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Chapter 1

Preliminaries in Real and
Functional Analysis

1.1 Lebesgue Integrable functions.

Let (X, 1) a measure space, p being a o-finite positive measure defined on a
o-algebra. Most of the time,X = R with du = dm, the Lebesgue measure
(more generally a locally compact topological space, o-compact, and du a
Borel measure on X). Also it is to keep in mind the discrete setting, X = Z4
with counting measure, and the periodic setting X = R4/Z94. Through the
map

(xh Za, ... 733d) S (627”'11’ 62m’m2’ ) 627ri:pd)
we identify R9/Z9 with T9, the d-dimensional torus, where T = {z € C :
|z| =1}

Using approximation by simple functions (linear combinations of indi-
cator functions of measurable sets), every measurable function defined on
X taking values in [0,+oo| has a well defined integral [ [ du, finite or
+o0o. For p > 0, the space LP(X) consists of the measurable complex-valued
functions such that

ey 3

1l = ( /X @) dm(z))¥ < +oo.

It is thus a question of the size | f|. Functions in L'(X) are called integrable.
Functions in LP are finite a.e. We identify functions which are equal a.e.

The space L>°(X) consists of complex-valued functions which are bounded

a.e., || f|loo being the least essential supnorm.

When X is a topological space, L} (X) consists of functions whose re-

strictions to compact sets Y belong to LP(Y).



1.2 Convergence theorems.

Monotone convergence theorem: if f,, are positive and a.e. non-decreasing,
and f(x) = lim, fu(z) < +o0, then [y fdu =lim, [ fudp. For general se-
quences, [y liminf f,dp < liminf [, f,du. Asa consequence, [y (3, gn)dp =
> Jx gndp for arbitrary positive functions.

Dominated convergence theorem: if f(x) = lim,, f,(z) a.e. z, |fn(z)| < g(x)
a.e. x with [ gdu < +oo0, then f is integrable and [ fdu = lim,, [y fndp.
As a consequence, if Y7 [y [gn|du < 400, the series Y, gn(x) absolutely
converges a.e. and [ (3", gn(x))dp =", [y gndp.

1.3 Fubini’s theorem

If (X, u), (Y,v) are measure spaces there is a natural estructure of measure
space in X x Y with the product measure p x v. In case X = R4, Y = R™,
of course the product measure of Lebesgue measures is Lebesgue measure.

Fubini’s theorem has two parts: a) for a positive measurable function,
the double integral f fXXY f(x y)du( )dv(y) and the two iterated integrals
Jx Sy [z y)dv(y z), [y( fX x,y)du(z))dv(y) are equal, finite or not.

b) If f(z,y) is mtegrable in X x Y, then both iterated integrals make sense

and are finite ( meaning that for a.e. x, f(z,y) is integrable in Y and the
function so defined a.e. in X is integrable in X, and the other way around)
and equal to the double integral.

Normally we use both parts in the following form: if one of the two
iterated integrals of |f(x,y)| is finite, then all three integrals are finite and
equal. In particular the iterated integrals are a.e. absolutely convergent.

1.4 Holder’s and Minkowski’s inequalities

Holder’s inequality reads as follows: If 1 < p,q,r < +o00,+ + 1 = %, and
feLP,ge L% then fg € L" and ||fg|l, < [|flpllgllg- For p = ¢ = 2 this is
known as Cauchy-Schwartz inequality.

Recall that this depends on Young’s inequality and that there is a version

i i ; gL Ly oy 11
with n indexes, i.e., if wtot ot =0 then

1Sz falle < A f1llps - [ fnllpn-

In the opposite direction, if f is measurable and

sup{ / Fald: lglly <1} < +oo,
X

p’ being the conjugate exponent of p, % + 1% =1, then f € L? and



1f]lp = sup{

/ fgdu] gl < 13-
X

We call this the reverse Hlder inequality. In many occasions we already
know that f € LP and use this to estimate its norm.

From Holder’s one obtains the classical Minkowski or triangle inequality:
1 +gllp < £l + llgllp, 1 < p < 09, 0 [ is & norm if p > 1. For p < 1,
since |a + b|P < |a[P + |b|P, the quantity || - ||} is subadditive:

1D falls < DN allE.

Of course this goes over to finite sums and to infinite sums as well, in the
form of the so-called continuous Minkowski inequality: if we have an infinite
sum of functions, say

Gly) = /X F(e,y)dp(z), G = /X Fudp(z),|G] < /X \Fldu(a),

then

Il < /X 1B, lpdia(z), 1 < p

that is

(] (e ) < [ ([ ) s

One can prove this by approximating integrals by finite sums. An al-
ternative proof is as follows. For p = 1 it is just Fubini’s theorem and for
p = +o0 is trivial. To prove it for 1 < p < 400 we may assume that F' > 0.
We have, using Fubini and Holder

/G Vdu(y /G LG () Ay /G 1 / P, y)dpu(z))dv(y) =

_ / ( / F(z,y)G(y)P du(y))dp(z) <
X JY

—( /Y G (y)Pdv(y))? /X ( /Y F(w,y)Pdv(y))b du(z).



The same is true replacing the L'- norm in z above by an L"-norm with
1<r<p:

(/Y </X ‘F(ﬂc,y)‘rdu(x))fdu(y)); < (/x (/Y ‘F(%y)!pdv(y));du(m))

In fact this follows from the above applied to |F|" with p replaced by £.

1.5 The LP(X) spaces as Banach spaces

The LP(X)-spaces, 1 < p < 400 equipped with the LP norm are complete
spaces, meaning that every Cauchy sequence, i.e. ||f, — fm| — 0 as n,m —
+00, is convergent to some f € LP(X), that is || f, — f|| = 0 as n — +o0.
If p < 400, convergence of f,, to f in LP implies pointwise a.e. convergence
of a partial subsequence; if p = +00, we have of course uniform convergence
a.e. For p =2, LP(X) is a Hilbert space with the scalar product defined by

(f.9) = /X F(@)g(@)du(a).

If X is an open set U in RY, the space C,(U) of continuous compactly
supported functions is dense in LP(U),1 < p < 400, meaning that an
arbitrary f € LP(U) can be approximated by a sequence g, € C.(U) :
|f — gnllp = 0 as n — +oo0. In case p = +oo the space in which C.(U)
is dense is the space Cp(U) of continuous functions vanishing at infinity,
meaning that for each € there is a compact set in U out of which |f| < e.
In the periodic setting C'(T™) is dense in the LP(T™) for 1 < p < 400 and
is already complete with the sup-norm.

Recall that the linear maps T : E — F between linear spaces that are
continuous are the bounded ones, that is, those for which ||T'(f)||r < C| fll&
for some constant C' > 0, the infimum of such C' being the norm of T'. The
density of a subspace G of E is useful to define linear continuous maps
T : E — F between Banach spaces; namely every linear continuous maps
T : G — F extends uniquely to E. This is so because T' maps Cauchy
sequences to Cauchy sequences, hence if f is approximated by g, € G, T'f
can be defined by the limit of the Cauchy sequence T'(gy,).

We define the translation operator 7,,2 € RY acting on functions f
defined on RY by (7.f)(y) = f(y — x). Obviously 7. f|l, = || f|l,- For fixed
f e LP(RY),1 < p < +oo, the map  — 7,f is continuous. It is enough
proving continuity at zero. This is clear for g € C.(RY) because 7,9 — g
uniformly as x — 0; since the 7,9 have a common compact support, one
has then ||7,9 — g||, — 0 as well. Once we have established this for ¢ in the
dense space C.(RY) the general case follows through

I f — fIl <N 7ef — T2gll + 729 — gl + lg — fIl = 2|lf — gl + |7=9 — gl

3=



In the periodic situation, translation becomes rotation, of course.

The reverse Hlder inequality can be used to prove that the dual space
of LP(X),1 < p < 400 is LP (X), meaning that the general form of a
continuous linear form w : LP(X) — C is of the form

fH/ng,
f

for some g € LP (X).

1.6 Riesz representation theorems

There are several versions of the Riesz representation theorem, the contents
of each of them being the identification of the dual of some space of contin-
uous functions.

Let X be a locally compact topological space which is o-compact, such
as R4 or an open set. A Radon measure ju on X is a positive Borel measure
on X which is locally finite and both inner and outer regular. Exactly as
with Lebesgue measure, C.(X) is dense in LP(X, u) for 1 < p < 400, while
its completion with the sup-norm is the space Cp(X) of continuous functions
vanishing at infinity.

The most simple example of Radon measure is the one having mass one
at x and zero elsewhere.

/X fdo, = f(x).

If i is a Radon measure on X then

MﬂzLﬂm

is a linear functional on C.(X) which is positive, that is L(f) > 0 for f > 0.
Conversely, the first Riesz representation states that every positive linear
functional is of this type; more precisely, given L there is a unique Radon
measure such that L is given as above.

A first consequence of this result is the description of the dual of C.(X)
equipped with the sup-norm, or what amounts to the same, the description
of the dual of C'(X), the space of complex-valued continuous functions on
a compact topological space, equipped with the sup-norm. The Riesz rep-
resentation theorem establishes that there is a one-to-one correspondence
between the dual space of C'(X) and the regular complex Borel measures
won X. Namely, the general form of a continuous linear functional L on
C(X) is the one defined by such a measure through

Mﬁzéﬂm
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and ||L|| = ||ul||, the total variation mass of p, which is always finite for
complex measures. Since dp = hd|p| for some h with |h| = 1, we may think

that
[ sau= | shd
X X

is the definition of the integral with respect to du.

Sometimes C.(X) is viewed as equipped with the so called inductive
topology (convergence of a sequence f, — f means that all f,, have their
support within a fixed compact set and f,, converges uniformly there), for
which it is complete. The Riesz representation theorem can be used to show
that the general form of a continuous linear functional L in this case is

=/ fhdp, | € Cu(X),
X

where dp is a Radon measure on X and h € L} (X, p).

Along the same lines, the general form of a continuous linear functional
on the space C(U) of all continuous functions in an open set with the topol-
ogy of uniform convergence on compacts subsets of U is

- /U fdu,

where du is a regular complex measure with compact support.

The statement that LP' (X) is the dual space of LP(X),1 < p < 400 is
also known as a Riesz-type representation theorem.

In all these cases an important result is the Banach-Alouglu theorem:
if one has a uniformly bounded family f. of L (X) functions, then there
exists a subsequence ¢, such that f;, has a weak limit f € Lp/, that is

lim / 2)for (2) dpi() = /X 9(2) f(@)dp(z). g € IP(X).

Similarly, if p. is a family of complex valued measures with uniformly
bounded mass, then there exists a complex valued (finite) measure p and a
sequence €, — 0 such that

hm/ z)dpe, (x —/Xg(fv)du(x),gec’o(X)-

The Banach-Alaouglu theorem is a powerful existence theorem.

1.7 Operators between the L” spaces

We will be dealing with linear maps among the LP(X), that is, operators
T that map functions f(x) to functions T'(f)(y) linearly. In case of fi-
nite dimensional dimensional signals, that is, x = 1,2,...,n, f is a vector



(uy,ug,...,uy) in C* and T'f is a vector (v1,...,vy) in C™ | T is given by
an m X n matrix,

n
Vi = E aijuj,izl,...,m.
Jj=1

1.7.1 Sequence spaces

Similarly, a linear operator mapping infinite sequences u = (u;) to infinite
sequences Tu = v = (v;) is, loosely speaking, given by a doubly infinite

00
v; = E aijuj.
Jj=1

Of course here we should take care of convergence questions. Let us give us
a precise example. Suppose that T : [P(Z) — 19(Z) is linear and continuous,
that is, [|[Tull; < C|lul|, for some constant C' and all sequences u € P(Z).
Denote by d; the sequence that has 1 in position j and zero elsewhere. Since
>_jlu;P is finite, the representation u = > u;d; is convergent in [P(Z)
and so Tu =}, u;T(d;), with convergence in [7(Z). This means that T
is determined by the T'(0;). If T'(0;) = (asj), the convergence in [9(Z) of
Tu=73}_,u;T(d;) implies pointwise convergence and so we must have

vV = E aijuj,i cZ.
J

matrix a;j,

This shows that 7" must be given by a matrix (a;;) satisfying

sup(z \aij|q)% =C < 400, (1.1)
J

)

(that is the columns are uniformly in [? )and

—+00
oil =1 ) agjugl < | Tullg < Mlull,.

j=—o00

The later implies that all files must be uniformly in 7'

s 17

sup(z lagi|P)r <M < 4o00. (1.2)

i

J
This does not mean that a matrix (a;;) satisfying conditions (1.1) and
(1.2) defines a linear continuous map 7' from P(Z) to 19(Z); it is in general
a difficult problem to characterize exactly those matrices. In case p = 1,
however, these two necessary conditions are also sufficient. Observe first
that condition (2) reads in this case sup, |a;;| < [|T'|| and follows from (1).

Since



Ol < (S laslhusl))

i
the continuous Minkowski inequality gives that this is bounded by
1 1
DO laigllugl e =" ugl (S laisl®)« < Cllulh-
i j i
In an analogous way, the case ¢ = +0o0 can be described as well. Here

condition (1) reads sup; ; |a;;| < C' and follows from condition (2), and since
by Holder’s inequality

;oL
ol <Y laggllug| < O las )7 ully < MlJull,,
J i

we are done.

1.7.2 L?(X)-spaces

Thus, continuous linear maps between the [P(Z) spaces are given by infinite
matrices. In an analogous way, an operator from LP(X) to LI(Y) for general
X,Y is also given in loose terms by an infinite matrix or kernel K (z,y) in
the sense that

T(f)(y) = /X K(2,y)[(2)du(z),y € Y.

The informal and non-rigorous argument is as before. If §, denotes the
”function equal to 1 at x and zero elsewhere”, we may think that

f = /X F(@)bed(z)

and so by linearity and continuty T'f = [ f(2)(T0,)du(x). If T(0:)(y) =
Ko(y) = K(z,y), we have

Tf(y) = /X F(@) K (2, y)du(z).

Generically speaking, they are called integral operators. We will see later
rigorous arguments along this lines, but by now it should be clear that to do
that one needs to enlarge the notion of function; for instance, the identity
operator should correspond to the ”function” d(x,y) which equals 1 when
x =y and 0 otherwise.

Very often we will be considering the following situation: a dense sub-
space Dy of EP(X) (usually the space C.(RY) of continuous with compact



suport when X = R9 or the space C°(RY) of compactly supported in-
finitely differentiable functions) and an integral operator

/ny dp(x),

that makes sense for f € Dx and a.e. y (or all y). If we prove that
ITfllq < Cllfllp, and 1 < p < 400, then T extends to a continuous linear
mapping defined on the whole of LP(X). In some cases, as e.g. with the
Fourier transform in L? or with CZO integrals, it is hard to prove that the
extension is given a.e. by the same expression.

Duality is a very important tool to deal with inequalities. In the above
situation, usually there is a similar space Dy in Lq/(Y) such that

(Tf.g) = /X /Y K (2, 9)  (2)g(y)dpu(x)dv(y)

is well defined for f € Dx, g € Dy and one can use Fubini to write (T'f,g) =

(f,T*g) with
:/YK(x,y)g(y)dV(y)~

This is the dual map. If 1 < p < +o0, then by the reverse Holder inequality,
T fllg < CJfll, implies [|[T*g|/,y < C||g|ly, and so both are equivalent if
1 < p < +o00. Note however that in case p = +oo if we know a priori that
T*g € LY(X) it is still true that | Tf|; < C||f|co implies |T*gll1 < C|g|l4

1.7.3 Integral operators depending only on size

To finish this section we consider conditions on the kernel K that ensure that
T is bounded from LP(X) to L(Y). We emphasize that all these criteria
depend just on the size |K|, that is to say they are in fact properties of
the operator Tjg| defined by |K|, and consequence of the trivial estimate
Tk (f)(x)| < Tk ((|f])(z). Along the same lines, all these criteria provide

operators for which
- [ K@)

converges absolutely for a.e. y. In later chapters we will encounters much
subtle situations in which boundedness of T' depends on cancellation prop-
erties of K and pointwise convergence becomes a delicate issue.

First, as with sequence spaces, bounded mappings from L'(X) to LI(Y)
can be characterized by the condition

supl | | (. )l1dv(y)? < C.



If this holds true, then T'f is a.e. defined for all f € L'(X) and T is bounded
from L'(X) to LI(Y) as a consequence of Minkowski continuous inequality

H/f K () () | gy /Hf K (. 9) | 1oy dia() =
/X F@IE @) oy duz) < CJFL.

In fact one can prove that
1
I = sup | 1K)l

Also as before, bounded maps on L*°(Y") are described by the condition

7] = sup / K (z,9) P du(x))

1
7/

by using simply the Holder inequality.
In case p = +00, then

T < [1Flloe / K (2, )| dps(z)
X
and so T is bounded from L>(X) to LY(Y) if
[ K@ ldn)yan) < +oc
Y JX

the converse being true if K > 0.
In case ¢ = 1, since

| wrwlavt) < [ 1@ K@ plam)ie

T is bounded from LP(X) to L'(Y) if

/ ( / K (2, )|dv(y))? dpu() < +oc,
X Y

the converse being true again if K > 0.

In other cases there are no explicit necessary and sufficient conditions in
terms of K so that T is bounded from LP(X) to L(Y"). We collect here a
number of criteria.

Theorem 1. (Schur’s) Suppose 1 < p, q,r < +o0, % + % =1+ % and

1
sup( [ |K ()l dv(y))? < C
z Jy
1
sup( [ [K(w.g)["du(z))} < C.
y JX
Then T is bounded from LP(X) to LP(Y) with constant ||T|| < C.

10



Proof. If ¢ = +o0 it follows from Holder’s inequality, while the cases r = 400
or p = +oo are trivial; so we assume that all indexes are finite.
The hypothesis imply that

1 1 1 oo
— -+ —=1,24 P T T
r q p q 4 q P
Using Hlder’s inequality with /, ¢, p/,
T f(y |</ |f(z )| 4| K (2, y)| 9| K (2, 9)| 7 dps(x) <

==

<11 ([ 15 Gl dute ) ([ i) <

<Pl ([ 1P )

Raising to ¢ and integrating in y gives

ITfll, < C7 1Al ( /X /Y |f<w>\p|f<<x,y>|rdu<x>)q =

T 2 r £
= CYIfllp Callflly = Clifllp
O

Theorem 2. (Schur’s) Suppose 1 < p < 400 and that there exists functions
hx, hy such that

/X (K ()| hx (o) du(x) < Chy (y)?
/Y K (z,9) [hy (y)Pdi(y) < Chx(x)?

Then T is bounded from LP(X) to LP(Y') with norm at most C.

Proof. Assuming K > 0, we write
75w < [ K@p)lf@lhx @l (@duts) -
_ /X K7 hx (2)K 7| f(2) |y (0)du(e) <
< /X K () h (2)du(x)) o /X K (2, y)hx (2) P |f @) Pdu()) > <

< Chhy () /X K (2, y)hx (x) 7P| f (@)[Pdpu(x))

11



so that
ITf(y)IpSCZhy(y)p/XK(wvy)hx(fv)”\f(fr)\pdu(x)'

Now, integrating in y and using the hypothesis again the proof is finished.
O

Note than when X =Y and K is symmetric, K(z,y) = K(y,x), T is
bounded in L?(X) if there exists h > 0 a.e. such that T'(h) < Ch for some
constant C. The converse is true if K is positive; indeed if T is bounded
and A > ||T||, and f > 0 a.e. is in L?(X) consider

f
An

n

h(z) =

Since || T"fll2 < ||T||"|fl2, the series is convergent in L?(X) and defines
h € L?(X) such that Th < Ah.

The operators satisfying the hypothesis of next theorem are called Hilbert-
Schmidt operators

Theorem 3. If K € L?(X x Y), i.e.

/ / |K (2,9)|?du(x)dv(y) = C < +oo,
xJy
then T is bounded from L?(X) to L?(Y') with norm at most C.

Proof. Just notice that by Hlder’s inequality

Ti)P < 112 /Y K (z,y) Pdu(z).

1.8 Hilbert spaces. Different notions of basis

The Euclidean space of countable or continuum dimensions is formally intro-
duced with the notion of Hilbert space. Recall that a Hilbert space H is a
linear space over C endowed with a positive definite hermitian product (u, v)
so that with the norm |ju|| = /||u,u|| is complete. Completeness ensures
that the familiar results in finite dimensional linear algebra still hold in this
context. In particular, if F is a closed subspace of H, every u € H has a well
defined projection Pp(u) € F such that ||u — Pr(u)|| realizes the distance
from u to F' and u— Pp(u) is orthogonal to F'; if v = u— Pp(u),u = Pp(u)+v
is the unique decomposition of u as a sum of a vector in F' and a vector in
F°, the orthogonal of F, and |[u|? = || Pr(u)|? + ||v]|?.

12



Besides the finite dimensional spaces C™ (mappings {1,2,...,n} — C),
we single out the space of countable dimension 1?(Z) consisting of sequences
u = (up)nez such that |ul|?> = Y, |un|*> < 4o00. This is the space L*(X)
above when X = Z is equipped with the counting measure ( we could use
as well N instead of Z as index set). Analogously, the space [P(Z) consists
of sequences such that ) |u,|P < +o0.

L?*(X) should be thought as the Euclidean space CX of as many di-
mensions as the cardinal of X. Finite n-dimensional vectors (signals) v =
(vi)i=1,..n are replaced by f = (f(x))zex, the finite sums |Jv[|* = S, |v;|?
by the infinite sum (integral) || f||%, and the scalar product Y, v;u; replaced
by [y f(z)g(x)du(x). As with vectors, the quantity

)
P9 = Tl

which by Schwarz inequality satisfies 0 < p(f, g) < 1 measures the degree of
linear dependence (correlation) between f,g: if p(f,g) =1, f, g are linearly
dependent.

A family (e;);er of vectors in a Hilbert space H is called an orthonormal
basis if: a) (e;,ej) = d;; and b) their finite linear combinations are dense
in H. For the time being we may think that I is countable, say I = Z or
I=N.

If (e;)ics is an o.b., then every vector u € H has a series expansion

u= Z(u, €i)e;

%

which is convergent in H, and

lull? = (u,u) = Y ((usenesen) = Y (u,eq)(uen) = Y [(u,e)],
K3 K3 2

which is known as Parseval’s equality. Conversely, if Y. |\i|? < 4o0,u =
>; Aie; defines a vector u € H with coefficients A;.

An orthonormal basis thus establishes a linear isometry H — 12(I),u
((u, €i))s-

The most important example to have in mind is H = L?*(T9) and the
orthonormal basis consisting of the complex exponentials

627rik~t’ ke Zd

Here k -t = kity + koto + -+ + kgtg. They are easily seen to be an
orthonormal family; their finite linear combinations are dense in the space
of continuous functions C(T9), by Weierstrass theorem, whence they are
dense in L?(T9) too.

13



A frame in H is a family of vectors e;, i € I such that
m Yy ue)] < Jlul® < MY [u,e)*,u € H,
i i

for some constants m, M.
If the index set I is a continuum provided with a measure, the infinite
sums are replaced with integrals,

m [ Vwses) (i) < ulP < 0 [ e Pauti.u e B
I I

When m = M the frame is called rigid. These notions are interesting
even in finite dimension. The above means that the corrrelations (u,e;)
still code u in a stable way. The mapping u — ({u,e;)); is one-to-one (
meaning that the linear combinations of the e; are dense) onto the space
of coefficients, a closed subspace F' on [?(I). The fact that F # I?(I) is
due to the existence of possible linear dependencies among the e;. Thus, a
frame corresponds, in linear algebra, to a set of generating vectors which
are not necessarily linearly independent. In any event, if (e;) is a frame,
the coefficients (u,e;) determine u uniquely in a stable way. The way they
do is through the dual frame; namely, if (e;) is a frame there exists another
frame (f;), termed the dual frame, such that u = ) . (u, e;) fi. In fact, also
u=>_,(u, fi)e;. Among all possible ways of writing u as a (infinite) linear
combination of the e;, this last one minimizes the /2 norm of the coefficients.

If the frame is rigid with constant M, then f; = ﬁei. An example of a
rigid frame in the plane is provided (in complex notation) by the three unit
vectors at angles of 120 degrees between them.

If there is no redundancy and the above map is onto the whole of [2(1),
that is, for every (\;), >, |\i|* < +o0, there exists u € H such that (u,e;) =
i, then the (e;) are called a Riesz basis. In this case, every u € H has a
unique expansion u = ) . \;e; with

mlul? <Y NP < Mlul?,

)

for some constants m, M. Riesz basis are as good as orthonormal basis in
applications and easier to construct.
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Chapter 2

Fourier analysis in some LC'A
groups

2.1 Sines and cosines, complex exponentials. Why
these?” The notion of character

Historically, Fourier analysis arose as a way to deal with periodic functions
in the real line. A periodic function f has a group of periods, which is an
additive subgroup of the real line R, that is either discrete or dense. In the
later case f is trivial, and in the former case the group of periods consists
of integer multiples of a basic, fundamental period.

The simplest and elementary periodic functions with a fundamental pe-
riod a are the sine and cosine functions sin Qfx, cos %”x We choose manip-

T

ulating them in terms of the complex exponential e and its conjugate

27
e vat,

In his pioneer work dealing with heath diffusion Fourier stated that an
arbitrary a- periodic function f can be written as a superposition (infinite
sum) of the elementary a- periodic functions, that is, those with fundamental

o al
period 7

We call 7 the n-th frequency and ¢, (f) the n-th harmonic of f.

The theory of Fourier series deals with several aspects related to this
representation that we will review in the next sections. Normalizing to
a = 1, we deal with functions defined on the unit circle T. To deal with
general, non-periodic functions, one needs to consider all frequencies £ and
all sines and cosines, and we are led to the theory of Fourier integrals.

This the heart of Fourier analysis, expressing functions in terms of sim-
pler elementary pieces, expressions that make easier the study of a certain
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aspect.

The fact that the ”simpler elementary pieces” are sines and cosines,
complex exponentials in modern notation, is justified historically but also
by a very important fact that we emphasize here, which is their behavior
under the rotation/ translation operators.

To explain this and for further reference we place ourselves in the general
context of a locally compact abelian group G, that is, an abelian group (with
additive notation) equipped with a topology that makes all group operations
continuous. In this setting there always exists a translation invariant mea-
sure, unique aup to constants, called the Haar measure. Our two main
examples to keep in mind are of course G = RY/Z4 = T4 and G = R4,
with Lebesgue measure, but it is also worth noting the cases G = Z9 or the
cyclic group G = Zn of the N-th roots of unity, with the counting measure.
A fifth example is the multiplicative group G = R, with Haar measure %,
but we will just consider here the first four examples.

The translation operator 7., x € G acts on functions f defined on G by
(r2f)(y) = f(y — x). It is then natural to consider translation-invariant
spaces of functions on G, that is, spaces E such that 7, f € E whenever
f € E, and 7, f is continuous in x. For instance, all LP spaces are.

If F' is translation-invariant, an operator 1" : £ — FE is said to commute
with translations if 7,(Tf) = T(7,f),x € G. Note that this is a very natural
assumption to do when dealing for instance with functions of time or space
that describe physical phenomena and operations 1' among them that are
time invariant, i.e. do not depend on the choice of origin in time or space.
For instance, a differential operator T is time-invariant if it has constant
coefficients.

We look now at functions f such that the smallest translation-invariant
space containing f has dimension one. This means that for x € G, 7, f must
be a scalar multiple of f; denoting by convenience x(—zx) this scalar factor,
this means that

o f = x(=2)f, fly —z) = x(—2) f(y),z,y € G. (2.1)

In particular, x is continuous and so is f. Also, since 7,7, = T4, x must
satisfy

x(z +y) = x(@)x(y),z,y € G. (2.2)

Specializing (2.1) to y = 0 yields f(—xz) = x(—x)f(0). Therefore f is a
scalar multiple of y.

We are thus lead to the notion of a character of G, a continuous non-zero
homomorphism x : G — C, that is, satisfying (2.2).

All functions whose translation-invariant span has dimension one are
multiples of a character. Note that this implies x(0) = 1 and that if x is
bounded then |x| = 1, that is the bounded characters are the continuous
homomorphisms from G to T
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The set of characters of G has a natural group structure and constitute
the so-called dual group G.

Now, if x is a character and T is a translation invariant operator acting
on a space containing y, we can repeat the argument above. Namely, a
character x satisfies, as function of y,

X = X(—2)x, 7 € G.

If T commutes with translations, it follows that

72 (Tx) = T(12x) = T(x(—)x),

and since T is linear, this equals x(—z)7T(x). Hence

(Tx)(y —2) = x(—2)T(x)(y),z,y € G.

If we set y = 0 we find that Ty = Ax with A\ = T'(x)(0), that is, we have
proved

Theorem 4. The characters of a group are eigenvectors of all translation
invariant operators.

Let us now compute what are the characters of R. Integrating (2.2) in
y over [0, h] for h small, we obtain

/:+h x(2)dz = /Oh x(z +y)dy = x(x) /Oh x(y)dy.

Since x is continuous and equals 1 at zero we may choose h small enough so
that the last integral is non-zero. The left-hand side is differentiable because
X is continuous, whence y is differentiable. Then, using (2.2) again we get

V@) =ty XEEDZXE o)y o)
Hence x(z) = e** for some « € C. These are all the characters in R.
From this it is immediate that the characters in RY are of the same form
with o multicomplex, if we interpret that o - x = ayx1 + - - - + agzy.
Obviously, the characters in T4 = R9/Z9 are those of the above that
are 1-periodic, that is, a = 2min for some n € Z4.
In R9, if we want the characters to be bounded a must be pure imagi-
nary. For convenience we write o = 2mi{. We are thus lead to

eﬁ(x) = 627”'6I75 € Rdag = (617 cee 7€d)'

These are all the bounded characters on R4, and e,,n € Z9 are all the
characters in T9. Thus the dual group of RY is identified with RY and the
dual group of T9 is identified with Z49.
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It is worth mentioning here that the complex exponentials are linearly
independent, that is, whenever we have different multifrequencies &,

D e’ =0,

k

then ¢, = 0 for all k.

It is immediate to check that the characters in Z are of the form n — 2"
for some z € C, and so the bounded characters correspond to |z| = 1, that
is

Xz(n) — o — eQm’tn‘
Thus the dual group of Z is identified with T.

We identify the cyclic group Zn with {0,1,..., N — 1} and functions
there with N- periodic sequences z = (z,,) indexed by n € Z. Ifwy = >™/N
denotes the primitive root of unity, it is immediate to check that the dual
group is Zy itself through

Ymn) =wy',neZm=0,1,... N —1.

2.2 Translation invariant operators. Convolution.
Impulse function.

We have seen above that the characters of a group are eigenvectors of all
translation invariant operators 7. We wish now to see how this helps to
understand translation-invariant operators.

First let us precise in what spaces we consider these operators. In gen-
eral, every locally compact abelian group has a Haar measure du, which
is the unique measure, up to constants, invariant by translations. In our
four examples, Haar measure is the counting measure in the two discrete
examples and the Lebesgue measure dm in the others. We consider linear
operators 1" betwen the LP(G) spaces. Recall we said in subsection 1.7.2
that at the formal level T is given by a kernel K (x,y),

Tf(y) = /G K(z.y)[(2)du(z).y € G,

where formally K, (y) = K(z,y) = T(,)(y). Suppose now that 7' commutes
with translations, and set g(y) = Ko(y) = T(d)(y), Then, since formally
0z = 72(do) we will have K, = T(d,) = T(7200) = 7.1 (d0) = 72g. That is,
K(z,y) = g(y — z). Hence, formally, all translations invariant operators are
given by

Ti(y) = (f * 9)(y) = /G oy — ) f@)du(z),
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with a fixed g. This is called the convolution of f,g. The function g = T'(d)
is known, specially in the engineering community, by the ”impulse response”
of T.

Definition 1. The convolution of two functions f, g is defined by

(f*9)) = /G oy — ) f(2)du(a),

whenever this makes sense. More generally, the convolution of a measure v
and g is defined by

(v 9)(y) = /G oy — 2)dv(x).

It is worth emphasizing that f * ¢ is an (infinite) linear combination of
translates of g, namely we can write that as a whole,

frg= /G ra(9) f (2)dp().

Note also that fxg = g*xf. One can check that convolution is also associative,
that is f* (g*xh) = (f xg) * h.
In case g € L'(G) is positive and [, gdu = 1,, the convolution

(F)gy) = /G F(y — 2)g(@)dp(z)

can be seen as a weighted average of f. For instance, if g is the characteristic
function of a ball B (divided by u(B)) then (f *g)(y) is the mean value of f
in the ball y + B. If we think in g as being the density of a random variable
X, then f * g is the expected value of f(y — X).

If we specialize theorem 1 to the case K(z,y) = g(z — y) we obtain

Theorem 5. (Young’s inequality) Suppose 1 < p,q,r < %—oo,]lJ —i—% =
L+ ¢, f € LP(G),g € L"(G). Then

(f+9)(y) = /G oy — ) f()du(x),

converges absolutely for a.e y, f*g € LY(G) and || f * gllq < || flpllgll--

Note that the case p = r = 1 extends trivially to measures, namely the
convolution v x g of a finite measure v and g € L'(G) is a.e defined and
vxge LYG).

In case G = RY we can state a local version of Young’s inequality, in
which one of the functions has compact support while the other is locally in
the corresponding LP-space.
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Theorem 6. (Young’s inequality) Suppose 1 < p,q,r < +oo,% +% =
1+ 2, f € L},.(G),g € Ly(G). Then

loc

£ gy) = /G oy — o) f(@)dp(z),

converges absolutely for a.e y, and fxg € L] (G).

loc

In case G = R9,G = T4, it makes sense to look at the regularity
properties of f * g.

Theorem 7. Suppose 1 < p,r < —l—oo,% —i—% = 1, and that either f €
L*(G),g € L"(G), f € L} (G),g € LL(G) or f € LE(G),g € Lj,.(G). Then
f * g is a continuous function. Assume that f (resp. g¢) is differentiable at
every point and that its partial derivatives % (respectively g—i) satisfy the

same hypothesis of f (resp. g). Then f xg is differentiable and

8(30,; (f*xg)= gj; * g, (respectively = f x 86;]2

).

In general, f % g inherits the regularity properties of both f,g. For
instance, using the notation

olal
D= o
1 - n

we can state that the rule

D(f xg) = (D*f) * g, (respectively = f * D%),

holds whenever one the the right terms makes sense.

2.3 The Fourier transform in G. Multipliers

Now, we know that formally the characters are eigenvectors of T'. It is quite
natural then to try to express f in terms of characters. This is analogous of
what is done in elementary linear algebra; to deal with a linear operator T' on
C4 (look at vectors as functions defined on 1,2,...n ) we try to diagonalize
it in a basis of eigenvectors. If the characters of G constitute a basis of
some sort in E then we will have that all translation-invariant operators
on E diagonalize in a basis of characters. We emphasize the value of this
fact; in finite dimensional linear algebra, a single operator (matrix) may
diagonalize in a certain basis, for instance when it is symmetric. Here we
find a basis that does the job not for one but for a whole range of operators,
all translation-invariant operators.
That’s why we will consider the correlations of f with the characters.

20



Definition 2. The Fourier transform of a function f € L'(G) is the function
f on G defined by

FO) = (fx) = /G Fxdp.
The map f — f is called the Fourier transform in G.

Note that since the characters are bounded this is perfectly defined for
f e LYG). and f € L=(G).

Now, note that in our four examples G also has a natural structure of
group and a Haar measure dv. Our hope is that, as in finite linear algebra,
the x behave like an orthonormal basis or continuous rigid frame

;= /éf’(x)de(x) - /é<f,x>de(x)

/f (x),z €G.

If this is so, since T' commutes with infinite sums we will have

Tf= /@ FOOT(x) dv(x).

Next we use that y is a eigenvector of T', say T'(x) = m(x)x, to get

that is

Tf = /f WX ().

Another formal way of writing the above is that

Tf(x) =m(x)f(x)-

This means that in ”the base of characters” T diagonalizes, its infinite
matrix being the diagonal one with entries m(y).

There is a relation between the formally introduced g and the formally
introduced m. This follows from the fact the Fourier transform of a convo-
lution is the product of Fourier transforms

Tro) = *9)(x) = /G(f*g)() W)duly) =

// y =) f(@)x(y — 2)x(@)dp(x)du(y) =

= f()3(x)

Hence, formally m = g. The function m is called the transference func-
tion or multiplier or symbol of T.
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In the next sections we will see the precise form of these (formal) facts
in each of four examples. If we think in the object ”g” as being a function in
some LP- space then in some cases this formal argument breaks down, and

g must be considered in larger spaces.

2.4 The discrete Fourier transform

For a function in Zy, that is, a N-periodic sequence (z,),, the N trans-
lations are the shifted sequences (Zy4+m)n. A linear operator acting on
these sequences is given by a N x N matrix A = (a;;) that accordingly
we think as a doubly infinite matrix whose rows and columns are N peri-
odic, a;4N,; = a;j,a;;+N = a; ;. The operator is translation-invariant when
the matrix A is a circulant matriz, meaning that

aiy1,j41 = Qi j,0,J € L.
We consider Zyn endowed with the counting measure, the L?-norm of a
N-periodic sequence x being

N-1

lz)? =) el

n=0

Of course this identifies L?(Zn) with CN. It is immediate to check that the
characters 1, are pairwise orthogonal:

N-1 N-1 i
> bmm)d(n) = 3wy Y.
n=0 n=0
If m # k this equals
1 N(m—k)
— % =0
1 —wy

and N if m = k. Accordingly, the normalized characters e, = ﬁwm, m =

0,1,..., N — 1, constitute an orthonormal basis of L?(Zn).
This means that the N vectors in CN

1 N-1
€m = ﬁ(w%n)nzo ,m=0,1,...,N—1,
constitute an orthonormal basis of CN in which all circulant matrices diag-
onalize.

For a finite signal = = (z,,))

n—o the correlations

N—-1
1
(x,em) = — Z Tpwy " m=0,...,N -1,
N n=0
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satisfy of course

1
T = <J"a€m>€m - N Z<$a¢m>7/)m,
m=0 m=0
that is
N-1
Ty = Z(m)wi", (2.3)
m=0
with
1 N—-1
N —mk
(m) = N Z;) Tpwy . (2.4)
n=

The equations (2.4) define the discrete Fourier transform of the N-
periodic signal = and (2.3) is called the discrete Fourier inversion formula.

As it is well known, the computation of the discrete Fourier transform
is implemented with the famous Cooley-Tukey algorithm called the Fast
Fourier transform (FFT).

2.5 The Fourier transform in Z

Identifying z with z = €>™, here the Fourier transform of a sequence z =
(7,,) € IY(Z) is the function # defined on T by

&(t) = Z T2,

nez

Note that the series converges uniformly on T, and so Z is continuous.
1 2mint

Now, remember that the functions Wors ,n € Z form an orthonormal
basis in L?(T), and so

1 2w )
— ()™ dt = 1,
27 0

This is the inverse Fourier transform in Z. If z is a finite sequence, the
same computation shows that

21
/ G2 dt =203 [l
0 n

Therefore, the Fourier transform extends continuously to (?(Z),
i’(t) _ Z xne—Qm'nt7
nez

where the series in the right is convergent in L?(T), and with the same
inversion formula. The fact that the functions e,, form an orthonormal basis

23



says that the Fourier transform is up to a constant an isometry from [2(Z)
to L?(T).

Here the § sequence is indeed in all function spaces, so there is no problem
in stating that the general bounded linear translation invariant operator 7T'
from LP(Z) to LY(Z) must be a convolution operator

(Tz)(m) = Za(m —n)z(n),m € Z,

n

for some a = T'(0) € LY(Z). If p = 1 there is no other restriction at all,
that is, convolution with a general a € 19(Z) is the general bounded trans-
lation invariant operator from I'(Z) to 19(Z); this is so by the continuous
Minkowski’s inequality.

However, for p # 1 we cannot recognize in terms of a and its size when
convolution with a is bounded. For p = ¢ = 2 however, we can describe them
all, using Fourier transform and the notion of multiplier described before in
a general setting.

Theorem 8. The bounded translation invariant operators in [*(Z) are
in one-to-one correspondence with the bounded multipliers m € L*°(T),
through the equation

Tz(t) = m(t)i(t),t € T.

Equivalently, they are given by convolution with a sequence a given by

1 2w

am m(t)e2 ™™t dt,

with m bounded. In fact, | 7| = ||m||co-

The important point to be noticed here is that this is a criteria for
boundedness that is not a matter of size, that is,it does not depend solely
on |al.

2.6 Approximate identities. Regularization

For the non discrete groups G = T or G = RY, the delta mass is not a
function but a measure, so it does not belong to any LP space. However
there is a good replacement for it. The starting point is, of course, that §
is the formal unit for convolution, f *d = f. In what follows G denotes one
these groups, with additive notation and dx being the Lebesgue measure.

Definition 3. An approximate identity (or approximate kernel) is a family
(ke) of functions in L!(G) satisfying

L. [gkedr = 1.
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2. [ |ke|dz < C, for some constant C' > 0.

3. For any 6 > 0, f|x‘>6 |ke(x)|dz — 0 as € — 0.

It is very easy to produce examples. If k € L'(G) is arbitrary with
integral one, set k.(x) = e~%k(z/e). The first two conditions are obvious,
while for the third one

/ |ke(z)|dx = / s |k(z)|dx — 0

because the rests of an absolutely convergent integral tend to zero by dom-
inated convergence.

The simplest example is to take as k& the normalized characteristic func-
tion of the unit ball. That is, if w, is the volume of the unit ball B in R4,
consider k(x) = wid if x € B and zero otherwise, so that k has integral one.
Then k. is the normalized characteristic function of the ball B, of radious
¢ and f % k.(x) is simply the mean of f in x + B., the ball centered at x of
radious €.

It is worth mentioning the Poisson family in RY that corresponds to

1 I(4HL)
k(r) =ciq—————~,cq = 2
(a2 +1)% 0
and the Gaussian family given by
k(x) = ;e*%‘xp.

(vVar)d

On the torus T4 we will see later that natural examples appear when
dealing with convergence of the Fourier series, namely the Fejer kernel. We
may consider as well approximations of the identity indexed by n € N with
obvious modifications.

Theorem 9. o If (k.) is an approximation of the identity and f €
LP(G),1 <p < +o0, then fxk. — fin LP(G) as € — 0.

o If f € Cy(G), then f x k. — f uniformly on G.

o If f € LY(G) and f is continuous at a point zg, then (f * k.)(z,) —

f (o).

Proof. We can write

Fofeke=f- /G ra()ke(@)dp(x) = /G (f — 7o F)ke(@)d(),

and hence, by the continuous Minkowski inequality
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1f = f o kellp < /G 1 = 72 (F)lplke (@) dp().

To estimate it we break the above in two parts, corresponding to small
x, say ||z|| <, and ||z|| > . The first one is estimated by

C sup [|f = 72(f)llp,

llzl|<é

and hence can be made arbitrarily small if § is small enough, uniformly in €,
due to the continuity of translations in LP(G), while the second is estimated
by

20 £l /| el

A consequence of this is

Theorem 10. A bounded operator 7' from LP(RY) to L4(R9), 1 < p,q <
400 commutes with translations if and only if commutes with convolution
with L' functions, that is,

T(fxg)=f*Tg, feL'(RY),geLP(RY).

Proof. By Minkowski’s continuous inequality, the right hand side of

frg= /G (r20) (@) da(),

is convergent in LP, hence if T commutes with translations,

T(f+9) = | Fe)Trg)duta) = | [@)nTadutz) = £ «Tg
If T commutes with convolutions, we consider an approximation of the iden-
tity k< so that
T(rag) =l T((rag) * ke) = I T(g * (rzk2))
= im(Tg) * (roke)) = 7 (im(Tg) * ko) = 72(Tg).

The above theorem has two important consequences.

Theorem 11. The space of infinitely differentiable functions C*°(T9) is
dense in all LP(T9) spaces, 1 < p < co. The space C°(R9Y) of infinitely
differentiable functions with compact support is dense in all LP(R9) spaces,
1<p<+o0.
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Proof. . The space of continuous functions with compact support is dense.
If f is in this space, and we take an approximation of the identity k.(z) =
e~ k(z/e), with k a C* function with compact support, then k. * f €
C>*(R4) and tends to f in LP.

O

The same proof shows that for an open set U C RY the space C°(U)
is dense in all LP(U) spaces as well. We point out the following easy conse-
quence

Theorem 12. If f € L} (U) and

loc

/ f(@)p(x) dz = 0
U

for all ¢ € C°(U), then f =0 a.e. The same is true if

/ flx)dz =0
B
for all balls B C U.

A remark is in order here. For most of the approximations of the identity
of type above, for f € L}, (U), not only the means f*k. — fin L}, (U), but
in fact we will see later that f x k. — f pointwise a.e. (Lebesgue tjeorem)

Theorem 13. The general form of a bounded translation-invariant operator
in L(T9) or L'(RY) is convolution with a finite complex Borel measure d.

Proof. Obviously convolution with a complex finite Borel measure is bounded
and translation invariant. Conversely, given such T, the idea is of course
that du should be T'(dy), and we simply replace dp by an approximation of
the identity k.. Since they are bounded in L', T'(k.) will be also bounded
in L'. By the Banach-Alaoglu theorem there exists a finite complex valued
measure du and a sequence £, — 0 such that

i [ 9T (k) W)y = [ 9w)duty).g < C

Now, since g = lim,, g * k.,, and 1" is bounded and commutes with convolu-
tions, one has T'g = lim,, g x T'(k., ). But

(g* Tk, )(z) = /g(x — )T (ke, ) (y)dy = /g(w —y)du(y) = (g p)(z).

Hence T is convolution with y on all functions with compact support and

hence on all functions.
O
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Chapter 3

The Fourier analysis of
periodic functions

We will deal mainly with dimension d =1 in the beginning.

3.1 The Fourier series of periodic functions

Scaling we may assume that the period is 1 and we deal with functions on T,
parametrized by |t| < % through e?™*. Here translation invariance becomes
rotation invariance and convolutions are circular or periodic convolutions

(f *9)(t) = /| _ Jt= ()i

Motivated by the considerations above we are to consider the characters
en(z) = 2™ n € Z, that is, the sines and cosines of period 27 as elemen-
tary building blocks. Recall that the e, constitute an orthogonal basis of
L*(T), the so-called Fourier basis. The expression Y., (f,en)e, is usually
written

Z Cn(f)e%rint’

n
with

1
lf) = [ et

This makes sense for f € L'(T) (and for all € LP(T) c LY(T),p > 1),
cn(f) is called the n-th Fourier coefficient of f and the formal series

$(f) =3 calfemint,

neZ

is called the Fourier series of f.
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The fact that the e, constitute an orthonormal basis of L?(T) can be
restated by saying that the map f — (cn(f))n is a bijection from L?(T) to
12(Z) satisfying the so-called Plancherel’s identity

S el = /0 R,

and its polarized version Parseval’s relation

1 -
S enlfen(e) = /0 F(t)9(t) dt.

3.2 Properties of Fourier coefficients

Proposition 1. The following properties hold:
o cu(f*g)=ca(f)enl9).

o cu(Tef) = eizmnxcn(f)-

e (The Riemann-Lebesgue lemma). |c,(f)] < ||f|l1 and ¢, (f) — 0 as
In| — oco.

e If fis of class C* and 27- periodic, then ¢, (f*¥)) = (2mwin)*ec,(f) and
en(f) = o(|n| 7).

Proof. The first two are immediate consequences of the definition ( they
can be guessed by formal manipulation of S(f) too), as well as the bound-
edness of the coefficients. From the first it follows that c,(f — 7.f) =
(1 — e=27n2)c, (f); choosing & = & we get 2lcn(f)] < [If — Taynfll1, 50 the
result is a consequence of the continuity of translations. The last property

is immediate too. O

It can be seen that nothing more general can be said regarding the speed
of convergence of the coefficients ¢, (f), meaning that given any preestab-
lished decay one can construct f € L'(T) with slower decay.

3.3 The Dirichlet, Fejer and Poisson kernels in T

To study S(f) it is natural to consider the partial sums

N
Sn(f) = ealf)e*™™.
-N
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By direct computation,

1 N _
SNUNO = [ f@) ) ds = (72 D)),
-N

with
N

DN(t) — Z e27rint —

n=—N

sin(2N + 1)7t
sin 7t '

The family (Dy) is called the Dirichlet kernel. If it were an approximation
of the identity we would have that Sy f — f for f € LP(T), but it is easy
to see that || Dy|| behaves like log N.

It is a general fact in analysis that if a sequence ay has a bad behaviour
one should look at the sequence of averages ﬁ(ao +a;+---+any1) asit
generally exhibits a better behaviour. That’s why we consider

o¥() = g (So(f) + -+ Sw()) = (F xow),
where
() = (Do) 4+ D) = (1 i >e2m'nt _
N+1 Pt N +1
1 sin(N + 1)mt\?
CN+1 ( sin 7t > ’

Thus oy is positive, has integral one and if || > § then |on(t)| < ¢s7 and
so it is an approximation of the identity. Hence we have

Proposition 2. o If f € LP(T) then on(f) — f in LP(T) as N — oo,
1<p<+o0.

e If f is continuous at tg, then on(f)(tg) — f(to). If f is continuous
then on(f) — f uniformly.

e (Uniqueness theorem) If ¢,(f) = 0 for all n then f = 0. Hence, if
cn(f) = cn(g) for all n, then f = g.

e If f is continuous at tp and S(f)(to) converges, the sum must be f(tg)

Note that item b) above provides a constructive proof of the Weierstrass
approximation theorem on T. On the other hand by exploiting the symme-
try of the Fejer kernel one can show that in case f has lateral limits at %,
then o (f)(to) converges to their mean value and so this is the only possible
sum of S(f)(to)-

The Poisson kernel arises when dealing with the Dirichlet problem in
the unit disc D, that is, given a continuous function f € C(T) to find an
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harmonic function « on D, continuous in D such that u = f on T. The later
is of course equivalent to the statement that u(re?™*) — f(t) uniformly. We
solve this problem exploiting its invariance by rotations. To be precise, if for
each 0 < r < 1 we pose u,(t) = u(re*™), the operator f — wu, is rotation
invariant, hence it must be given by a circular convolution with some P,

up = f* Pr,
and must diagonalize in the Fourier basis, i.e.

cn(ur) = mpen(f), mp = cn(By).

3

Since the solution of the Dirichlet problem for f(t) = 2™ is u(re?™) = 2
if n is positive and Z" if n is negative, z = re?™ we find m,, = r"l. Since

P _ |n| 2mint __ 11 = 1-r
T'(t) —;’I" € - ‘1_r€2wit|2 - 1—}—?”2—27“005(27”57

we guess that the solution should be

1—r2

u(re?™) = (f x P)(t) = /0 e g et LB CRY

One can reach the same conclusion by separating variables, that is, writing
the Fourier series of u,

Ur(t) = Z Cn(r)e%rint’

and imposing that u satisfies all properties. The kernel P, is called the
Poisson kernel. Note that it is positive with integral one, while if [t| > 6,
then |1 — re?™| is bounded below uniformly in 7, whence

P (t) < c5(1 —12).

This shows that (P,) is also an approximation of the identity as » — 1. With
this one can easily prove that indeed the above is the solution to Dirichlet
problem:

Theorem 14. For f € L'(T), the function u defined on the unit disc by
(3.1) above is an harmonic function in D satisfying u, — f in LY(T). In
case f € C(T), u is continuous in the closed disc with boundary values equal
to f and is thus the solution of Dirichlet’s problem.
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3.4 Pointwise convergence

The pointwise convergence of the Fourier series of f is a very natural ques-
tion. When using sumability ”a la Fejer” o ” a la Poisson” the situation
is quite good. Indeed, as both the Fejer and Poisson kernels are approxi-
mate identities one can prove that for f € L'(T) both Fx(f)(t) and u,(t)
have limit f(¢) a.e. We will see this later as an application of the maximal
function of Hardy-Littlewood.

The pointwise convergence of S(f) in the classical sense is a much subtle
question. To begin with, Kolmogorov constructed an f € L'(T) such that
S(f) diverges a.e.

The poinwise convergence of S(f) for f € LP(T),1 < p, was a very hard
open problem in Fourier analysis till Carleson proved that S(f)(t) converges
to f(t) for a.e. t for f € L?(T) in a celebrated breakthrough, and this was
generalized to LP(T),1 < p < 400 by Hunt.

To state sufficient conditions at a given point it is convenient to rewrite

Sx(N® - 10 = [ -2~ J(o)SeN A Dme

sinmx

D=

1 1
2 2
= / A(t,z)sin2r Nz dx + f(t —x)cos2r Nz dz,
1
- —3
with
t—x)— f(¢
Ay =D = 10)
tan Tz
Of the two terms above, the second one has limit zero as N — 400 by the
Riemann-Lebesgue lemma. As to the first one, the contribution of |z| > 0
also tends to zero by the same reason because A(t, x) is integrable in |x| > 0.
this shows that the statement Sy (f)(t) — f(¢) is equivalent to

/ M sin2r Nx dx — 0,
|z|<é

tanx

for § small. This implies that the convergence of S(f)(t) to f(t) is of local
nature, i.e. it only depends on the local behaviour of f at ¢ (Riemann’s
localization principle). For instance, the above shows that if w is
integrable, then S(f)(t) converges to f(t) (Dini’s criterion). In particular
this holds true if f satisfies a Lipschitz condition at ¢ or if f is differentiable

at t.

3.5 Convergence in norm

Regarding convergence in LP(T),1 < p < 400, we have seen that on(f) —
f in LP(T) while we trivially know that Sy(f) — f in L?(T) if f € L*(T).
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We will see later, as an application of the CZ theory, that this holds true
for 1 < p < +00.

Another natural question is studying uniform convergence of S(f) when
f is continuous. One needs extra assumptions, for du Bois-Reymond con-
structed a continuous f such that S(f) diverges at some point (in fact ex-
amples can be constructed where S(f) diverges on a dense set).

Using the arguments above one can prove that the Fourier series of an
absolutely continuous function or a Lipschitz function converges uniformly.
More generally, if f is continuous and of bounded variation then S(f) con-
verges to f uniformly.

3.6 Rotation invariant operators in L?(T)

The Fourier series helps understanding the structure of rotation invariant
operators, as shown by the following result.

Theorem 15. For a bounded operator T': LP(T) — L4(T),1 < p,q < oo
the following are equivalent:

e [t commutes with rotations.

e It commutes with convolution with L!(T) functions.

e The characters e,, are eigenvectors of T', Te,, = mpe,,.

e It diagonalizes in the Fourier basis: ¢, (T'f) = mucn(f),n € Z.

The same holds replacing LP(T),L9(T) by C(T) in case p,q = +00. More-
over

e In case p = g = 1, the general form of T is given by T'f = f % u, with
a finite complex Borel measure p, in which case m,, = ¢, (), and || T
equals the total variation of p.

e The general form of a bounded translation-invariant operator T :
C(T) — C(T) is also T'f = f*pu, with a finite complex Borel measure

Lb.

e In case p = ¢ = 2, the general form of T is given by ¢, (Tf) = mpc,(f)
with m,, an arbitrary bounded sequence, in which case the norm of T'
as an operator in L%(T) equals sup,, |n,|.

Proof. We already know that a) implies b) implies ¢). To see that this
implies d) we consider f € LP(T). Then

en(Tf) = li]{fncn(aNTf) = lijl\r[ncn(T(aNf)) = mpen(f).
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If d) holds then 7,7 f and T'(7, f) have the same Fourier coefficients and so
they are equal.

In case p = ¢ = 1 we know already the statement after theorem ?7. In
case p = q = 2 the result is an easy consequence of the fact that the e,
constitute a basis of L?(T).

In the case of C(T) the statement is almost a tautology; indeed, if T is
bounded and translation invariant in C(T"), then f — T7'f(0) is a continuous
bounded functional, hence there exists a measure p such that

770 = [ fa)dula).

If dv(z) = du(—x), then

T()(y) = 7(TF)(0) =T(m—4f)(0) = / (T f)(@)dp(x) =

T
/T (ry ) () () = /T f(y — 2)dv(a).
]

Note that in the above result T is formally the convolution of f with

g(t) — Z mm62m’nt‘
n

But this object g is not in general an L!(T) function (for instance if m,
does not tend to zero) not even a measure. That object g is in general a
distribution. In L'(T) the situation is somewhat the opposite: we know pre-
cisely the object g, a measure, but we do not know exactly which multipliers
my, may arise. In the other cases we do not know the exact description of
neither g nor the m,,.

3.7 The Fourier transform in Td

The Fourier series of a function on T9 is

SFW) =D (e k-t = kit + - + kqta,
kezd
with

1 1
() = /0 /0 FO2 gy,

Much of the analysis done in the previous section goes over to N > 1,
provided that appropriate definitions are given, namely that of Sy f(t). If
rectangulars sums are used, that is,

SN(HE) = D er(fer™,

[ki | <N
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and correspondingly for on(f), then the results for Sy (f) and on(f) hold
as well. However, if spherical sums are considered

SY(N@&) = Y (N kP =k + - + K,
|k|<N

then the situation becomes more complicated and will not be explained here.

Finally we remark another aspect to be taken into consideration for later
reference. In one variable a non trivial periodic function has a fundamental
period a > 0 and by scaling the Fourier development reads

FO) = ealfeain,

with 1 o
alh) =3 [ foe
a Jo

The frequencies are then the integer multiples of %’T

For a full non trivial periodic function g in R4, d > 1 its group of periods
is a lattice of the form A = A(Z9) for some n x n invertible matrix A, with
fundamental region I = A([0, 1]"). If f(t) = g(At), f is Z9 periodic and has
a Fourier series expansion as above. Rewriting it in terms of g one obtains,
with A* = (A*)~1(Z9) being the dual lattice

9o(t) = 3 cplg)emie",

pEA*

where

1 o
= t)e 2™t g,
P Jdet A /Ig( Je

The frequencies are then located at A*.
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Chapter 4

The Fourier transform in R4

4.1 The Fourier transform in L!'(RY)

For f € L'(RY) we define its Fourier transform f by

(€)= (free) = /R f)e i da ¢ € R

More generally we can define the Fourier transform of a finite complex
Borel measure du by

= [ o

Besides the translation operators 7.,z € RY, we consider too the di-
lation operators pyf(xz) = f(Ax),\ > 0. The following properties are ele-
mentary. They establish that translations and multiplication by characters
correspond one each other under Fourier transform, dilation goes to inverse
dilation, and differentiation corresponds to multiplication by polynomials,
up to constants.

Proposition 3. The following properties hold:
o f() = e M f(g)
o Tf g(x) = €27 f(z), then (&) = 7,(€).
P (&) =AUf(5).
o Df(¢&) = (2mi&)* f ().
(D*F)(€) = ((=2miz)” f(2))(£)-

—

o frg=fg.
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e If A is an invertible matrix and fa(z) = f(Ax), then

ae) = W;A‘f(A—l)*f).

e (The Riemann-Lebesgue lemma). f is a continuous function vanishing
at oo.

Also note that if A is an orthogonal matrix, then the Fourier transform
commutes with composition by A. It follows that if a function f(z) is radial(
that is, it only depends on |z|, or if f(Az) = f(z) for all orthogonal A), then
f is also radial. As a consequence, convolution of radial functions is radial.

In particular, if P(D) = } cnacaD® is a differential operator with
constant coefficients (and so translation invariant) one has

— —~

P(D)f (&) = P(2mi€) f (€), (P(D)f)(€) = (P(~2miz) f)(€),

whenever the left hand side makes sense.

A translation- invariant operator T has a multiplier, for instance that
of P(D) is m(&) = P(2mi&). We say that T is invariant by rigid motions if
moreover T'(f4) = (Tf)a for all orthogonal matrices. Then, its multiplier
must be radial. For instance, the Laplace operator

0? 0*
e 8733% + N + 87%%,
is radial and has multiplier m(¢) = —4x2|¢|?. If a differential operator P(D)

is invariant by rigid motions, then its multiplier is a radial polynomial, that
is a polynomial in |£|?, and hence we have

A

Proposition 4. A differential operator P(D) is invariant by rigid motions
if and only if it is a polynomial in A.

4.2 The Dirichlet, Fejer and Poisson kernels in R4

Again, by the motivation explained in a general context, we ask ourselves
about the validity of

f:/R,d<f’€£>€€d€’

that is

@)= |  FE©emeide, (41)

in some sense.
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The first and most natural method is to consider the Dirichlet means.
Here we have two choices, we can use cubes of size R or else balls of size R,
that is,

(S5)(x) = / F(&)erme ag

|&iI<R

(Shh@) = [ fleeirtag
[¢I<R
It turns out that these means have a different behaviour. Here we will
use the rectangular means, because as we shall see their kernels are tensor
products of one variable kernels. By direct computation we find that

d
(S6.f)(z) = (f * Dr)(x H 1n27rR3;J

The kernel Dg is strictly speaking not 1ntegrable ( a typical example
of a conditionally convergent integral) and is not an approximation of the
identity. However, if we consider their means as we did in the periodic case,

we find
R
(orf)@) =3 [ (SiN@dr = (f 5 Fr)(o)

where Fr(z) = RYF(Rx), with

d 1 — cos2mx
_ - J
F(x) = | | T
i=1 J

One can check that F' has integral one and hence FR is an approximation
of the identity.

Another way, more useful, to deal with (4.1) is to introduce other types of
means. The general scheme is as follows: we consider a continuous integrable
function ® such that ®(0) = 1 and the mean

F&)ET 0 (e8)de.
Rd
Now, Fubini’s theorem implies that
gt = [ fatay. 1. € 1R,

The Fourier transform of CIJ( €) is 5‘5@(%) = &_(y), whence the Fourier
=y

transform of 2™ € (e¢) is P.(y — x) and so

F©)ePm D (c€)de = (f * D.)(x).

Rd
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The most simple choice is ®(z) = e~™7I* (Gauss means), for which it is
casy to compute that ®(¢) = e~ that is ® = ®. For this choice we then

have

/Rd (el e dg = (f % @2) (2). (42)

But [pa ®(z)dz = </IS(0) = ®(0) = 1, therefore ®. is an approximation of
the identity and therefore G.F — f in L'(RY). This implies the unicity
theorem: if f =0, then f = 0. It also implies

Theorem 16. (Inversion theorem) If f € L'(RY) and f € L'(RY) then

f)= [ fe = dg a.ex
Rd
and in particular f is a.e. equal to a continuous function vanishing at infinity.

The Gauss means (4.2) are connected with the heath diffusion problem:
indeed one can check that u(t,x) = f,(v/t,z) is the solution of the heath
equation

ou 1

ot 4

More generally, we can choose any continuous function ® such that

®(0) =1 and D is integrable. Then by the above the integral of d equals

®(0) = 1 and we can repeat the same argument. For instance, another

choice is ®(x) = e~2"*l leading to the Abel means. One can check that in
this case

Azu(z,t),u(0,z) = f(z).

S 1 [
(5) = Cd (1 + |£|2)(d+1)/2,6d N 7T(d+1)/2'

and that in this case u(t,x) = fy(t, x) satisfies

0%u
W + Axu(t7x) = O,U(O, l‘) = f(x)a
that is, is the solution of the Dirichlet problem in the half-space.
We saw that the Fourier transform converts convolution to products. We
can now show that it also converts products to convolutions, when every-
thing makes sense:

Proposition 5. If f,g, f,§ € L'(RY), then E = fxq.

Proof. By the inversion formula, both f, g are continuous functions vanishing
at infinity, so fg is integrable. Checking that both terms have the same
transform we are done. O
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4.3 The Fourier transform in L*(RY)

Let us observe that the pointwise definition of f(£) does not make sense for
f € L?>(RY). We will see, however that it can be still be defined in a suitable
sense, in L? sense. The basic fact is the following theorem:

Theorem 17. If f € L'(RY) NL2(R9) then f € L2(RY) and || f||2 = || f]|2.

Proof. We observe first that (4.2) also implies that if h € LYRY), h >0
and h is continuous at zero then h € LY(R9), the inversion formula holds
and h(0) = [ga hdé. Given f € LY(RY) NL2(RY), let g(z) = f(—=) so that

§ = f, and consider h = fxg. Then h is in L'(R9), h = |f12; Since both f, g
are in L2(RY), h is continuous (by the continuity of translations). Hence

/Rd‘f(f)’”f:/Rdﬁ:h(m=/Rdrf<:c>|2dx.

O

At this point we introduce the Schwarz class S(RY) of C* functions f
such that all derivatives D“f decay faster at infinity than all polynomials:

lim |z’D%f(z)| = 0,0, 8 € N4
|z| =400

Obviously this space is dense in all LP spaces, 1 < p < 400 because it
contains the space C2°(R9). Using the properties of the Fourier transform
and the inversion theorem, it is immediate to see that the Fourier transform
is a bijection from S(R9Y) to itself. Now, trivially L' (R4)NL2(RY) contains
S(R9Y) and so does its image under the Fourier transform. Thus we have that
the Fourier transform is an isometry between a dense subspace of L?(R9)
an another dense subspace. We can then define the Fourier transform of
an arbitrary f € L?(R9) taking an approximation in L? by functions in
LYRY)NL2(RY), for instance f(x) times the indicator function of a ball of
radius R. Then

R _ . —27ik-x
= [ i@

exists in L2(R9), defines f, and
1Fll2 = 11£1l2-

(Plancherel’s identity). It is an isometry onto L?(R9), the inverse being

_ . £ 2mi&-x
fla) = Jim [ f@er de
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also convergent in L?(RY).
Being an isometry is equivalent to preserving inner products, that is, to
the polarized version

(@) g(@)de = [ f(&)4(€)de,
Rd

which is known as Parseval’s relation.

With this definition, the properties of the Fourier transform listed above
hold true as well in L?(RY). Generally speaking, a rule that makes sense
does hold. The convolution of two L? functions is a bounded continuous
functions, not necessarily in L', so we cannot consider at this stage its
Fourier transform. However, their product is in L' and the convolution f * g
is a continuous function. So the rule f g = f *x g makes sense and would
be proved by an approximation argument. In a similar way, for instance, if
fel'(RY),ge LZ(Rd) then f x g € L?(RY) and has Fourier transform
the L? function fg.

With an abuse of notation we may thus write that indeed, in the sense
above,

f:/Rd<f, eg)egd§. (4.3)

Some comments are in order. The e¢ do not even belong to L*(RY) (as
they have modulus one), yet they behave as if they were an orthonormal basis
of L?(RY), as in the periodic case. More precisely, they behave like a rigid
frame. Incidentally, real orthonormal basis of L?(RY) can be constructed,
namely the wavelet bases, but this is another direction of Fourier analysis.

Coming back to the Fourier transform, it is clear that (4.3) is due to
the existence of cancellations that we try now to explain. To begin with,
we have seen that the Fourier transform is an isometry of L?(R%). Observe
that it is given by a kernel K (z,&) = ™% of modulus one; this is by the
way enough to ensure that it is bounded from L'(R9) to L*(R9), but its
boundedness in L? depends on much more than size. To ilustrate it, let us
formally manipulate

/ (©)?de = /Rd /Rd/ F(@) F()e*™ =0 dadyde.

This being equal to [ga |f(2)|* dz means formally that

/Rd et d§ = do(x).

We arrive to the same formal conclusion if we manipulate similarly the
Fourier inversion theorem. The above says that superposition of all frequen-
cies is zero outside zero. An intuitive way to understand this is by noting
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that (d =1)

R .
/ (€T e _ sin 2 Rx
R Tr

is zero for  an integer multiple of &, so when R — +o0o the zeros become
more and more dense.

A final remark regarding the definition itself of the Fourier transform in
L?*(RY) is in order. Namely we have defined

f(€) = lim x)e 2TET gy
flo = im [

where the convergence is in the L?-norm. This implies that, given f, a

sequence I?; — +o0 exists so that

f(¢) = lim fz)e 2™ dy,
I+ J|z|<Rj

almost everywhere, but does not imply a.e. convergence of the means. This
is in fact true, a very deep result proved by L. Carleson.

4.4 Translation invariant operators in L?(R9)-spaces

With the above tools we can have a better understanding of translation
invariant operators, as the next theorem shows.

Theorem 18. For a bounded operator T : L?(RY) — L9(R4),p,q = 1,2,
the following are equivalent:

e It commutes with translations.

e It commutes with convolution with L'(R%) functions.

e It diagonalizes in the Fourier basis: f}”({) = m(&)f(£).
Moreover, the general form of T is given

e incase p=gq=1, by Tf = f*pu, with a finite complex Borel measure
i, in which case m(§) = [1(§) is continuous.

e in case p = q = 2, by f}(f’) = m(&)f(£) with an arbitrary bounded
function m, in which case the norm of T as an operator in L?(R9)
equals ||m||s-

Proof. We need prove only that T diagonalizes in case it is translation
invariant and commutes with convolution with L! functions. If f,g €
L'(RY) NL2(RY) we will have

fxTg=T(fxg)=T(g*f)=g*Tf,
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and hence f@ = gf} . Take now as g the Gaussian function for which
§=g>0tofind Tf =mf, with m = 22 for all f € L'(R9) N L3(RY)
whence for all f by density.

Once we have m the statement in L?(R%) is an easy consequence of the
Fourier transform being an isometry in L2. O

We can describe as well all continuous operators acting on S(RY) which
are translation invariant. They will correspond to functions m that act on
S(RY) by multiplication.

Definition 4. We say that a C°° function ¥ has slow growth if for every
o € N9 there exists k € N such that |DPhq)(z)| = O(|z|*)|.

We call B(RY) the space of functions of slow growth.

Theorem 19. A function m operates on S(RY) by multiplication if and
only if m € B(RY). Then, Tp = m¢ is the general form of a continuous
translation invariant operator on S(R9).

Notice that in the above statements if we take an approximation of the
identity f = k. with £ € LIRY) N L2(R9), then

Tk (€) = m(€)k(e€),
and since k(0) = Jk=1,

m(&) = lim Tk (€),

which amounts to say that T is given by its action on the ”delta” mass.
Another final comment: T is formally the convolution of f with

9(x) = /R et de.

But this object g is not in general a function but a distribution, see later.

The last result describing all translation invariant operators of L?(R9)
serves to describe all closed translations invariant subspaces E of L?(R9Y).
Indeed, let us associate to E the projection operator P onto E, that is,
Pf € E and f — Pf is orthogonal to E, P> = P. If E is invariant by
translations so is P, hence it has a bounded multiplier m € L™ (Rd). Now,
P? = P translates to m?> = m, whence m = 0 or m = 1. Let A be the set
where m = 0. A given f € F if and only if Pf = f, that is mf = f, whence
it follows that f € E if and only if f vanishes a.e. on A. This is the general
form of a closed translation invariant subspace in L2(Rd). In particular, the
translates of a a given function f € L2(RY) span the whole of L?(R4) if and
only if f # 0 a.e. (Beurling’s theorem)
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Chapter 5

Distributions

5.1 What is a distribution?

The basic idea of distribution is to consider that functions f are not given by
their values at points but by their action on other functions by integration.
That is, two functions f, g defined in an open set U of R are equal if

/ f(@)p(a)da = / o) p(x)dz, (5.1)
U U

for all ¢ in a certain test space. The smaller the test space the stronger is
the statement. So we chose once for all the smallest and nicer test space,
the space that we have seen is dense in all LP(U) spaces. So the starting
point is the statement 12 that we recall here

Proposition 6. . If f,g € L} (U) and (5.1) holds for all ¢ €, then f = g

loc
a.e.

This means that f is completely known as soon as one knows

up(p) = /U f(@)p(x) dz,

and is the basis of the following definition.
Definition 5. A distribution on U is a continuous linear map u :— C.

We understand continuity as follows: if ¢, is a sequence in that tends
to zero (this meaning that they have their supports in a fixed compact set
K of U and D*(¢;,) — 0 uniformly in K), then u(yp,) — 0. It is customary
to write u(y) = (u, ¥).

Thus every function f € Llloc is a distribution, in particular constants.
A locally finite measure dv on U is also a distribution. The Dirac measure
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at a will be denoted d,. If A is a discrete set in U (hence countable), the

comb
> ba,

TSN
is also a distribution.
The following is an example of a distribution that is not a function nor
a measure. We define the distribution p.v.% in R by

1
(p.v.—, @) = lim #(x) dzx.
X e—0 lzj>e T

Note that the limit exists because it equals
[ee]

i [ P@) —pl=a) o
e—0 c xr

The space of distributions on R9 is denoted D’(R9)

5.2 Operations with distributions

When defining an operation on distributions we look for consistency, and in
doing so the definition comes up in a natural way. For instance, we want to
define the translation 7,u of a distribution in R9. The definition should be
so that 7,us = u,, ¢ for f € L},.. Since

| ety = [ 1=avels = [ e+ a)d -
= | f()mep(z)dz,
Rd
we must define for a general distribution u the translation 7,u by the rule

<Txu7 90> = <u7 T—$§0>'

A distribution in R is called periodic with period a if T,u = u. All
a-periodic functions are, and also the Dirac comb A, = ZnEZ Ona

Let us define next the product of a distribution uw with a function g. This
cannot be other than

(gu, ) = (u, gp),

and we realize that makes sense for g € C°°(U). For instance, trivially gé, =
g(a)dq. Analogously, gA, = )", g(na)dne. Incidentally, gA, represents the
sampling of g every a units.

Also

(xv.pé,gp = lim o(z)dr = /Rgo(z:)daz = (1, ),

e—0 |z|>e



that is, :cv.p% =1.
We define now the derivative D®u of a distribution in the only possible
way to keep consistency, namely, in view of the integration by parts rule,

(Du, ) = (=1)*(u, D*p).

In R, the integration by parts rule [ f'o = — [ f(¢)’ holds for all lo-
cally absolutely continuous functions ( undefinite integrals of integrable func-
tions), so that (us)’ = up for those.

Consider the unit step of Heaviside function H, 1 for positive x and zero
for negative x. Then

(', 0) = —(H, ) = — / " @)z = (0),

so that H' = 4.

it is important in some cases to distinguish between classical derivative
and derivative in the sense of distributions. Consider for example a function
f which is continuously differentiable in the closed intervals determined by
some points ay,...,ay where it has some jump discontinuities with jumps
s;. Then (ug) = up + >, 504, The a- periodic function which in each
interval [na, (n 4+ 1)a] is linear from 0 to 1 has derivative 2 — .

As a final example, let us compute the derivative of log|z|. Its action on

p is
—€ +oo
—/ log |z|¢' () do = — lim (/ +/ > log |z|¢' (x) da.
R € —00 €

If we integrate by parts we find that this equals

lim(p(e) — ¢(—¢)) loge + lim —=dz,
€ € Jz|>e T
so that its derivative is p.v.%.
One can prove, in R, that if «' = 0 then wu is constant and that every
distribution has a primitive.

5.3 Convergence of distributions

The notion of convergence of distributions that we adopt is simply the weak
convergence: u, — u means simply (un, @) — 0 for all p. With this def-
inition all operations are continuous, in particular the differentiation. In
particular we can consider series of distributions. We will be interested in
trigonometric series

in
§ :Cn€27”ax.

nez
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The partial sums act as
N N

<Z Cne2m%x)¢>: Z cn@(_g)

n=—N n=—N

Now, ¢ is in the Schwarz class, so that ¢(—2) = O(|n|™*) for all k. This
shows that if the coefficients ¢,, are slowly increasing meaning that ¢, =
O(|n|*) for some k then the series indeed defines a distribution. This is not
necessarily the Fourier series of a periodic function.

Let us consider the a- periodic function f equal to £ in [0,a]. By direct
computation we find its Fourier series

1 i L oning
n#0

As it is convergent in L?(T) is also convergent as distributions, and its
derivative is

1 ‘n
f(x) = —=sumyzoe*™ .
a

But we shaw before that f/ =+ — A,, so it follows that the periodic distri-

a
bution A, has also a Fourier series

Bu= 0= 3

neZ nez

5.4 Distributions with compact support

Definition 6. A distribution with compact support is a continuous linear
map u: C*°(U) — C.

Continuity means here that if ¢, € C°°(R9) tend to zero (meaning that
D%p,(x) — 0 uniformly on compacts) then (u,p,) — 0. This amounts to
the existence of a constant C, a compact K and m such that

[(u, )] <C sup  [D%p(z)].
zeK,|a|<m

It is completely known by its restriction to C2°(U), by density. Again,
we may think that v has compact support if it is capable to act against
all C>(RY) functions. To be precise, let us define that a distribution u €
D'(RY) has support in a compact set K if (u,p) = 0 for all ¢ supported
in the complement of K. Then one can see that it extends its action to
@ € C'*° in a continuous way.

The following is left as an exercise:

Theorem 20. A distribution w is supported in 0 if and only if is a finite
linear combination of derivatives of 9.

The space of distributions with compact support is denoted &’ (Rd)
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5.5 Tempered distributions, Fourier transform of
tempered distributions

We would like to define the Fourier transform of a distribution. For f €
L'(RY) we have

f(@)p(a)dr = (z)p(x)da,
Rd

f
Rd

and so we should define
<ﬂ7 90> = <uv 95)

The problem with this definition is that ¢ is no longer in D(RY). So we
cannot define the Fourier transform of an arbitrary distribution and must
restrict to a particular class of distributions.

Recall that we shaw in section 4.3. that the Schwarz space is invariant by

the Fourier transform, so the above would work if S(RY) were used instead
of D(RY) to define distributions. That’s why we define

Definition 7. A tempered distribution in RY is a continuous linear map
u:SRY) - C

Here continuity means that if ¢, — 0 in S(RY), meaning that

sup |z|?1| D¢ ()] — 0
T

as n — +oo for all a, B € N9, then (u, ¢,) — 0. Again, this amounts to the
existence of C' and m such that

[(u, o) <C sup  [D%(z)||z|™.
z€R4 |a|<m

The restriction of u to D(RY) is then a distribution (and in fact w is
completely determined by this restriction since D(RY) is dense in S(R?)).
Here it is enough that we look at tempered distributions as those that are
capable to act on the larger space S(RY). We denote by S’(RY) the space
of tempered distributions.

For instance, among the locally integrable functions f, those that have a
slow growth, meaning that |f(x)| = O(|z|¥) for some integer k are tempered
distributions. All LP- functions, 1 < p < 400 are as well. It is easy to see
too that all periodic functions, integrable over a period, are also tempered
distributions. This is so because if ¢ € S(RY),

>l +na)l

is a bounded function.
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It is easy to see that gu € S'(RY) if u € S'(RY) and g € B(RY), that
is, for all @ € N9 |D%(x)| = O(|x|*) for some k, because in this case
gp € S(RY) for all p € S(RI).

The Fourier transform 4 of a tempered distribution is thus defined

(i, ) = (u, 9).
Since the Fourier transform in S(RY) is an isomorphism with its inverse
being the same transform composed with reflection, the same happens with
S’(R4). The properties of the Fourier transform regarding translations vs
multiplication by exponentials and derivatives vs multiplication by polyno-
mials go over to S'(R9).

Example 1. 1. §,(¢) = —e?™a¢ ¢2miaz — §, In particular, 6o = 1,1 =
dp. This is a restatement of the inversion theorem.

2. In particular A\a = Zn&; =>. e2™mag  But we shaw before that
this equals éA 1. Therefore
A, =-A

Y

Q|

Q=

and in particular, A is its own Fourier transform.

3. Let us compute the Fourier transform of p.v.%. Its action on ¢ is

. ¢(€)
1 2 dE =
1;_91 /E<|1’i<1/8 § :
. oripe A&
1 2mix€ S de =
lgn/R@(x) </€<|xi<1/ee 5) !
= —ilign/ch(x) </€<m<1/€ sin 271'955(?) dr =

But the last inner integral is known to be uniformly bounded in ¢,z
and has limit 7sign(x), so the Fourier transform of p.v.% is —imsign(&).

5.6 The Fourier transform of a distribution with
compact support

If f € D(RY), then f € S (RY). In fact something much more precise can
be said. Note first that f(£) makes sense for z € C9,

f(z) = (x)eiQﬂZ'x dx.
Rd
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and it is an entire function in C? (in particular it cannot have compact
support in R9),

Now, if u € &'(RY), as it is capable to act on C°°- functions not neces-
sarily with compact support, we may consider as well the entire function

h(Z) — <u$,67271'1‘z-ac>7

which is formally @(z) for € RY. One can check that the two definitions
of 4,u € &'(RY) agree, that is,

wd) = [ Hoela)

This means that for u € &'(RY), 4 is in fact the restriction to R of an
entire function.

Moreover, it is easy to see that @ € B(RY). In fact, the Paley-Wiener
theorem characterizes exactly the class of entire functions F' that are Fourier
transforms of u € & (RY). They are exactly those of exponential type,
meaning that

F(2)| < Cetlmel 5 ¢ o,

for some constants A, C, and such that the restriction to RY is in B(R9).
Among these, the ones that are Fourier transforms of function ¢ € D(R9)
are exactly those such that the restriction to RY is in S(RY).

5.7 Convolutions among functions and distribu-
tions

Now we would like to define convolutions, among functions and distributions
first, and among distributions in a second step. From

g+ f(z) = / oz — ) f(w)dy

we see that if we want to replace f by a general distribution u we should
define by consistency

(g xu)(x) = (uy, g(z — y)),

This makes sense in three cases, and defines a function lying in the
indicated space

DRY) «D'(RY) c C*(RY), S(RY) + S'(RY) ¢ C®(RY)
C>®(RY) « &' (RY) c c*(RY), D(RY) x &' (RY) c D(RY)
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Checking that g *u is a C'"*° function depends on showing of course that
the rule
D%g*u) = D% *u

holds. For instance, in case || = 1, this is a consequence of the fact that
for g € D(RY), the incremental quotients defining D%g converge not only
pointwise but in D(RY), and similarly in the other cases.

It is an immediate consequence of the definition that convolution is con-
tinuous in both arguments.

When convolving ¢ € S(RY) with u € S’'(RY), one can check just using
the definition of continuity of a tempered distribution that moreover one has
¢ *u € B(RY). This makes sense to the rules

pxu= @i, p e S(RY),uc SR
ou=@+i,p € S(RY),ue S'RY

and they can be routinely checked too.
Next we want to define the convolution of two distributions. Again from

the relations
(g frp // r—y)f(y)e(z)drdy =

:/(/g(z)go(y—i—z)dz dy—//f oy + 2)dy)g(z)dz

we see that we should define

<u * 0, 90> = <uZ7 <Uy> so(y + Z)>>7

or else
<u * 0790> = <va <u2790(y + Z)>>

Written in a more compact form, using the notation p,(x) = p(—z),

(uxv,9) = (u, (ps ¥v)s), € DRT).

Also note that for this to make sense, one of the distributions must
have compact support. Fortunately one may routinely check that the two
definitions agree and defines a commutative operation uxv € D'(RY). Again,
convolution is continuous in both variables and

DY(u*v) = (DY) * v = ux D%.

Note that of course § x u = u, D% * u = D%u for all distributions wu.
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Now assume that u € &'(RY),v € S'(RY). Then still p x v € C®°(R9Y),
and so the definition above makes sense for ¢ € S(RY), and uxv € S'(R9).
Then, as one may expect

—

uUxv=ud

v
is another relation that makes sense (because @ € B(R9)) and so does hold.

5.8 Translation invariant operators in spaces of
distributions

With the language of distributions and tempered distributions one can state
a number of representation theorems for continuous operators in spaces of
distributions invariant by translations.

Of course the definition is the same. If T acts on distributions, we say
that T is invariant by translations if T'r, = 7,T. We will show that generally
speaking T is always given by convolution.

Assume first that 7 : D(RY) — C(RY) is translation invariant. Then
¢ — T'(¢)(0) is a distribution, and using translation invariance we find that
T(p) = ¢ * u for u € D'(RY), this is the general form of 7. That is almost
a tautology.

It will take values in D(R9) if and only if u € £'(R9). Thus, convolution
by u € & (R9) is the general form of a continuous t.i.p. from D(RY) to itself.

In an analogous way, convolution by u € £'(R9) is the general form of a
continuous translation invariant operator from C*°(R9) to itself, and con-
volution by u € S’(R9) is the general form of one from S(R9) to C>=(RY).
It will take S(R9) to itself iff & € B(RY).

Now, a basic fact of the spaces C*°(R9), D(R?) and S(R?) is that they
are reflerive. This means that they equal their second dual. In other words,
if for instance w : D’'(RY) :— C is a continuous linear functional, then there
exists ¢ € D(RY) such that w(u) = (u, ). Analogously, every continuous
linear functional on & (R9) is given by testing on some ¢ € C*(R9) and
every continuous linear functional on S’(R9) is given by testing on some
¢ € S(RY).

Using this fact it is easy to prove that the general form of a continuous
translation invariant operator 7' : D'(R4) — D'(R9) is convolution against
some u € &' (RY). Indeed, for all ¢ € D(RY), the composition u — (Tu, @) is
a continuous linear functional, and so it is given by testing against some other
function S(¢) € D(RY). The operator S thus defined is continuous and
translation invariant and so it consists in convolving with some distribution
with compact support. From this one we get the required u.

In a similar way, the general form of a continuous translation invariant
T : &R — &(RYI) is convolution by some uE'(RY), and convolution
with v € S’(R9), such that @ € B(RY), is the general form of a continuous
translation invariant operator from S’(R9) to S'(R9).
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In general, if X, Y are some spaces of tempered distributions, every con-
tinuous t.i.p 7T from X to Y is given by convolution with some distribution
u. For instance,

Theorem 21. If T : LP(RY) — L9(R9) is bounded and translation invari-
ant, there exists u € S’'(RY) such that T(f) = f*, f € S(RY).

Proof. Indeed T it will commute with convolution with L' functions so

T(px)=@xT () =T(p)*,

hence .

o+ Ty =Tp, € L'RY) NLP(RY), y € LP(RY).
Thus ﬁp = ma), with m = ;’. Choosing ¢(x) = e~ *l, ¢(£) is the Poisson
kernel whose inverse has polynomial growth. Then m is the product of an
LY function with a function of polynomial growth, and so is a tempered
distribution. It now suffices to choose u so that u = m. O

5.9 Fundamental solutions

Definition 8. If T : D'(RY) — D'(R9Y) is continuous and translation in-
variant, we say that £ € D'(R9Y) is a fundamental solution if T(E) = &.

In this case T(E*v) = T(E)*v = §*v = v for v € £&'(RY) and generally
whenever F *x f makes sense. Thus convolution with E is an inverse of T
We state without proof the following theorem:

Theorem 22. (Malgrange-Ehrenpreis theorem): every linear constant co-
efficient operator T'= P(D) has a fundamental solution.

Note that if T is a translation invariant operator in S'(R9), then it is
convolution with v € &'(RY) with @ = m € B(RY), so TE = § is equivalent
to 1 = mE. If it happens that % € S'(RY), then the tempered distribution
with £ = % is a fundamental solution.

For example, for the laplacian A, m(§) = —4n2[¢|?. Here, % is locally

integrable if d > 2 and so we can find a fundamental solution £ = 1/m. It
must be radial, and by homogeneity it must be of the form cg|z|9~2. For
d = 2, a direct proof shows that E = ¢y log |z| is a fundamental solution.

The fundamental solution is of course not unique since we cal add to
it a solution of Tu = 0. For the Laplacian, the tempered distributions u
such that Au = 0 must satisfy |¢|204 = 0, whence 4 is supported in zero,
whence 4 is a finite linear combination of derivatives of the delta function,
and therefore u is a (harmonic) polynomial. The fundamental solution E
found above is the only one vanishing at oc.

In connection to this we mention the Weyl’s lemma that holds true more
generally for elliptic operators.
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Theorem 23. Weyl’s lemma: if f € C°(RY) and Au = f in the sense of
distributions, then u € C>°(RY) and Au = f in the classical sense.

5.10 The Poisson summation formula.
Let us go back now to what we found before, formula

11—
-A1 =A,
a a

as tempered distributions. This means exactly that

> pna) = Zgo ), € S(RY).

Replacing ¢ by 7_,¢p we get

Z o(z —na) Z go 2T (5.2)

or interchanging ¢ and ¢,

Z(px—na ngna —2mizg

This is known as Poisson’s summation formula and if fact holds for a much
larger class of functions, as the following argument shows, that constitutes
as well a direct proof, that works as well in R4

For f € L'(R) we consider its a-periodized function

= Zf(x —na).

Indeed, this series converges a.e. and defines an a-periodic function in
L(0,a). This is so because

I3

The Fourier coeficients of F' are

= Cll/o“ Z flz —na)e 2™ *a do = Z/n+1 flx)e 2™k =
=+ | e = G,

a a

If(x = na)|da g/ 1 (2)] da.
N<|n|<M |z[>Na

Hence the right hand side of (5.2) is the formal power series of F. If F
satisfies some of the criteria for pointwise convergence, then (5.2) will hold
pointwise. One such criteria is that F' is absolutely continuous. It can be
seen that this is the case if f is differentiable with derivative in L*(R).

54



5.11 Tempered distributions, a common frame for
the Fourier transform in Z,Zn, T, R

Assume that f is a a-periodic function integrable in one period. It has a
sequence of Fourier coefficients

clf) =5 [ e s

and a formal series

Z Cn(f)€2m%x.

This series does not converge in general to f. Let us look at f as a tempered
distribution and let us compute its Fourier transform.

G =10.0) = [ re)pwdr =
= /0 f(z) Z o(x —na)dr =
1 “ Ny _opign n
=, [ T e = el
This means that as a tempered distribution
f=2 ends
the sum being convergent in S'(R9). By applying the inverse Fourier trans-

form we find that '
f = Z Cn(f)GQngzv

this development being in &'(R9).

Something similar happens with an infinite digital sequence x = ().
This is identified with z = ) x,6,, which certainly is a tempered distri-
bution if x € IP(Z) or if =, has slow growth. Its Fourier transform as a
tempered distribution is

Z xn6—27rin§
n

which again is its definition as a Fourier transform in Z.
Now suppose that this signal is N-periodic, that is, z;yny = z;. This
means that the tempered distribution x can be written

N-1

v =Y mpTeAx,
k=0
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and hence

_9mid
e 27r2Nk)6j
N

)

jEN k=0

This is another N- periodic signal whose N defining numbers are the Fourier
transform defined in section 2.4.

We thus see that all four definitions of the Fourier transform for each of
the different groups fit together in the common frame of tempered distribu-
tions. It can be proved that any a- periodic tempered distribution 7" has a
Fourier series convergent in S(RY)’, and that T is supported in %
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