R

which can be shown by repeated integration by parts. Using the concept of regular distributions, we write
this identity as

(Togs | 0)gs = (DINTy | 020) g5, Vo € S(RY).

Our goal is now to define a derivative 99T for every temperate distribution T' € 8'(R™). The requirement
is that in case T is a regular distribution (hence being generated by a smooth function f in the sense of
T = Tf), then

00Ty = Ta . (2.8)
Definition 2.23 (Derivative of a distribution). If T € §'(R™) and « € Ny then 09T is defined as
(02T | @)gins = (DI NT | 92¢)g 5, Ve € 8(R™).
Lemma 2.24. This 03T is a member of 8'(R™).

Proof. Exercise. O

6pronounced iota
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If we identify a function f € L' (R™) and its associated regular distribution Ty € 8'(R™), then we see that
each function f € L'(R™) will possess a derivative 9% f, which then usually will no longer be a function
from I}(R™), but a distribution.

Lemma 2.25. If T € §'(R™) and 1 < j,k < n then
0 0 9 0

dxy, dx;  Ox; Oxy,

Proof. Exercise. O

After the pedestrian approach, here comes the academic approach.
The identity (2.8) can be rewritten as

G;XOLéLO(?;X. (2.9)
Beware that we have abused notation here: on the LHS, the 9 operates on a distribution from 8', but
on the RHS, the operator 9% operates on a function from 8. It has been a physicist’s idea to use the same

notation for two different operations. Next we wish to understand how 9% (when applied to distributions)
relates to the transposed operator (9%)! (which is always being applied to distributions).

8% acting in 8’ _ (é:aooﬁgj)cfe o

Take some f € §(R™). Then we have, for all Schwartz functions ¢,

(02 (f) | @lgrws = (O f | ©)grns by (2.9)
_ / (025@) () dr Definition of ¢
— (—1)ll / @) (0e() do integration by parts
= (=Dl uf | 0%)g s definition of ¢
= (=IO ) | ¢)gr s Definition 1.65 of (9%)?,

and then the conclusion is
VT € img(1): 90T = (—1)ll(a2)tT.

What is this observation good for ? Well, (9%)* is continuous (by Proposition 1.66), and since we also wish
9% to be continuous as a map from the distribution space 8’ into itself, we have to define the distributional
derivative 9% as in Definition 2.23, since img(:) is dense in §'.

2.2.4 An Operation in §'(R"): Multiplying by Smooth Temperate Functions

Again, we present the pedestrian approach first.

Definition 2.26 (Multiplying T by a smooth function). Let T € 8'(R™) and a € C*°(R™) with the
property that a(x) and all its derivatives 0Sa(x) grow at most polynomially for |x| — oo. Then we define
al via

(@I Q)gixs = (T lap)gins, Vo e8R™).
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Lemma 2.27. This expression aT is indeed a member of 8'(R™).

Proof. Exercise. O
Lemma 2.28. If a = a(x) is as above, and T € 8'(R™), then

B da . OT
a2, D) = 5 T Hag,

as an identity in the space 8'(R™).
Proof. Exercise. O

And again, we also show the academic approach.

We have an operator M, that multiplies a function ¢ € $(R™) by a smooth function a = a(x) which
has the above mentioned properties. Then M, is a continuous map of § into itself. Definition 2.26 then
defines an operator M, on the distribution space 8', and it can be shown that this operator equals (M, )*
as defined in Definition 1.65.

2.2.5 An Operation in §'(R"): Taking Fourier Transforms

We bring (2.5) in the form
(To | ¥)sixs = (To | B) . Ve €S, Wes,
which inspires us to define the Fourier transform 7" for some T' € 8'(R") like this:
Definition 2.29 (Fourier transform in 8'). For T € 8'(R™), we define T' € 8'(R™) by the identity
(T1e),, = (T1@)sus: Vo EeSE®).
Lemma 2.30. This map
T T, 8§ =8,
is the transposed map (as defined in Definition 1.65) to the Fourier transform
F:p— @, S — 8.
Proof. This is immediate from
(FT Q)15 = (T | Fehsrns = (T | Dsrns = (T 19) -
valid for all ¢ € S(R™). O
Proposition 1.68 is waiting for an application, and here it goes:

Corollary 2.31. The Fourier transform map Ft: 8’ — 8' is continuous, and it is an isomorphism.

Example 2.32. What isd ?

(810}, =1 Pheas =90 = [ % pla)de = (1] @)grns-
Answer: the Fourier transform of Dirac’s delta is that function which is one everywhere.
Lemma 2.33. The following identities are valid for every T € §':

FHDT) = My (F'T),
F(M,T) = (~1)l*'D*(F'T),

with the multiplication operators M, as in Definition 2.3.
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Proof. The first identity is shown like this:

(FY(DT) | 90>8'x5 (DT | Fp)giys Definition 2.29
= (=)l | D*(Fp))g s Definition 2.23
(=) (1) T | F(Map)g s Lemma 2.5
= (F'T | Ma50>s'xs Definition 2.29
= (Mo(F'T) | ©)g, Definition 2.26.

And for the second identity, the reasoning is similar:
(T (M.T) | ‘P>5/xs = (MaT | Fp)gris = (T'| Ma(F@))grws = (T | F(D0))gr s
= (F'T | D), s = (1) (DUF'T) | 9, -
Now remember that ¢ € § can be chosen arbitrarily. O

The identities here are very similar to those of Lemma 2.8, the only difference is that F has become F¢,
and now it we have equations in 8 instead of 8§ before.

Example: Let T = 1. What is FT ¢
We calculate like this:

(51 D)5 = (L] s = [ #Ode = 2" [ %) a¢ = (2" (540)) (2 =)

g g
= (2m)"¢(0) = (21)" (0 | P)g/xs
and therefore F'1 = (27)"4.
Example: In R, what is Ft{z?} ?

Observe that x2 = M,21, hence the previous lemma yields

FH(M,21) = (—1)2D2(F'1) = +(—i0,)*(F'1) = —02((2m)'6) = —2m8”.

2.2.6 An Operation in §'(R"): Substituting the Variable

What is the reason why we have §(az) = 16(z) for € R and a > 0 ?
We recall that we have a sequence (f1, fa,...) C 8(R!) that approximates ¢ in the sense of

S/
Ty —— 4.
Ji j—o00

These functions f; satisfy f;(x) > 0 for all j and z, and

0 : 0, 0
]lggofj( T) = {—I—OO :ii()? Kmfj(x)dle.

The convergence property then means lim;_,o [*° f;(2)¢(z) dz = ¢(0), for all ¢ € S(R').

The calculation

| stapas= [ fee(2) 10005 = 201 D

j—oo
then motivates our approach.

Definition 2.34 (Substitution inside a distribution). Let A € R™*"™ be an invertible matriz, and
T € 8'(R™). Then we define

1 _
(T'(Ax) | 90(55)>51(R;)x5(R;) = 7‘ det A <T(x) | (A 1x)>5/(R;)><S(R;)'
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Example 2.35. If the matriz A describes a scaling by the factor X\, then

1 x
T(\ s = 1 (T ). .-
0w | 2@)srs = 13 (7@ 19 (5)),
Example 2.36. If A describes a rotation or reflection, then A is an orthogonal matriz, hence

(T(Az) | p(2))g/ s = (T(2) | ‘P(AT‘T»S'xs'

2.2.7 Surprising Properties of Distributions

Why are mathematical distributions called distributions, by the way ? In common language, to distribute
something means to dispense it, to scatter it, to disseminate it. If you have 17 units of some stuff, and
you scatter it somehow, then you can describe the density of that stuff by an I!(R?) function f = f(z)
with f(z) > 0 for obvious reasons, and [p; f(z) dz = 17. On the other hand, if you decide to concentrate
all 17 units of that stuff at the point called x(, then you describe this situation by the mathematical term
176(x — x0).

Mathematical distributions have been invented to generalise both situations. In particular, each I! func-
tion can be construed as a distribution.

It comes as a surprise that although functions f € L!}(R") usually do not possess derivatives in the usual
sense of limits of quotients of differences, they do in the distributional sense: to each f € I}(R"), there is
a regular distribution Ty € 8'(R™), and this distribution always possesses any derivative 03T, although
f does not.

Another surprise: 9, is a continuous operator from 8’ into 8’. This means that if a sequence (f1, fo,...)
of functions converges in the topology of 8 to some limit f, then also the sequence of derivatives
(f1, f5, f,...) has the limit f’ in the sense of 8’. Why is that surprising ?

Well, take f;(z) = 2 sin(jz) for z € R'. Then we have

g

uniformly

f](gj) 07

Jj—o0

which has the immediate consequence

fi S®), 0, and therefore fi S®), 0,
Jj—o0 J Jj—oo

but this sequence f;}(x) is obviously the sequence
cos(x), cos(2x), cos(3z), cos(4x), . ..

and the claim means that this sequence of ever faster oscillating cosine functions converges to the zero
function.

It gets even more mysterious when we choose the function g;(z) = % sin(j2x), which again converges (even

uniformly) to the zero function. But their derivatives are g’ (x) = 4% cos(jz), and now even the amplitude
explodes for 7 — oo, but the sequence g;- still approaches the zero function.

The advantage of the concept of distributions is that sequences that converge in 8’ can be differentiated
as often as we wish. The disadvantage is that sometimes we do not properly visualise what this limit
actually means.

2.2.8 Duality Magic

The purpose of this part is to show that the natural embedding of §(R™) into 8'(R™) has a dense image,
by means of excessive use of duality arguments.

We recall the map ¢: S(R™) — 8'(R™) that interprets a Schwartz function 1 as a distribution 1:

0] Phos 1= | V)p)de, Vo e SR
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Proposition 2.37. This map ¢ has dense range: img(t) is a dense subset of 8'(R™).
The proof is done in four steps.

Step 1 (already done): We have shown in Lemma 2.22 that ¢ is continuous and injective. Due to this
injectivity, the map ¢ turns into an embedding 8 < 8’. And because ¢ is continuous, the transposed
map

o8 =8
is continuous as well.
Step 2 (open): 8” =8, up to an algebraic isomorphism
Step 3 (open): (! is injective

Step 4: Conclusion of the proof: By Proposition 1.67, the operator ¢ then has dense range. This
means that the embedding 8§ — 8’ is dense, which is what we wanted to show.

Lemma 2.38. There is an algebraic isomorphism J: 8 — 8" that is continuous.

We note that J~! cannot be continuous, because § and 8" have different topologies (only one of them is
metrisable).

Proof. We define a map J: 8§ — 8" as

<J’L/) | T>S”><S’ = <T | 1/)>8’><3a VT e 8/7

and obviously J is linear.

J is injective: if J¢ = 0 € 8" for some 1 € 8§, then we obtain, for all T € §/,
0=1(0|T)gnyg = (JV [ T)gnys = (T [ )grys-
Now it suffices to choose T = 13 to deduce that ||| ;2 = 0.
J is continuous: according to Definition 1.64 | the seminorms on 8" are given via all T € §:
pr: f=pr(f) = [(F | Dgiys|,  Vfe8"

Choose some T' € 8'. Then

pr(Jv) = [(JY | T)giys

= (T | ¥)gr 5| < Crom(¥),

with p,, from (2.1) because T is a continuous map from 8 into C. Now apply Proposition 1.59 to
deduce that J is indeed continuous as a map from 8 to 8.

J is surjective: we will prove that

Vie8" Fre8: (fIT)giygg =(T|Vf)gys, VI E€S. (2.10)
Let us be given f € 8. Because f is continuous as a map from 8’ into C, Proposition 1.59 gives us
finitely many seminorms py,, Py, - - -5 Pp 00 8’ with

(F I Tsiws| € C 0y (T) + Py (T) + - + D (T))

with C depending only on f, hence

[ 1 T)soxs:

K
SCZ‘<T|¢J->S,XS . VTres. (2.11)

Jj=1
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We may assume that the functions ¢q, ..., @i are linearly independent, otherwise we will drop
some of them and increase C' if needed. By a Gram—Schmidt argument, there are functions 1, 19,
.., Y € & with

Span(@la ) <)OI() = Span(wla s 7¢K) and Q/TJW dz = (;jéa
Rﬂ,

hence <L’(/T] | 1/)g>5, s = 0jo. We can express each ¢; as a linear combination of the i, and then (2.11)
turns into

VT €8, (2.12)

K
<OY [T 1 s)gr )

=1

[(F I T)srus

with a new value of C'. Remember that C' does not depend on T

For each T € 8, we build Ty := T — Zszl (T | %)) g/ 45 t¥j. Now (2.12) must also hold with Tp
instead of T

K
<O (To | ey -

l=1

(| To)gnys

Now what is (T | 1¢) 7 We calculate
K

<T0 | ¢A€>S’><S - T | 1/}6 8'x8 Z T | wj 8'%x8 <M/Jj | wl>5/><5 <T ‘ ’(/}Z>S’><S <T | ¢€>s/xs = 07
j=1

which enforces (f | To)g.y g = 0. But then we conclude that

K K
<f | T>S”><S’ = <f | T0>S”><S’ + <f | Z <T | wj>s'><5 ”/}J> Z T | d]j 8% 8 f | ij>5//><5/
8" x 8’

J=1 Jj=1

K
< |Z f|“pj 5//X5/¢J> 1)
j=1

8'x8
which suggests the choice ¢y := Zf:l (f | t05) g s ¥5- Now look at (2.10).
Hence we have shown J to be linear, bijective, and continuous. O

Now that we know how the elements of 8 look like, we have much better prospects of showing that +* is
injective:

Lemma 2.39. The transposed map 1': 8" — 8’ is injective.

Proof. Assume ('f =0 € 8 for some f € 8”. Since J is surjective, there is some ¢y € 8§ with f = Jyy.
Then we can calculate as follows, for each ¢ € 8:

0={0]9)sixs = ('f | ) s = {f | 0)sius = (J¥r | 0)gyss
We choose ¢ = 1/Tf and see
0= (T | 5750 = (087 | 0505 = [ s

which implies ¢y = 0, hence f =0 € §”. O



Chapter 3

Applications of the Fourier
Transform

3.1 Signal Theory

Suppose f = f(t) describes an acustic signal, with ¢ € R as time variable. Then the Fourier transform
f = f(7) describes the strength of the frequency 7 € R in the signal.

Similarly in a two-dimensional setting: consider a function u = u(z,y) that describes an image. Then the
Fourier transform can be used (with a lot of work not mentioned here) to detect properties of the image
such as edges.

3.2 Statistics

The Fourier transform is often used for times series analysis and for the statistics of stochastic processes.

3.3 Partial Differential Equations

Suppose we wish to solve

0? 0? o2
a—ﬁu(zl,xg) — &Clamgu(xl’ x9) + 138—$%u(x1, x9) —u(z1, x2) = f(21,22), (z1,22) € R?,

for u, where f € 8§(R?) is given. You apply the Fourier transform and find

(-8+206-13¢ -1)i6.&) = fG.&), V(&) R

The big bracket on the LHS is never zero, hence you can divide,

-1 .
5% — 25152 + 135% + 1f(§17€2)7

’&(glv §2) =

and then you can write down a formula for u(zq, z2):

-1 .

! F(€r, ) de.

_ i(z161+x262)
u(zy, zo) = e
(1,22) (2m)? ~/£eR2 £ — 2616 + 1367 +1

It is a lot of work (left to future courses) to draw conclusions from this formula, and in particular to handle
also the important case when the denominator can become zero. What we can say already is this: for
each f € §(R?), there is a unique solution u, and it belongs to §(R?) as well, and it depends continuously
on f, measured in the topology of the Schwartz space.
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As a final example, we wish to solve

Owu(t,z) — 19 A u(t,z) =0, (t,x) € [0,00) x R",
’U,(O,:L‘) - UO(‘T)7 r € R",

where ug € 8(R"™) is given and u is wanted. Fourier transform with respect to z implies

Oti(t, &) +19|¢2a(t, ) =0, (&) € [0,00) x R™,
a(0,6) =up(€), £ R,

which has the solution 4(t, ) = exp(—19|¢|?t)up(€), and now the inverse Fourier transform can be applied,
where Proposition 2.10 comes in handy. Compare also Example 2.12. The details are left to the readers.
You will obtain an explicit formula for the solution u that is valid not only for ug € §(R™), but for locally
integrable functions ug with at most polynomial growth as well.
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