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12 Spectral theory for bounded operators on complex Hilbert
spaces

12.1 Notation
We recall some basic notation and definitions.

Definition 12.1.1. Let E be a Banach space over K and let T' € .Z(F) be a continuous
linear mapping on E.

i) The spectrum of T is the set o(T) C K defined as

o(T) :={X € K: A\l =T does not have a bounded inverse}.

ii) A € K is called an eigenvalue, if ker(A\] — T') # {0}, i.e. if there is an = # 0 with
Tr = A\z.

iii) If A is an eigenvalue, the elements of ker(\ — T') are called eigenvectors of T asso-
ciated with A.

We recall the basic properties of o(T):

i) A eo(T) =\ < T

ii) o(T) is closed, i.e. the resolvent set o(T) := K\ o(T) is open;
iii) If K= C, then o(T') # @.

We shall study linear operators on complex Hilbert spaces. Following definition recalls
the basic types of such operators.

Definition 12.1.2. Let H be a Hilbert space over C and let T' € Z(H).

i) The operator T is called positive, if (T'x,z) > 0 for all z € H. We sometimes write
this as T > 0;

ii) There is a unique operator 7% € .Z(H), such that (T'z,y) = (x,T*y) for all x,y € H.
This operator is called the adjoint operator to T

i) If T'=T%, T is called self-adjoint.
iv) If at least TT* = T*T, then T is called a normal operator.

Few basic properties of these classes of operators may be found in Exercises. We give
one example here.

Example 12.1.3. We consider the shift operator S on f5, which is defined by
S((x1,x9,...)) = (0,21, 22,...).
We show that
op(S) =3, 0qp(S)={AeC:|A =1}, o(S)={ e C: |\ <1},

where 0, (S5) is the set of eigenvalues of S (the so-called point spectrum) and o4,(S) =
{N € C:inf{||Sz — Az : ||z|| = 1} = 0} is the approzimative spectrum.
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Let Sz = Axz. Then 0 = Az; and x; = Az, for j € N. If A # 0, this implies 21 = 0,
which implies o = 0 and so on, i.e. x = 0. If A =0, 2 = 0 follows as well. Hence, there
are no eigenvalues of S.

We know, that o(5) C {A € C: |A\| <1} (as ||S]| = 1). Let on the other hand A be a
complex number with |[A| < 1. Then the equation

(S—= M)z = (=Az1,21 — Az, 22 — Az3,...) = (1,0,0,...)

shows that A # 0 and z = (—1/A, —1/A2,—1/A3,...), which does not lie in f5. We
conclude, that there is no z € 5 with (S —AIl)z = (1,0,0,...), i.e. (S—AI) does not map
Uy onto (3, and is therefore not invertible. Therefore, o(S) = {A € C: |A| < 1}.

If |\| < 1 and x € l3, we have ||Sz—Az|| > ||Sz||—||Az|| = (L—|A])||z]], i.e. X & 04p(S).
Finally, if |\| = 1, we put

n_ L1 -2 ~(n-1)
"= 1,502 0,...).

It follows, that ||z™| =1 for all n € N and
|Sz™ — Az"|| = (2/n)Y? =0
as n — 00, i.e. 0gp(S) ={A € C: A\ =1}
The main aim of this section is to generalize the Spectral Theorem for compact self-
adjoint operators (Theorem 11.8) to bounded self-adjoint (or even normal) operators.
12.2 Functional calculus

Through the rest of this section, we shall work only with a Hilbert space H over C.

Definition 12.2.1. Let T" € Z(H). Then W(T) = {(Tx,z) : ||z|| = 1} is called a
numerical range of T.

Lemma 12.2.2. Let T € Z(H). Then o(T) C W(T).

Proof. Let A ¢ W(T) and put d := dist(A\, W(T")) = inf{|A —p| : p € W(T')} > 0. Then
for ||z|| = 1 we have

d < | = (Tw,2)| = [(Ae = Ta,z)| < [[(M = T)z|| - ||z]| = [(A = T)z|.

Therefore, A\I — T is injective and (A —T)~! : ran(A\] —T) — H with norm at most 1/d.
Hence, ran(A\ —T') and H are isomorphic and ran(Al — T) is closed.
Let us assume, that there is g € ran(A — T)+ with ||xg|| = 1. Then we obtain

0= <()\I — T).%'o,.%’0> =\— <T1‘0,1‘0>
and A € W(T), which is a contradiction. Hence ran(A —T') = H and X € o(T). O

If T is self-adjoint, then (Txz,z) € R for every € H and the previous lemma gives
another proof of o(T") C R. A bit more is even true.

Corollary 12.2.3. If T € ¥(H) is self-adjoint, then
o(T) C [m(T), M(T)],

where m(T) = inf{(T'z,z) : ||z|| = 1} and M(T') = sup{(T'z,x) : ||z|| =1}. If T >0 (i.e.
T is positive), then o(T) C [0, 00).
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Functional calculus is a way, how to define f(7T') for (at least some) functions f and
n

operators T'. Surely, if T € Z(H) and p(z) = Z a2 is a polynomial, we would like to
k=0

have p(T) = Z apTF.
k=0

Moreover, for H = C™ and T self-adjoint (i.e. a hermitian matrix), we may consider
the diagonalization

T =U"'DU,

[e.e]

where U is unitary* and D is diagonal. Let f(z) = Zakzk be holomorph on the whole
k=0

C, then (at least formally)

FT) =Y aT" = ap(U'DU)" =Y U ' DU = U~ <Z aka> U
k=0 k=0 k=0 k=0

_ Ul (D)
where
fldi) 0 0
HD) = 0 f(fb) 0 |
00 ... fd)

is again a diagonal matrix. We see, that to define f(7"), f needs to be defined only on
o(T) and “f(o(T)) = o(f(T))”, the so-called Spectral Mapping Theorem.

Theorem 12.2.4. (Continuous Functional Calculus) Let T' € £ (H) be self-adjoint. Then
there is a unique mapping

®:C(0(T)) = Z(H),
such that
i) ®(2)° =T,0(1) =I;
ii) ® is an involutive homomorphism of algebras, i.e.

a) ® is linear;
b) ® is multiplicative: ®(fg) = ®(f) o ®(g);
c) @ is involutive: ®(f)* = ®(f);

ii1) ® is continuous.

® is called continuous functional calculus of T and we denote f(T) := ®(f) for f €
C(o(T)).

Proof. Uniqueness: ®(2") = T™ and ® is unique on all polynomials. Furthermore, o(7T) C
[m(T), M(T)] is compact and polynomials are dense in C(o(T)). ® Due to continuity, ®
is unique on all C'(o(T)).

e UU=UU*"=1
5By z we denote of course the identity mapping z — z on C and by 1 the mapping z — 1.
%We assume, that you know, that polynomials are dense in C(I) for every bounded interval I.
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n

Existence: We set @( f Z arT* for fz Z az" a polynomial. If we show continuity

k=0
of ® on polynomials, then there would be a unique extension, which we denote by ® again.

We shall use the Spectral Mapping Theorem for polynomials (cf. Exercise 1.4)

o(@(f)) = f(o(T)) = {f(\) : A€ a(T)}

to obtain

le(NI? = @) ()] = (1)
= sup{|A| : A € o(®(ff))}
— sup{[FF(\)| : A € o(T)}
=sup{[f(N)*: A€ o(T)} = || /%
We refer to Exercise 1.1.2 for the first equality, the second equality follows from a simple
calculation for polynomials, the third one is based on Exercise 2.3 and the fact that ®(ff)
is self-adjoint.
All the required properties are then proven by approximation. Let us assume (for

example) that p, = f and ¢, = ¢ for some polynomials p,, g, and f,g € C(c(T)). Then
we get

‘P(fg) A (I)(ann) - (I)(pn) ° cI)(Qn) - (I)(f) © CI)(g),

The proof of the other properties is similar. O

Theorem 12.2.5. (Properties of the continuous functional calculus)
Let T € £(H) be self-adjoint and let f — f(T') be the continuous functional calculus for
feC(a(T)). Then

i) IF (D) = [[flloo = supreo(r) [F(N)]-
i) If f > 0 on o(T), then f(T) >0, i.e. f(T) is positive.
iii) If T = Az for some = € H, then also f(T)z = f(\)z.
) o(f(T)) = f(o(T)), i.e. the Spectral Mapping Theorem holds for all f € C(o(T)).
v) {f(T): feC(a(T))} is a commutative Banach algebra of operators.
vi) All f(T) are normal; if f is real, then f(T) is self-adjoint.

Proof. (i) was proven for polynomials already before. For general p, = f we have

[ = [1@@a)ll = llPnlloc = 1]l
Let f > 0 and take g € C(o(T)) with g = f and g > 0. Then

(f(T)z,x) = (9(T)z, g(T)*x) = (¢(T)z,g(T)x) = {g(T)x,9(T)z) = [lg(T)z|* > 0.

(iii) is again clear for polynomials, through approximation it follows for all f € C(o(T)).
Also (iv) was already discussed for polynomials. Let p & f(o(T)). Then g := (f —pu)~' €
C(o(T)) and g(f —p) = (f — p)g = 1. Hence, we get

g(T)(f(T) — pl) = (f(T) = pD)g(T) = 1.
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Hence p € o(f(T)). This shows the “C” part in (iv).
Let on the other hand p = f(\) for some A € o(7T') and choose polynomials p,, with
lpn, — flloo < 1/n. Then

[N = PN <1/nand  |[[f(T) = pa(T)] < 1/n.

We know that p,(\) € o(p,(T)), i.e. there exists z,, € H with [|z,]| = 1 and ||(p,(T) —
Prn(AN)I)zy|| < 1/n. Finally, from

I((T) = pD)znll < N[(F(T) = pa(T)znll + | (Pa(T) = PN Dnll + [[(pn(A) = p) Lz
<1/n+1/n+1/n=3/n

we see, that f(T') — ul is not cont. invertible, i.e. u € o(f(7')). Finally, (v) is clear now
and (vi) follows from f(T)* = f(T) and f(T)*f(T) = ff(T) = ff(T) = f(T)f(T)*. O

Let us now have a look on the spectral decomposition theorem for compact self-adjoint
operators and how it could be generalized to bounded operators. One obvious obstacle
would be that the spectrum does not have to be countable any more, i.e. we will have to
replace the sums by certain (appropriately interpreted) integrals. Furthermore, we have
now spent some time to define f(7') for (at least some) functions f on o(T"). We therefore
rewrite

(o.0] o
Txr = Z )\k<x,xk>xk = Z )\kEk.%',
k=0 k=0
where Eyz = (v zp)xy is the projection of z onto the linear span of x;. And if we put
fr(Nj) = 0j 1, we get even

fe(T)x = Z T ) (@, xp)zn = (z, 2p) 28 = ER,
n=0

where (for simplicity) we assumed that all the \;’s are different.

We will therefore write the spectral decomposition of a bounded self-adjoint operator as
an integral with respect to a certain system of projections. Unfortunately, fi do not have
to be continuous on ¢(7"). We therefore have to extend the definition of f(7") to bounded
measurable functions f. This shall be done through duality. For this sake, we shall need
(another) Riesz Representation Theorem, and for this we shall need some notation.

Let (K, 7) be a compact topological space. We denote by B the smallest o-algebra con-
taining 7 (the so-called Borel o-algebra). As usual, f : K — C is called Borel measurable,
if f~Y(U) € B for every U C C open.

The interaction between measures on B and the topology 7 is described by the following
regularity conditions.

A finite measure p on (K, B) is said to be a Radon measure, if

w(B) = inf{u(G) : G D B,G open} for every B € B,
w(G) =sup{u(T) : T C G,T compact} for every open G € 7.

Signed Radon measure is a o-additive mapping on B with 1 = u™ — p~, where both p+
and pu~ are Radon measures. Unfortunately, this representation is not unique. Indeed, if
v is another bounded positive Radon measure, we get = p* —p~ = (ut +v) — (u~ +v).
Nevertheless, one of these representations is “minimal” (i.e. pu* and p~ are singular to
each other).”

"The decomposition of the measure space goes under the name Hahn decomposition and the decompo-
sition of the measure is known as Jordan or Hahn-Jordan decomposition.
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Using this minimal decomposition, we denote by |u| = u™ + p~ the total variation of
w. If p is complex-valued, we furthermore decompose it into the real and complex part.
Finally, we denote by M(K) the space of all signed Radon measures on K with

el ey = [0l (EC)-
Theorem 12.2.6. (Yet Another Riesz Representation Theorem)
C(K)" =~ M(K),

where p(f) = [ fdu. Furthermore, positive functionals (i.e. those with f > 0= ¢(f) >
0) correspond to non-negative measures.

Lemma 12.2.7. Let H be a complex Hilbert space and let QQ : H — C be a function. Then
the following are equivalent.

i) There exists exactly one operator A € Z(H) such that Q(z) = (Ax,z) for allxz € H.

ii) There is a constant C > 0 such that |Q(z)| < C|z||?, Qx +y) + Q(z — y) =
2Q(z) + 2Q(y) and Q(\x) = |A\*Q(x) for all x,y € H and all X € C.

Proof. Tt is easy to show that (i) = (i7). If (ii) is satisfied, we put (motivated by polar-
ization identity)

U(z,y) =1/4Q(z +y) — Q(z —y) +iQ(z + iy) — iQ(z — iy))

and

Ar = Z U(z, eq)ey,

yel

where (ey)yer is some orthonormal basis of H. The rest follows by simple calculations.
Finally, let us observe that ¥(z,y) = (Az,y). Uniqueness of A follows from Exercises. [

Remark 12.2.8. (The main idea of Borel-measurable functional calculus)
Let T € Z(H) be self-adjoint and let = € H be fixed. We consider the mapping

f={f(T)z,z), C(o(T)) —C.
This mapping is linear, non-negative (i.e. f > 0 implies (f(T)z,x) > 0 for all x € H).

Therefore, there exists a non-negative Radon measure E* on ¢(T'), such that

(f(T)x,z) = /(T) fdE* forall feC(a(T)).

If g is a bounded Borel-measurable function on ¢(7), the integral / gdE”" converges
o(T)

and we shall show (using the Lemma above) that it is equal to some (Gz,z) for all z € H

and some G € Z(H). This G will then be defined to be ¢g(T).

Let us now elaborate on the program just stated.
Theorem 12.2.9. Let T € £ (H) be self-adjoint.

i) Let x € H. Then there is a non-negative Radon measure E*, such that

(f(T)z,x) = fdE®
o(T)

for every f € C(o(T)).
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i1) Let g be a bounded Borel-measurable function on o(T). Then there is a unique

G € Z(H) with
(Gz, x) :/ gdE”
o(T)
forallx € H. If g is real, G is self-adjoint, if g > 0, G is positive.

Proof. The proof is based on Lemma 12.2.7. Obviously, the operator is unique ((Gz,x) =
(Gz,z) for all x € H implies G = G). Furthermore, g > 0 implies (Gz,z) > 0, i.e.
positivity, and g real implies (Gz, x) is real, i.e. G is self-adjoint.

So, we have to prove the existence. We put

Q) = [ gap"
o(T)
Then
QNS [Nl = llle [ 14B" = gl 1T}z, ) = lllcliel®.  (12.1)
o(T) o(T)
For every f € C(o(T')), we obtain

fAE*1Y + / fAE®Y =2 fdE* +2 fdEY
o(T) a(T) ) a(T)

(F(D)(z+y)z+y) (f(T)(m‘:y),:v*y) 2(f(T)z,x) 2(f(T)yy)

o(T)

and

fAEM = |\ / fdE®
o(T) ) o(T)

/

N~

(F(T)(Az), Az) IA2-(f(T),x)

Due to the uniqueness of the Riesz Representation Theorem, we get E*1Y + E*Y =
2E% +2EY and EA* = |\|2E®. This verifies the assumptions of Lemma 12.2.7 and finishes
the proof. O

Yet another theorem from the measure theory we shall use is that the set of bounded
Borel-measurable functions is the smallest set, which includes bounded continuous func-
tions and is closed under pointwise limits of such functions.

Theorem 12.2.10. Let K C C be compact. Let BY(K) be the Banach space of bounded
Borel-measurable functions on K equipped with the supremum norm. Let C(K) C U C
BYK) be a set of functions with the following property

(fr)nen C U with f(t) := ILm fn(t) existing everywhere and sup || ful|lco < 0o = f € U.
n—0o0 neN

Then U = BY(K).

Proof. The proof is based on measure theory. We refer to Werner, Lemma VII.1.5 for
details. O

Theorem 12.2.11. (Borel measurable functional calculus) Let T' € £ (H) be self-adjoint.
Then there exists a unique mapping ® : B4(o(T)) — L (H) with

i) B(z) =T, (1) = I;
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i1) ® is an involutive homomorphism of algebras;
iii) ® is continuous;

w) fn € BYo(T)) with sup,, ||fnlleo < 00 and fu(t) — f(t) for every t € o(T) implies
(@(fn)x,y) = (®(f)z,y) for every z,y € H.

Proof. Uniqueness: (i), (i7) and (i7i) imply uniqueness on C(o(7")) and Theorem 12.2.10
on all B4(a(T)).

Existence: We define ®(g) = G, where G is the operator from Theorem 12.2.9. We have
to verify (i) — (iv). We know that

(f(T)z,x) = fdE?
o(T)

for all f € C(o(T)), i.e. ®(f) = f(T) for all f € C(co(T)), where f(T) is the continuous
functional calculus. This implies ().
Let g be real valued. Then we obtain

12(g)ll = G|l = sup{[{Gz, 2)] : [|lz]| = 1} < sup{llglloo - [lz]* : ||l = 1} = llglleo,

where we have used (12.1), the fact, that G is self-adjoint and Corollary 11.6. If g is
complex-valued, we split it first into its real and imaginary part.
The proof of (iv) follows from

(B(f, )z, x) = / B [ gan = (e,

o(T)

which holds by Lebesgue Dominated Convergence Theorem, and by polarization identity.
(1) follows from a bit tricky limit procedure, which is quite often used in measure theory.
For example, to show that ®(fg) = ®(f) o ®(g), we proceed as follows. If f,g € C(o(T)),
then the result is known. If g € C(o(T)), we set U := {f € B4 co(T)) : ®(fg) =
O(f)o®(g)}. Then we know that C(o(7")) C U and U is closed under pointwise limits of
uniformly bounded sequences. According to Theorem 12.2.10, U = B%(o(T)).

Finally, if f € B(o(T)), we put V := {g € B4(a(T)) : ®(fg) = ®(f)o®(g9)}. We have just
shown that C(o(T)) C V, furthermore, V' is again closed on pointwise limits of uniformly
bounded functions, i.e. V = B%(o(T)) and the statement is true for all f,g € BY(o(T)).
Other properties follow in the same way. O

Remark 12.2.12. (iv) in Theorem 12.2.11 can be improved to f,(T)x — f(T)x for every
x € H. This follows from

1fn(T)2ll? = (fa(T), fu(T)a) = (fu(T) fulT)z, )
= ((fufa)(D)z,2) = (FHD)x,z) = | f(T)z]?

and f(T)x 5 f(T)x.

Remark 12.2.13. (Analytic functional calculus) We were able to define f(7") for
(rather) ugly functions (i.e. all Borel-measurable functions) and very nice operators (i.e.
self-adjoint operators on a Hilbert space over C). It comes probably as no surprise that
for nicer function we can define f(T") also for more general classes of operators.
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[ee]

Let X be a Banach space and let T' € L(X). Let f(z) = Z anz" be a potential series
n=0

with convergence radius bigger then r(7T'). Then f is analytic on o(T") and we can define

F(T) =" a,T"
n=0

One can show that

The series for f(7T') converges in L(X) and f(T) is therefore well-defined.

[ee]
If g(2) = Z b,z" is another potential series with radius of convergence bigger then

r(T), then (£g)(T) = f(T)g(T).

The Spectral mapping theorem o(f(T")) = f(o(T)) holds.

If T is a self-adjoint operator on a Hilbert space over C, then this definition coincides
with the continuous (and also with the Borel-measurable) functional calculus.

Remark 12.2.14. (Dunford’s analytic functional calculus) The analytic functional
calculus described above allows to study spectral theory also in the frame of Banach spaces.
Nevertheless, the basis for such a theory is different. If f is holomorph on a neighborhood
Q of o(T) (i.e. on an open set containing o (7)), then we may define

1

" 2mi

(1) 75 FOVRA(T)dA,

where I' C Q is a suitable curve, which goes around o(T") exactly one times, and Ry(T') is
the resolvent mapping of T'. Of course, this idea is heavily inspired by the Cauchy integral
known from complex analysis.

12.3 Spectral theorem for bounded self-adjoint operators

For spectral theorem, f(7T') is especially important for f = y4, where A C R is a Borel
measurable set.

Lemma 12.3.1. Let T € £ (H) be self-adjoint and let A C o(T) be a Borel set. Then
E4 = xa(T) is an orthogonal projection.

Proof. Due x4 = xa, we have B4 = E% and E = E4 follows from Y4 = x4 and Exercise
3.1. O

Lemma 12.3.2. Let T € £(H) be self-adjoint. Then

2) Eg = Xo (T) =0, EU(T) = Xo(T) (T) =1I;

ii) For pairwise disjoint sets Ay, As,--- C o(T), and for x € H, we have

> xa(D)z = Xy, 4, (1)
i=1
i11) xA(T)xB(T) = xanB(T) for Borel sets A, B C o(T).

10
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Proof. The proof follows from the properties of the Borel-measurable functional calculus.

O

Remark 12.3.3. Let us note, that

Z xa:(T) # xye, 4,(T),
i1

i.e. the identity must be interpreted in the “weak sense”.
Definition 12.3.4. Let X be the o-algebra of the Borel sets of R. A mapping
E:Y¥— %(H), E(A) =E4
is called a spectral measure if all E4 are orthogonal projections and
i) Eg =0,FEr = I

ii) For pairwise disjoint sets A1, Ag,--- € X, and for x € H, we have
o
Z; Ea,(2) = E e g,(@)-
1=

A spectral measure E has compact support, if there is a compact set K with Ex = I.
Let us state some simple properties of spectral measures.
1) Ejr+FEg=FEsnB + EA\B + Ep = Eanp + Faup holds for every A, B CR.

ii) If AC B C R, then Ep\a = Ep — E4 is itself a projection, i.e. Ep > E4 and (with
the help of Exercises) EpE4 = FoAEp = E4.

iii) If A and B are disjoint, we get Eq + Ep = Eaup, i.e. E124—|—EAEB =FE Eaup=FEy
due to the previous point; hence F4Ep = 0.

iv) EaEp = EA(Fanp + EB\A) = EaFEanp + EaEp\4 = Eanp holds (due to the
previous points) for all A, B C R.

v) Finally, if A, B C R are disjoint, then (Esz, Egy) = (EpEaz,y) = (EpEax,y) =
(0,y) =0, i.e. E4 and Ep project onto mutually orthogonal subspaces.

“In some sense, E is a measure with values in £ (H) instead of [0, c0).”
For the sake of spectral decomposition theorem, we need to elaborate a way, how to
calculate [ fdE € Z(H) for E a spectral measure and a complex-valued f. Of course, for

[ = xa, we define [ fdE = E(A) = E4 € Z(H). For [ = Zainh a simple function,
i=1

we put [ fdE = ZaiEAi € Z(H). Finally, for a general bounded Borel-measurable

i=1
function f we consider uniformly convergent sequence f,, = f of simple functions and

define
/de: lim /fndE.
n—0o0

We have to check, that this definition is consistent. It is quite easy to see that the
integral of a simple function f does not depend on the form in which f was written. The
limit procedure is then justified by the following Lemma:

11
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Lemma 12.3.5. For a simple function f, we have

|/ 7a8) <151
Proof. Let ||z]| =1 and let f = Zainh with mutually disjoint Aq,...,A,. Then
i=1
2 n 2 n
([ sa2) @) = |Saba@| =Sl 1B @I

i=1 i=1

< 2. ) 2 < 2 2 _ 2 )

< max o] 21 B4, @)]" < A5 - 1zl = (115

O

This lemma shows that if (fy,)nen is a Cauchy-sequence in || - ||oo (i.e. fn = f), then
(| fndE), is a Cauchy-sequence in .Z(H), its limit exists and it does not depend on the
choice of the sequence (f,)nen. Therefore, [ fdE is well defined.

We summarize our findings in the following theorem:

Theorem 12.3.6. (Properties of integration with respect to the spectral measure)
Let E be a spectral measure. Then [ fdE € £ (H) exists for every bounded Borel mea-
surable function f € BYR). The mapping f — [ fdE is linear and continuous, i.e.

/de‘ < || flloo- If f is real, then [ fdE is self-adjoint. If K C R is compact with
Ex =1, then it is enough if f is defined and bounded on K.

Remark 12.3.7. On one hand, we have for each T' € Z(H) self-adjoint the spectral
measure E4 := x4(7). On the other hand, we can define for every spectral measure with
compact support the operator T := [ AdE), i.e. we integrate the identity function A — A
with respect to E. We shall show that these two operations are actually inverse to each
other.

Theorem 12.3.8. Let E be a spectral measure on R with compact support. Let T € £ (H)
be the self-adjoint operator defined by T = [ AdE\. Then the mapping
U:f— / fdE, W :BYo(T)) — Z(H)
o(T)
is the Borel-measurable functional calculus from Theorem 12.2.11. FEspecially, we have
Egry =1

Proof. We sketch first the proof that E,) = I. Let f(A) := A and let fs = f be simple
n(d)
functions f5 = Z @isxA; s With [fs(A) — Al <6 on the support of ' and Ay, ..., Ay

=1 /R f3dE —T| = ‘ /R (fs(\) = \)dE

8, we conclude, that [ fsdE — pl = 2?2(61) aisEa, ; — pl is invertible for 0 < § < §o (for
dp > 0 small enough). On the other hand, the inverse of such an operator has a norm
max{|a;s —p/ 7t 1 < i < n(d), Ba,; # 0F = (T — pI)7Y|. Hence, Ea,; = 0 for

|

mutually disjoint. Let u € o(T"). As o(T) is open and

12
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12 Spectral theory for bounded operators on complex Hilbert spaces

| 5 — p| small and we conclude that Ey = 0 for some small neighborhood of 1 € U.
Hence E,r) =0 and E, 1) = I.

To conclude the proof, we have to verify that the mapping ¥ has all the properties de-
scribed in Theorem 12.2.11. We know already, that it is linear, continuous, multiplicative
(start with characteristic functions, then simple functions and then limits) and involutive.
The condition (iv) from Theorem 12.2.11 reads in our case as

() n) = ([ 585) )

and follows from the fact, that the mapping g — (([ gdE)z,y) is in C(c(T))* and may be
therefore represented by a measure v, ,, i.e. {([gdE)z,y) = [ gdv,,. The proof is then
finished by Lebesgue dominated convergence theorem. U

Hence, integration with respect to a spectral measure F is a functional calculus of the
self-adjoint operator [ AdE). The spectral theorem says, that actually every self-adjoint
operator may be written in this way - i.e. there is a one-to-one correspondence between
bounded self-adjoint operators and spectral measures with compact support.

Theorem 12.3.9. (Spectral theorem for bounded self-adjoint operators)
Let T € L(H) be self-adjoint. Then there exists a unique spectral measure E on R with
compact support with

T = AdE},.
o(T)

The mapping f — f(T) = [ f(N)dEx coincides with the Borel-measurable functional
calculus and

(f(T)x,y) = FNA(Exz,y).
a(T)
By (E)z,y) we denote the (complexed-valued) measure A — (Fax,y).

Proof. Let E be the spectral measure associated to 1" as described above, i.e. E: A —
XA(T). We have to show, that S := fU(T) AdE) is equal to T. Let f be a simple function

with | £(3) = Alloo = supyco(ry |f(A) = Al < 6. Then

1T =S|I <IT = F(D)[ + 1F(T) = FSI + [1F(S) = Sl

We estimate all the three summands as follows. Let ¥ be the Borel-measurable functional
calculus of 7. Then ¥(\) =T and ¥(f) = f(T'). Hence

1T = FD) = 1) = TN = [T = FONI < TFA) = Alleo <9,

where we have used the boundedness of Borel-measurable functional calculus.
Next we estimate || f(T") — f(S)|. We write f(t) = >, a;xa,(t) with A; C R disjoint.
Then, by definition of E4,, we get.

1) =Y aixa (1) = Y aiEa,.
7 7
Furthermore, according to Theorem 12.3.8 applied to S, we know that

f(S) = /R fNE) = /R ZOZZXAZ,(A)CUEA :ZaiEAi. (12.2)

13



Functional Analysis 1T

Hence, |f(T) — (S)] = 0.
Finally, we estimate || f(S)—S||. We use again (12.2) combined with the norm estimate

from Theorem 12.3.6 and obtain

1£(S) - S]] = H [ -nam| <1500 Al <5

Hence, ||S — T|| < for 6 > 0 arbitrary small, i.e. S=T.
The properties of the mapping f — f(T) := fU(T) ME), follow from Theorem 12.3.8,

once the identity S = T was proven. Finally, the identity for (f(7T)z,y) is a matter of
definition for f = x4, and also for simple functions. Finally, taking a limit, it follows for
every bounded Borel measurable f. U

Let us summarize the structure of this section into the following diagram.

Te.Z(H) . .
self-adjoint Welerstrab Theorem - . F.C.(Thm. 12.2.4) fHies Borel FC (Thm. 12.2.11)
density of polynomials
| pacvin]
TeZ(H) Ti=[ AdE
self-adjoint <Tth;8 [ fdE Jhm. 12.36 Spectral measure

12.4 Few applications of spectral theorem

Theorem 12.4.1. Let S € L (H) be self-adjoint, g : 0(S) — R and f : R — R be
Borel-measurable and bounded. Then

(fog)(S) = f(g(9))-

Proof. First, note that f o g is again Borel-measurable. Furthermore, ¢(5) is self-adjoint
and, therefore, f(g(S)) can be defined.

It is enough to consider f = x4, the rest follows as usually. Then

XA © G =Xg-1(a)

and we have to show that x,-1(4)(S) = xa(g(5)). Let I be the spectral measure of S
and E the spectral measure of g(S5); then we have to show that Fy-14) = E4 for all Borel
sets A, or, equivalently,

<Fg*1(A)x7 y> - <EA'%'7 y>

for all z,y € H and all Borel sets A.
Let x,y € H be fixed and let us consider the measures

V;,y t A= <Fg—1(A)xay>,
vi,: A= (Eaz,y),
My - A— <FAx,y>'

Hence, V;y(A) = 1z (g7 (A)). We use the transformation law for the (complex-valued)

measures vy, and fi ,
/ hdvy , = / (h o g)dpz,y

14



12 Spectral theory for bounded operators on complex Hilbert spaces

in the form
[k, 00 = [ o, = [ mg)atFy)
and obtain
[k, o= [ g0vatBay) = oy ey) = [ NaEwy) = [aaz,o.
The measures v}

2y and I/:%,y coincide on polynomials, and due to Theorems of Riesz and
WeierstraB, they coincide on C'(o(g(S))) and also as measures. O

Remark 12.4.2. We recall the notion of the push-forward measure. Let u be a measure
on X; and f : X; — Xo a mapping. Then f,(u)(B) = u(f~1(B)) for B C X3 is
called the push-forward measure of y under f. To develop the complete theory (which
includes the transformation law we have used just now) one has to take care also about
the corresponding o-algebras.

Corollary 12.4.3. Let T € £(H) be positive and let n € N. Then there exists a unique
positive S € L (H) with S* =T.

Proof. The functions f,, : t — t'/™ are continuous, bounded and non-negative on o(T) C
0,00). We set S := f,(T). Then S > 0 and from /... t'/" =t, it follows S™ = T. Let
gn(t) =17, then (f, 0 gn)(t) =t for t € [0,00) D o(S) and

S = (fn ogn)(S) - fn(gn(S)) = fn(Sn) = fn(T)
shows the uniqueness of S. O

Corollary 12.4.4. (Polar decomposition)
To an operator T € Z(H), we define |T| = (T*T)'/2. Furthermore, there is a partial
isometry U with T = U|T.

Proof. (Proof is the same as for compact operators).

We see that |||T|z||? = (z,T*Tz) = (Tx,Tz) = ||Tx||*>. Therefore U(|T|z) = Tz is an
isometry of ran [T'| to ranT. This can be extended to U : ran |T'| — ranT'. Finally, we put
U =0 on (ran|T|)* = ker |T| = ker T. O

12.5 Spectral theorem for normal operators

We shall proceed similarly to the case of compact normal operators (cf. Exercises).
Let T € Z(H) be a normal operator. Using

T+T* T-T*
= +

T 7 —
2 21
— ——
=T =:T5

we can decompose T = T +iT5, where T and T5 are self-adjoint and commuting operators.

Let E be the spectral measure associated with 77 and F' the spectral measure associated
with T5. We shall show that E4Fg = FgFE4 for all sets A, B C R. We show first that
E4T; = THE 4. The same argument repeated for the pair (F4,T5) instead of (77, 7%) then
gives the general statement.

15



Functional Analysis 1T

We observe that 17Ty = 1517, ie. p(T1)To = Tep(Ty) for all polynomials and, by
limiting arguments, also for all ¢ € C(o(7y)). Finally, we consider ¢, — x4, which
implies ¢, (T1)x — Ea(x) for every € H. This finally gives

Ty(Eaz) = To( lim ¢ (T1)z) = lim To(pn(T1)z) = lim o (T1)(Tox) = Ea(Tox).

If Q ¢ Cis a product of two sets, i.e. Q = {x+iy: 2z € A and y € B} for some
A, B C R, we put G() := ExFp = FpE4. Using standard arguments from measure
theory, G' can be extended to a o-additive mapping on the Borel sets of C. Let us note,
that it has also a compact support.

From

le/)\dE)\:/Reszz and TQZ/)\dF)\:/Imszz,
R C R C

we get

T=T)+11 = / zdG,.
C
This finishes a sketch of the proof of the following theorem:

Theorem 12.5.1. (Spectral theorem for bounded normal operators)
Let T € Z(H) be normal. Then there exists a unique spectral measure G on C with

compact support with
T = / AGy.
o(T)

The mapping [ — f(T) = [ f(N)dG) defines a Borel-measurable functional calculus and

(f(M)z,y) = FNAGrz, y).
o(T)

16



13 Spectral theory for unbounded operators

Also in this section, H denotes a Hilbert space over C.

13.1 Definitions and Motivation

Many important operators on Hilbert spaces appearing for example in physics are not
bounded. This is especially the case for many differential operators. Therefore, one is
interested in analysis of operators defined on dom(7"), which is only a subspace of H. Of
course, if T' € Z(H), then dom(7T) = H. On the other hand, if T" is closed and defined on
all H, it is bounded by the closed graph theorem. Hence, an unbounded closed operator
is never defined on the whole H. Many (unbounded) operators are closed (or at least
closable) and, therefore, the flexibility of dom(7") # H is essential for the theory.

Definition 13.1.1. i) The linear mapping 7" : dom(7") C H — H is called an operator,

if dom(T") is a linear subspace of H. We say, that 1" is densely defined if dom(7T") = H.

ii) Graph of an operator T is the set G(T) = {(Tz,z) : x € dom(T)} C H x H,
where H x H = {(z,y) : =,y € H} is a Hilbert space with the scalar product
<(u,v), (x’y)>H><H = <U,CC> + </U’y>‘

iii) We call T' closed operator if G(T) is closed (in H x H).

iv) We say that T is closable if G(T) is a graph of some linear operator Tj. This operator

is then called closure of T'. We shall denote this by Ty = T.

v) An operator S : dom(S) C H — H is called extension of T if G(T') C G(S) or,
equivalently, if dom(7") C dom(S) and Sz = Tz for all x € dom(T"). We shall denote
this by T'C S.

vi) T =S ifT C Sand S C T, ie. if dom(7T) = dom(S) and Sx = Tz for all
x € dom(T).

The domain of T, i.e. dom(T'), is an essential part of the definition of every operator
T. For example, if S and 7" are two (unbounded) operators on H, we set

dom(S +T) = dom(S) Ndom(T), (S+T)(z)= Sz+ Tx,
dom(ST) = {x € dom(T) : Tx € dom(S)}, (ST)(z) = S(T(x)).

Definition 13.1.2. An operator 7" : dom(7') — H is called symmetric if
(Tz,y) = (x,Ty) for all z,y € dom(T).

Theorem 13.1.3. (Hellinger-Toeplitz) Let T' be a symmetric operator defined on whole
dom(T) = H. Then T is bounded, i.e. T € £(H).

Proof. Let x, — 0 and Tz, — z. We show that z = 0 and apply the Closed graph
theorem. But this follows easily from

(z,2) = < lim Txn,z> = lim (Tx,, z) = lim (z,,Tz) = 0.

n—oo n—oo n—o0

Let us mention that in this case T = T*.% O

$Where have we used that dom(7) = H?
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Functional Analysis 1T

Next we define the adjoint of a densely defined operator T'.

Definition 13.1.4. Let T be a densely defined operator. We define
dom(T*) ={y € H : « — (Tx,y) is continuous on dom(T")}.

For y € dom(7T™), the mapping x — (T'z,y) may be extended to a continuous mapping on
all H and (according to the Riesz theorem) represented as z — (x, z), 2 € H. We denote
this z by T*y. Due to the density of dom(T"), z is unique. T is called the adjoint operator
toT. If T'="T%, then T is called self-adjoint.

We have (T'z,y) = (z,T*y) for all x € dom(T") and all y € dom(T™).

Example 13.1.5. Let H = L5(0,1) and define

dom(T) = C5°(0,1) = {f € C*°(0,1) : f has compact support},
Tf=if.

Since C§°(0,1) is dense in L9(0,1), T is densely defined. It is easy to check, that T is
symmetric:

(Tf,g>=/01if’( /f 7@t = /f i/ ()t = (f,Tg).

However, T is not self-adjoint - the same calculation goes through also for f,g € C&(O, 1),
which means, that f — (T'f,g) is continuous also for g € C3(0,1) C dom(T™).
Therefore, there comes a question: what is the closure of 7" and the adjoint of T'7

Remark 13.1.6. In the sequel, we shall encounter the space AC([0,1]) of absolutely
continuous functions on [0,1]. Let us recall their definition and basic facts about them.
A function f:[0,1] - R (or C) is called absolutely continuous, if for every ¢ > 0 there is

a ¢ > 0, such that
m
Z flaj)| <e

forevery 0 < a; < by <ag <by <--- <ay < by <1with z (bj —a;) < 4. Obviously, ev-
ery Lipschitz function on [0, 1] is absolutely continuous. Usmg the notion of total variation,
one shows that every absolutely continuous function is a difference of two nondecreasing
absolutely continuous functions. This, combined with the fact that nondecreasing func-
tions are differentiable almost everywhere, then gives that absolutely continuous functions
are also differentiable almost everywhere, i.e. it makes sense to ask if their derivative is
an element of L;([0,1]).
We shall also need the following properties:

(a) (partial integration): If f,g € AC([0,1]), then fol g =[f(x)g(x))2=} - fol Ig.

(b) f e AC([O 1]) if, and only if f is differentiable almost everywhere, ' € L1([0,1])
and f ( )+ fo

Example 13.1.7. Let H = Ly([0, 1]). We define
dom(T') = {f € AC([0,1]) : f" € Lx([0,1]) and f(0) = f(1) = 0}.

18



13 Spectral theory for unbounded operators

The set dom(7') is dense in H and T is therefore densely defined.
We shall show that the operator T'f = f’ for f € dom(T) is closed and unbounded on

H. Unboundedness follows by considering the sequence f,,(z) = % sin(mnz) and calculating
the norms || f,,| and || f}]|.

Let us now suppose that fn € dom(7T), fn, — [ in H and Tf, — g in H. We know
that (absolute continuity) f,(x fo 1} and we put h(z fo g. Then

1/2
fula) — \</!f g!<</\f g\2> S0

as n — 0o. Therefore, f,, = h on [0,1] and hence also f,, — h in H, and finally f = h
a.e. We conclude that f, = f, f € AC([0,1]) and f(0) = f(1) = 0. We therefore have
fedom(T) and Tf = g, i.e. T is closed.

Next, we look for T*. We shall show that

dom(T*) = {h € AC([0,1]) : b’ € L2([0,1])} and T*h = —h'.

Let us suppose first, that h € AC([0,1]) and A’ € L([0,1]). Then

(Tf,h) /fh—fh /fh’ /01f5’=<f,—h’>,

hence f — (T'f,h) is continuous and h € dom(T™).
Let on the other hand ¢g € dom(7™) and h = T*g. For f € dom(T'), we get

[ ro-mia-ura-so o [ ()
:_/0 f’(x)</0 h)dm.

We see, that
(£Ora@+ [n) =0

for all f € dom(T). In other words, the function x — g(x)+ fo h is orthogonal to f’ for all
f € dom(T). Therefore, this function is constant and (since fo h is absolutely continuous)
g is also in AC([0,1]) and ¢’ = —h € H. Furthermore, this shows that T%g = h = —¢

Example 13.1.8. If H = Ly([0, 1]),
dom(T) = {f € AC(0,1)) : ' € Ly([0,1]), £(0) = £(1) = 0} and Tf = if’
we obtain in a similar way
dom(T*) = {h € AC([0,1]) : K’ € Lo([0,1])} and T*h = ih'.
Therefore, T' C T and T is symmetric but not self-adjoint.
Example 13.1.9. Finally, if H = L»([0, 1}),

dom(T) = {f € AC([0,1]) : f" € L5([0,1]), f(0) = f(1)} and Tf = if’,

we get
dom(7T*) =dom(T) and T =T".
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If T is densely defined and symmetric, then 7' C 7% and dom(7") C dom(7™) C H, and
T** may be defined.

Theorem 13.1.10. Let T': dom(T) — H be densely defined. Then
i) T* is closed.
ii) If T* is densely defined, then T C T**.
iii) If T* is densely defined, then T** is the closure of T

Proof. (i): We have to show that vy, € dom(T*),y, — y € H and T*y, — z implies
y € dom(7™) and z = T™*y. We have

(Tz,y) = lim (Tz,y,) = lim (z,T"y,) = (x,z) for every =z € dom(T).
n—oo n—o0

Hence z — (T'x,y) is continuous, y € dom(7™) and Ty = z.
(13): If € dom(T") and y € dom(T™), then (Tx,y) = (x,T*y). Hence y — (x,T*y) is
continuous and x € dom(7™*). Furthermore,

(x, T*y) = (T x,y) for all y € dom(T™).

We conclude that Tx = T**z for all z € dom(T), i.e. T C T
(731): We show that
G(T) = G(T™).

The inclusion “C” follows from (i) and (ii). Let (v,u) € G(T)*. Then (z,u)+ (Tz,v) =0
for all z € dom(T"). Then v € dom(T™) and T*v = —u.
For (T**z,z) € G(T™**), we have

(T2, 2), (v,u)) = (z,u) + (T™2z,v) = (z,u) + (2, T"v) = (z,u +T"v) =0,

hence (v,u) € G(T**)* and the second inclusion follows.

Corollary 13.1.11. Let T : dom(T") — H be densely defined.

i) T is symmetric if, and only if, T C T*. Then we have T C T** C T* = T** and
also T** is symmetric.

i1) T is closed and symmetric if, and only if, T = T** C T*.
iit) T is self-adjoint if, and only if, T = T* = T**.

Example 13.1.12. We shall present an example of an operator with a non-densely defined
adjoint. Let H = Ly(—1,1) and let

dom(T) = {f € C®(=1,1) N Ly(—1,1) : | fU)(0)] < C;2795! for all j > 0},
o s
B f(J>(0) i
(Tf)(x) = ZTx , —l<z<l.
j=0
Roughly speaking, T" sends f to its Taylor series, and the domain contains only functions
for which this series converges uniformly and absolutely. We shall show that T is a densely

defined operator with dom(7™) = {0}.
We proceed in the following way
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13 Spectral theory for unbounded operators

i) If T is an arbitrary linear operator and ker(7') is dense, then dom(7™) = ker(T™) :
Let y € dom(7™). Then x — (T'z,y) is a continuous mapping on = € dom(7"). As
ker(7T') C dom(T") C H is a dense subset of H, this mapping is continuous and equal
to 0 on a dense subset of H. Hence, T*y = 0.

ii) If ran(T) is also dense, then dom(7™) = {0}:
Let again y € dom(7™). Then (by previous point) 7%y = 0 and the mapping
x — (Tx,y) is equal to zero for all z € dom(7"). This means, that (z,y) = 0 for =
from a dense subset of H, hence y = 0.

iii) Finally, ker(7") and ran(T") are dense for the operator above:
Obviously, ker T' O C§°((—1,1) \ {0}), i.e. kerT' contains all functions vanishing on
some neighborhood of zero and this set is dense in H. Furthermore, the range of
T includes all polynomials, as the constant Cy might be arbitrary large, hence also
ran(7") is dense in H.

13.2 Spectral properties of unbounded operators

Definition 13.2.1. Let 7" : dom(7') C H — H be densely defined.
i) The set
o(T):={A€C: X —T:dom(T) — H has a bounded inverse in H }’

is called the resolvent set of T.

ii) The mapping R : o(T) — Z(H), Ry = R(\) := (A\[ — T)~! is called the resolvent
mapping.

iii) o(7T') :=C\ o(T) is called the spectrum of T

Example 13.2.2. Let 2 C R” be measurable and let f : 2 —+ R a measurable function.
We denote by

dom(My) = {g € L2(Q) : fg € La(Q)},
M (g)(t) = f(t)g(t), teQ

the pointwise multiplication operator on the Hilbert space H = Lo(2).
Then it holds

i) My is densely defined:
Let A, :={x € Q:[f(x)| <n}. Then gxa, € dom(My) for all n € Nand all g € H.
And gxa, — g in H finishes the argument.

ii) Mj is self-adjoint (and, therefore, My is also closed):
Let h € dom(My). Then g — (Mg, h) = [, f(t)g(t)h(t)dt = (g, Msh) is continuous,
h € dom(M}) and Mjh = Myh. If, on the other hand, h € dom(M7), then the

mapping above is continuous, and fh € H follows.

9This means, that there is an operator S € Z(H), such that (T — XI)S = I and S(T — AI) is identity
on dom(T).
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iii)

iv)

op(Mg) = {z € R: f~1(2) has positive measure} are the eigenvalues (the so-called
point spectrum) of My and every eigenvalue of M; has infinite multiplicity:

If the set A, := f~!(z) has positive measure, then {g € H : suppg C A,} is
an infinite-dimensional subspace of eigenvectors. If, on the other hand, M¢g(t) =
f(t)g(t) = zg(t) for almost every ¢t € (—1,1), we get f(t) = z almost everywhere on
the support of g and the claim follows.

z € Cisin o(My) if, and only if, for every € > 0, the set {x € Q: |f(z) — 2| < e} =
f1{w € C: Jw — 2| < €}) has positive measure:

Let z € C be such that 4, := f!({w € C: |w — 2| < 1/n}) has positive measure
for every n € N and consider g,, # 0 with supp g, C A,. Then g, € dom(My) and

' g |2
10y =gl = [ 1050 = (Pt = [ 1070 = dan(0)Pr < 1
and My — zI cannot be boundedly invertible, i.e. z € o(My).
Let on the other hand z € C and € > 0 be such that f~'({w € C: |w — 2| < }) has
measure zero. Then My — zI can be inverted by M__1

F(t)—=

If T is not closed, then (7" — M) is not closed for every A € C, hence G(T' — AI) is
not closed. On the other hand, if (T'— AI)~! would be bounded (i.e. in .Z(H)), then
G((T — X )~') would be closed and, therefore, also G(T — AI) would be closed.

This can be summarized by saying that o(7") = C whenever T is not closed.

Theorem 13.2.3. Let T : dom(T) — H be densely defined. Then

i) o(T) is open.

ii) The resolvent mapping is analytic and the resolvent identity

R)\ — RM = (M — )\)R)\RM

holds.

iii) o(T) is closed.

Warning: o(7") can be unbounded, or empty.

Proof. (Same as for bounded operators!)

i)

ii)

iii)

Let A\g € Q(T) and ’)\ — )\0’ < H()\QI — T)flufl. Then

M—T=MNI=T)+N=X)T =N =T) [I—(\=X)Nol—-T)"

[P =2000 (A= A0) Qo I=T) )"

Hence, A\I — T is invertible.

Formal calculation gives immediately
M = T)(ul =T)[(M =T)" = (ul =T) ] = (n—= NI

and the similar identity for multiplication from the right side. So, only the (easy)
inspection of domains is missing.

follows from (i).
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O
Theorem 13.2.4. Let T be a densely defined operator. Then ker(T*) = ran(T)*, where

ker(T™) = {z € dom(T™) : T"z = 0},
ran(7) = {Tz : € dom(7T)}.

Proof. y € ker(T*) if, and only if, (Tx,y) = 0 for all x € dom(7T") and if, and only if
y L ran(T). O

Theorem 13.2.5. Let T be a densely defined symmetric operator, z € C\ R. Then the
following statements are equivalent:

i) T is self-adjoint.
it) T is closed and ker(T* — zI) = ker(T™ — zI) = {0}.
iii) ran(T — zI) = ran(T — zI) = H.

Proof. We shall use the fact, that if 7' is densely defined and z € C, then (T — zI)* =
T — ZI, cf. Exercises.

(i) implies (ii): T'=T™ and T™ is closed, therefore also T is closed. Let = € ker(T™* —
zI) =ker(T — zI) (as T =T"*). Then

z2(x,x) = (zx,2) = (Tx,z) = (v, T x) = (v, zx) = Z(x, ),

i.e. = 0. The same holds for ker(T™ — zI).

(ii) implies (iii): By Theorem 13.2.4, we have ran(T — zI)* = ker(T* — zI) = {0}. So, it
is enough to show, that ran(7 — zI) is closed.

Let y,, € ran(T — zI), i.e. y, = (T — zI)x, for some x,, € dom(7T) and we suppose that
Yn — Y. Let z = a +ib with b # 0 and let u € dom(7"). Then we have

(T = 2D)ul® = (T — a = ib)u, (T — a — ibu) = (T — al)ull* + b[|ul|* > b?|[ul,

as (—ibu, (T — al)u) + ((T' — al)u, —ibu) = 0 as u € dom(7") C dom(7T™). Hence |Ju| <
1/}o] - (T — 2T)ull.

We apply this inequality for u = x,,, — z,, and observe, that (z,),en is a Cauchy-sequence
and, therefore, x = lim,, .o 2, exists. Then T'x,, = vy, + zx, converges also, to y + zx. As
T is closed, we get « € dom(T'), Tx =y + zx, or y = (T — zI)x € ran(T — zI).

(iii) implies (i): Let x € dom(7T™). By assumption (iii), we can find y € dom(T"), such
that (T — zl)y = (T* — zl)x = (T* — zI)y (as T C T*). Hence, x — y € ker(T* — zI),
which (see Theorem 13.2.4) is equal to ran(T — 2I)* = {0}. Therefore, x = y € dom(T),
dom(T") C dom(T™) and T' = T*. O

Corollary 13.2.6. Let T be self-adjoint. Then o(T) C R.
Proof. Let z € C\R. By Theorem 13.2.5 we have ker(T'—zI) = 0 and ran(T'—2I) = H. O

Example 13.2.7. We present an example, where the change of the domain of the operator
has a big impact on its spectrum. This demonstrates once more, how important is the
right choice of the domain.

We consider again the operator f — if’ on Ly(0,1), on the following domains:

dom(S) = {f € AC([0,1]) : f € L3(0,1)},
dom(T") = {f € dom(S) : f(0) = 0}.
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It is quite easy to prove (similar to previous arguments) that both S and T" are closed.
We show that
o(S)=C, o(T)=wo.

The claim on ¢(S) is very easy to confirm. Just notice that e,(z) = e”%** € dom(S)
for all z € C and (S — z)e, = 0.
To find o(T), fix z € C and let

(R.f)(z) = —ie~® /O " (1)t

This is well defined for all f € Ly(0,1) and (R, f)(z) is absolutely continuous function of
x € [0,1]. Hence R, f € L2(0,1) as well. An easy calculation shows that

(Rof) () = —iz(R.f)(x) — if (x).
Hence (R.f) € Ly(0,1) and (R, f)(0) =0, i.e. R.f € dom(T).

Moreover (T' — zI)R, = I, so ran(T' — zI) = H. Similar arguments (integration by
parts) show that R,(T — zI)f = f for all f € dom(T). Together, z € o(T') and o(T) = @.
13.3 Spectral theorem for unbounded operators
The main aim of this section is to prove the following theorem.

Theorem 13.3.1. (Spectral theorem for unbounded operators) Let T': dom(T") — H be
a self-adjoint operator. Then there exists a unique spectral measure E on Borel sets of

o(T), such that
T :/ ME},
o(T)

(Tz,y) = A(Eyz,y) for all x € dom(T") and all y € H.
o(T)

i.e.

Remark 13.3.2. i) Formally, it looks very similar to the case of bounded operators.

ii) o(7") might be an unbounded subset of R, therefore fa(T) AdE) integrates an un-
bounded function over an unbounded subset of R.

iii) Let F be a spectral measure on R and f be an unbounded (but everywhere finite)
Borel-measurable function. We let

Dy:={xecH: /R |f(O)|?d(Eyzx, z) < 0o} (13.1)

Recall, that A — (E4x,x) is a non-negative measure on R.

iv) Furthermore, one has to show that

(Tyz,y) = /R (OB, y)

makes sense and that dom(7) = Dy.
Lemma 13.3.3. Dy is a dense subset of H. For all x € Dy and y € H we have

1/2
[ 1r0iEay) < ||yu-( / If(t)|2d<Etfﬂ,x>> | (13.2)
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13 Spectral theory for unbounded operators

Here, the integration with respect to d|(FE;z,y)| means the integration with respect to
the variation of the measure fiz, : A = (Eaz,y), i.e. |fgyl.

Proof. (Sketch)
First, we show that Dy is a linear set. From

(Balz+y),z+y) = [Balz +y)|* < (|Baz| + [|Eayl)? < 2(|Eaz|* + [ Eayll*)

we deduce that fipqy gty < 20a.5 + 21y, Where again jig ,(A) = (Ex, x). It follows, that
x,y € Dy implies x + y € Dy. Similar calculation shows also that cx € Dy for ¢ € C.

Second, we show that Dy is dense. Let w, = {t € R : [f(t)] < n} C R and let
y € ran(E,,, ). Then

(Ewey,y) =0 and /R!f(t)\Zd<Ety,y> = / |f (&) Pd(Ery,y) < n?|ly? < cc.

Therefore, y € Dy. Furthermore, E,, x — x due to ||z — E,,, z||* = || Eye z||* = pz2(ws) —
0.
Finally, let us prove the inequality (13.2). First, we observe that (for x # 0)

ey (A)] = [(Eaz,y)| = [(Eaz, Eay)| < [|Eaz]| - [|Eay]-

|Mﬂm:w4§]MWMVUAMHM%MWWM&WM}
k=1 k=1

we get

|ty (A) < sup {Z IEa,z] - 1Bayll: | Ak = A, A1, Ag, . Ay disjoint}
k=1 k=1

n 1/2 n /2 5
9w<ZMW@ (wa@ \J Ar = A Ay As, . Ay disjoint
k=1 k=1

k=1
< [Eaz| - [Eayl-
n
For f a simple function f = Z a;ixa, with A;’s disjoint, the inequality (13.2) now follows

=1
by the Cauchy-Schwartz inequality:

/R!f(t)\d\(Etm,yH =D el lnayl(4) < Y laul - | Eagz] - | Eayll
i=1

i=1

n 1/2 n 1/2
< <Z !az‘IQHEAix\V) : (Z HEAinQ>
i=1

=1
<lol- ([ If(t)|2d<Etw,w>>l/2-

For a general function f, we consider a sequence of simple functions |f,| ' |f| and apply
Levi’s Theorem (sometimes also called Lebesgue monotone convergence theorem). O

Theorem 13.3.4. Let E be a spectral measure on R and let f be a Borel-measurable
function on R. Let Dy be defined by (13.1).
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i) There exists a unique linear operator Ty on H with dom(Tt) = Dy and
(Tyz,y) = / f(t)d{Ezx,y) for all x € Dy and ally € H.
R

i) For all x € Dy

I5el? = [ 170 PdlEiz ).
iii) Ty o Ty C Trq and dom(Ty oTy) = Dy N Dy,g.
w) T} =Tj and Ty is closed.

Proof. (Sketch) Uniqueness is clear, as T} is determined by (i). To show the existence,
one considers the map

y—>/Rf(t)d<Etx,y>, x € Dy.

This is a bounded (semi-)linear mapping on H and may be therefore represented by a
z € H (which we call Tyx := z) such that

o) = [ 0By wna 121 = [y [ soaman) < ([iroranes)”

The linearity of T follows by linearity of x — d(E;x,y).

One part (“<”) of the identity for || Tz||* follows by Lemma 13.3.3. The other inequality
follows for f,, bounded and detailed study of the inequality in Lemma 13.3.3. The rest (as
well as (iii) and (iv)) follows by truncation and limits. O

Theorem 13.3.5. Let f : R — C be measurable. Then dom(Ty) = H if, and only if, f is
essentially bounded w.r.t. to E.

Proof. Let x € H, then (Egz,x) < ||z||?. If f is bounded, we integrate in (13.1) a bounded
function over a finite measure space, hence x € Dy.

If, on the other hand, dom(Ty) = Dy = H, then Ty € Z(H) by Closed Graph Theorem.
Furthermore, if w,, := {t € R: |f(t)| > n}, then Theorem 13.3.4 (ii) implies that ||Tfz| >
n||lz| for z € ran(E,,,). Therefore E,, = 0 for n large. O

Proof. (Sketch of the proof of Theorem 13.3.1).
Let R:= (T —il)"' € #(H). Then RR* = R*R, i.e. Risnormal (and R* = (T +il)~! €
Z(H)). According to the spectral theorem for bounded normal operators,

R=(T—il)"" :/ zdF,
o(R)
for some spectral measure F' on C (R is normal, not self-adjoint).

Let o(t) = 1/(t —i). We want to “change the variables” from z to t. We put E(M) :=
F(p(M)). The fact that ¢(i) is not defined is not really disturbing, because we aim for
M C R anyway.

This is a new spectral measure and f zdF, = f ﬁdEt. Then one has to show that

T—il=R'= /(t—z’)dEt,
which implies 7' = [ tdE;. One has to show also that E is supported on ¢(T). Finally,

uniqueness follows from the fact, that it is also possible to recover F' from E and F' is
unique, therefore also F is unique. O
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14 Distributions and Fourier transform

14.1 The space .(R") and the Fourier transform on .7 (R")

We shall use the usual notation from vector analysis, i.e. let n € N, o € Nij be a multiindex
and x = (z1,...,z,) € R", then we write

o o, aq (679
Tt =zt ooy,

la] == a1 + -+ + g,

olal
D* =97 ...05" =

ol ...o5m"

|z] == a4+ 2,

al =oq!. . ayl.
Definition 14.1.1. Let n € N.

i) We put
F(R") ={p € C°R") : |l¢ll (k) < oo for all k,1 € No},

where

el i) = Seuﬂgl(l + 22 Y [D(x)].

|| <l

ii) A sequence (¢;)jen C 7 (R") is said to converge in .7(R") to ¢ € #(R") if, and
only if,
lim |lp; — @l =0 forall k,1 € No.
j—o0

This will be written as ¢; = ®.

Remark 14.1.2. The space ./(R") is a vector space (in the algebraic sense), but it is
not a Banach space (or normed space). It can be shown, that it is actually impossible to
introduce a norm .(R™), such that the convergence in this norm would be equivalent to
convergence, which we have just described. Nevertheless, it is possible to equip . (R"™)
with a topology, such that the convergence in this topology and .¥’-convergence are equiv-
alent. Together with this topology, .%(R™) becomes a topological vector space. We refer to
the Book of Rudin [1], which contains a lot of details on such spaces. On the other hand,
the space is metrizable, cf. Exercises.

Theorem 14.1.3. i) Let (pr)reny C L (R™) with ¢ =N e € S (R"). Then pp — ¢
also in Ly(R™) for every 0 < p < oo.

ii) Let (or)ken C 7 (R™) with ¢ % e € S (R™). Then D%y % D%p for every
a € Nj.

iii) Let (pr)ken C 7 (R™) with ¢y, % v € S (R™). Then z%yy, = x%p for every a € Njj.
iv) Let ¢ € L (R™) and let Tho(x) = @p(x — h). Then T 4 ¢ for h — 0.

v) Let o, € S (R"). Then ¢ and (¢ *¥)(x) = [pa 0(x — y)U(y)dy belong both to
Z(R™) and it holds

D*(px ) = (DY) x b = px (D).
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Proof. We have
lps(x) — (@)l < L+ 121 ll0; — ellr0)-
Choosing k large enough, integrating over x € R" and using |l¢; — ¢||x,0) — 0 gives (i).
Similarly, (ii) and (iii) follows by using only the definition of .%(R™).
To prove (iv), we have to estimate [¢(z + h) — @(z)|| (k). We estimate using Taylor
theorem

D% (z + h) — D*p(z)| < calh| - sup  sup  [D*Po(y)]
|B|=1 y€[z,z+h]

and obtain
ITnee = @lley < crplbl - lellgegrny, Al <1
Finally, we give the proof of (v). Let ¢,1 € Z(R™). Then (¢ * 1)) is well defined, i.e.
the integral converges for every x € R™. The identity for derivatives of (¢ * 1) follows by

Lebesgue’s dominated convergence theorem. Indeed, let e; = (0,...,0,1,0,...,0) with 1
in the jth entry and zeros everywhere else.

Dej(tp* w)(x) — lim (<P *Ib)(.%' + hej) — (px)(z)

h—0 h
1
= lim — [p(z + he; —y) — (@ —y)|[Y(y)dy
h—0 Rn
h ) —
— }{L}II]O . SD(Z + B;L) SD(Z) X T,Z)(CC _ Z)dZ
Then h
QD(Z + ej) - SD(Z) _ Defgp(z) S0

h

for every z € R™ as h — 0 and since this expression is uniformly bounded by a constant
depending only on ¢, its integral with respect to the measure ¢)(z — z)dz converges to 0
as h — 0. The general case follows by repeating this argument by induction.

Next we show, that ¢ * 1) belongs also to .#(R™). We have (for N > n arbitrary)

(e 0)@] <O [ (Lrlo=y) 00+ lyf) ™2, (14.1)

where Cn depends only on ¢, 1 and N > n. The part of the integral in (14.1) over the set
{y e R": |x — y| > |z|/2} is bounded by

J o U 2P )Yy < B )
y|lr—y|>|x

where By depends only on N and the dimension. On the other hand, if |z|/2 > |y — =],
then |y| > |z|/2 and the part of the integral in (14.1) over the set {z € R™ : |y —x| < |z|/2}
may be estimated from above by

L YR 2y < B+ o)
ylr—y|<|z

Therefore, (¢ *1))(z) decays at infinity as (1 + |z|?)~"/2 - and this holds for every N > n.
Using D*(p x 1) = (D“p* 1) and replacing ¢ by D%p, we obtain by the same argument,
that also D*(p=*1) decays faster then the reciprocal of any polynomial, and px1 € . (R™)
follows.

Finally, that ¢t belongs to . (R™) follows directly by the Leibniz rule.
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14 Distributions and Fourier transform

Definition 14.1.4. Let ¢ € . (R"). Then

(Fp)(€) = . /ngo(gc)e—i(x,§>d:c, ¢eR”

(2m)"/? Jr

is called the Fourier transform of p. Furthermore,

(]:7180)(5) _ 1 /n @($)6i<m’£>d$, 5 e R

2m)"/? Jr
is called the inverse Fourier transform of .

We will prove later on, that the terminology used is correct, especially, that F~! really
is an inverse of F.
Furthermore, let us mention that many authors use another normalization of Fourier
transform, i.e.

f(uv)e*%”'(x’£> dx.
R?’L

Although this difference is harmless in general, it makes comparison between different
books and textbooks rather inconvenient, and a lot of care is necessary.

Theorem 14.1.5. i) Let ¢ € S (R"). Then Fp € .#(R") and F~1p € 7 (R").
ii) Let ¢ € S (R™). Then

D(F)(€) = (i)l F(2°9)(€), aeNj, £€R™, (14.2)
E4(F)(€) = (—i)*IF(D*p)(€), a€eNg, ¢ €R™ (14.3)

ii) Let ()52, C 7 (R") with p; % ¢. Then

Fj iﬂ)]—"ap and f_leiﬂ)}"_lw.

Proof. If ¢ € #/(R"™) and o € Nj, then one gets from Theorem 14.1.3 that 2% € ./(R"™)
and D% € . (R™). Furthermore, we get by Lebesgue’s dominated convergence theorem

0 1

e FONO = s [ (Cihme O p(a)de = (<) F(mnpla)) )

(27‘(‘)”/2 R

By iteration, we get (14.2). To prove (14.3), we use partial integration in z;-direction with
intervals tending to R to obtain

i 0
§(Fe)(€) = @2 Jon 01

~ 07 (52) ©.

These formulas can be easily iterated, cf.

— [ %%y,
(27T)n/2 Rn axl

(e ") p(z)da = e U8 dy

0? )
9e,.08, T PIE) = (i) g

(Flap(2))(€)) = (=) F(zmzrp(2))(€)-
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Finally, by (14.2) and (14.3), we obtain!?

F < ¢ sup max max |°] - |[DY(F
7ol < e sup maxmas |- [D° () )

< ¢ max max ]-‘Dﬁ 2%0(r .
< e max max | F(D7(z%¢ ()|

< Dﬁa
< e maxmax || D° (2% () |

< O{Dﬁ
< e maxmax|[|2*(D"p) (@)l

<cllollgtntte),  forall e S (R").

Theorem 14.1.6. i) Let ¢ > 0 and let ¢ € /(R™). Then
Flp(e)(§) =" F(p)(/e), EeR™

it) Let h € R™ and p € L (R™). Then we denote by (th)(x) = @(x —h) the translation
operator. And the formula F(m,p) = e~*"8) Fyo holds for all ¢ € .7 (R™).

iii) Let h € R™ and p € .7(R™). Then we denote by (Myp)(x) = " p(z) the modu-
lation of v. And the formula F(Mpp) = m,(F) holds for every ¢ € . (R™).

iv) Let o, € S (R™). Then the convolution of ¢ and 1) satisfies the formula
Floxp)(6) = @m)"2(Fp)(€) - (FY)(E), € €R™

V) o € SR and b € FR™), then (o ¥)(x,y) = p(zhb(y) € FRH™) is the
tensor product of ¢ and . And the formula F(o®1)(&,n) = (Fe)(&)(F)(n) holds
for every & € R™ and every n € R™.

vi) Let o, € S (R™). Then F(p) = (2%)*"/2.7:(@) x F(1).

vii) It holds
Fle# ) @) =2, gern

Proof. (i) - (v) are easy consequences of the Definitions. Due to the product structure, it
is enough to show (vii) in n = 1.

Let
1

>~ —t2 —its
h(S):Wlwe t/2€ tdt, SGR

Then

h(0)? i/ e_(t2+“2)/2d(t,u) = %/ (27r) e 2dr = 1,
R2 0

:271' 7T

i.e. h(0) = 1, is the famous Gaussian integral evaluated using polar coordinates in R?. On
the other hand, by integration by parts we get

1 o0 ) ; o g A
h/(s) _ \/_2_7(-/ e—t2/26—zt5(_z~t)dt _ Lzﬂ-/ % (e_t2/2) oits gy

- e P 2emits gt — —sh(s).

B V2T J o

0T et us note, that the meaning of ¢ may change from one line to the other, and that it may depend on
k and [, but not on ¢ € . (R").
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14 Distributions and Fourier transform

Solving this equation, we observe that h(s) = h(0)e 5"/2 = ¢%°/2, which finishes the
proof.

We leave the proof of (vi) open in the moment and come back to that once we establish
the properties of the inverse Fourier transform. O

Obviously, similar statements can be proven for F~! in the same way. So far we know

that F.(R") C .7(R") and F~L.7(R") C 7 (R").
Theorem 14.1.7. Let p € .7(R"). Then

p=F (Fp)=F(F 9).
Furthermore, F and F~' both map .7 (R™) one-to-one onto itself.

Proof. When trying to evaluate F1(F¢) using Fubini’s theorem, one runs into non-
convergent integrals. Therefore, we use the following trick. We evaluate

e [ PN s s | (@ = N Fo )
ase — 0.

Let ¢(z) = e=’1#*/2. Then

2
|y

Fiply) = "F (67|m|2/2) (y/e) = e e 22,

Furthermore, we get by change of variables (even for arbitrary ¢,9 € ./ (R"))

1

[ Feree v = o

/ o) G (€)d(€, ) (14.4)
R xR™

= [ ewFsw -ty = [ o+ Fewdy.
Rn R™

This, applied to (x) = e=="121%/2 then gives

! i(0.6) =6 /2ge = & -l
2y /Rn(}-@)@)e e d§ = B2 e oz +yle 22 dy
1 2
_ —[z%/2
n) 2 /R" p(x +ez)e dz.
By Lebesgue dominated convergence theorem, this tends to ¢(x) as e — 0F. U

Finally, we come to the proof of (vi) in Theorem 14.1.6. Let us observe that in (14.4),
we have shown actually that

@m)"PF N Fe-4) = o+ F 9.
We plug in ¥ = Fg and ¢ = f and the statement follows.
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14.2 The space ./(R") and the Fourier transform on ./(R")

Definition 14.2.1. The space ./(R") is the set of all continuous complex linear func-
tionals on . (R™). That means, T : .(R™) — C belongs to .#/(R") if, and only if,

i) T(Ag + ) = AT(p) + pT'() for all A,y € C and ¢, € . (R™);

ii) Tp; — T whenever ¢; 4 ®.
The elements of the space ./(R™) are called tempered distributions.

Remark 14.2.2. ./(R"™) is again a linear space, as we put (AT +uS)(p) = AT (¢)+upS(p)
for all T,5 € /(R™) and all A\, € C. Although one could again equip ./(R") with a
topology and turn it into a topological vector space, for our purposes it is enough to equip
it with weak convergence. We say, that

T; Are Tj(¢) = T(p) for all ¢ € L(R").

Theorem 14.2.3. Let T be a linear functional on . (R™). Then T € %' (R™) if, and only
if

T ()] < cllel (14.5)
for some ¢ > 0,k,l € Ny and all ¢ € S (R").

Proof. If T satisfies (14.5), then T' € /(R™). To prove the converse, we proceed by
contradiction, i.e. for all ¢ > 0,k,1 € Ny, there is ¢.1; € L (R") with 1 = |T(pe k)| >

cllpe i ill(r,)- We consider the sequence ¢, = @ k. We obtain, that ¢y 2 0 and (by
T € ./(R™)) also T(pg) — 0, which is a contradiction. O

Let f be an integrable function, i.e. f € L1(R™). Then the mapping

Ty = Ti(p) = - f(x)p(x)dz, ¢ € S (R")

is well-defined, linear and due to

<Al - llelloo = 1711 - llell 0,0y

f(@)p(x)dx
Rn

is also continuous, hence T' € .%/(R™). With a slight modification of the arguments, the
same holds for also for f € L,(R") for all 1 < p < co. However, it does not hold for p < 1,
and not for LI°¢(R™).

Every distribution, which is equal to Ty for some f € L;(R"), is called regular dis-
tribution. Every distribution, which is not regular is called singular distribution. In this
sense, we may identify Li(R™) with the set of regular distributions, which is a subset of
<" (R™). The following lemma shows, that this identification is also one-to-one.

Lemma 14.2.4. Let f,g € L1(R™) and let T¢(p) = T4(p) for all p € L (R™). Then f =g
a.e.

Proof. There is a lot of different proofs in the literature. We shall present one which uses
the technique of mollification, which we shall encounter also later on. Obviously, it is
enough to show that if Tj,(p) = 0 for some h € Li(R") and all ¢ € .#(R"), then h = 0
a.e.

Let w € Z(R™) be a smooth non-negative symmetric function with support in B :=
{y : [yl <1} and [z, w(x)dz = 1. We define w.(x) = e "w(x/e). Observe that also
Jgn we(x)daz = 1. We observe the following facts
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14 Distributions and Fourier transform

i) h*w. is a continuous function on the whole R™ for each £ > 0.

ii) Using Fubini’s theorem (and the symmetry of w) we get quickly (as we xp € .7 (R™))

0= [ M@)o p)akdo = [ plu)hrw)w)d.

n

iii) As we * h is a continuous function, it must be positive on some neighborhood of
any point in which it is positive. Considering ¢ € . (R™) with support in this
neighborhood and the equation above, we obtain (we * h)(xz) = 0 for all x € R™.

iv) Finally, we use that, for every ¢ > 0, h € L1(R™) may be written as h = hy + ho,
where hy is continuous with compact support and ||hs|; < t.

v) The proof is finished by
[h[l1 = |lh — we * hlly = [[h1 + ho — we * by — we * hal|y
< lhy — we * bl + [[he|ln + [|we * ha|1,

(%) <2t

where
()= [ (@) = o) dz
= [ 1] @) = o= g)leo)dy| do
< [ w) [ @) = hate = p)ldady

< sup [|h1(-) = ha(- =)l
y:ly|<e

Due to the bounded support of hy and its uniform continuity, the last expression
goes to zero as € — 0. Hence, choosing ¢,¢ > 0 small enough, ||A||; is arbitrary small
and, therefore, equal to zero, i.e. h =0 a.e.

O

Any finite Borel measure p on R" is a tempered distribution via

ue) = [ e@iduto).

We show how one can extend the convolution also to measures. Let first ¢, ¢ € . (R"™)
and f € (R") as well. We denote by u the measure on R™, which has density ¢ with
respect to the Lebesgue measure. Furthermore, A corresponds to ¢ in the same way. Then

(o)D)= [ oo f@do= [ 1) [ o= puwiyds
= / f@)p(z = y)P(y)dyde = / fz+y)p(2)d(y)d=dy
Rn™ xR"

R xR"™

n

_ / f(z 4+ y)du(z)d\(y).
R xR™
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We observe that the last expression makes sense for all Borel measures p and A and
f € Co(R™), i.e. continuous functions which tend to zero at infinity.

Hence, for two Borel measures p and A on R”, we define p* A to be the unique measure
on R™, such that (using the Riesz representation theorem)

F(ux A) = / £ + y)du(z)dA(y) (14.6)

R™ R7xR"”

for all f € Cy(R™). Using standard arguments, this holds also for all bounded Borel-
measurable functions, i.e. fe(x) = e@€) . Therefore, we obtain immediately the formula

Flux A)(E) = @m)" 2 (Fu)©(FN(E), &eR™

Furthermore, ||p * A|| < ||| - |All, where the norms denote total variation of measures.
Finally, if p is absolutely continuous with respect to the Lebesgue measure, then the same
is true for g *x A. To see this, consider f = xp, where the Lebesgue measure of F is zero.
Then

0= [ fl@+y)du(z)
-

for all y € R™, and (u* A\)(E) = 0 follows.
Finally, (14.6) implies that

(nx A)(E) = (n@ N){(z,y) e R" xR" : x4y € E})

for every Borel-measurable set £ C R™.

Definition 14.2.5. Let T € ./ (R"), ¢, ¢ € . (R") and o € Njj. Then we put
(D°T)(p) = (~D)IT(D),

(FT)(¢) = T(F), (F'T)(¢) =T (F ')
and

(@T) () = T(py). (14.7)

Actually, we use (14.7) to define ¢T for every (infinitely-differentiable) function ¢, such
that p1p € L (R™) for every ¢ € .(R™). This applies for example to the polynomials on

R" or to (linear combinations of) functions of the type ()

Using Theorem 14.2.3, one shows that DT, (¢T), FT, F T € ' (R").

Remark 14.2.6. Let us sketch the proof (given by Schwartz) that it is impossible to
introduce a continuous multiplication of distributions. Let ¢ € .(R"™) be compactly
supported non-negative function with ¢(0) = 1, [ ¢ = 1. Then ¢y (z) := k™ (kx) converge
to ¢ in ./ (R™) as k — oco. By the definition of multiplication of distribution ¢ and test
function v, we obtain

(0 ) (@) = 6(vrp) = Pr(0)p(0) = k"p(0) — o0

for all ¢ € .7(R) with ¢(0) > 0. On the other hand, assuming that it is possible to define
continuous multiplication in .#/(R™) implies that (5¢y)(p) — (0 -0)(¢) = 6%(p), i.e. a
contradiction.

Theorem 14.2.7. Let T € ./ (R").
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14 Distributions and Fourier transform

i) Then F(FIT) = F~YFT) = T. Furthermore, both F and F~' map .#'(R")

one-to-one continuously onto itself.

i) Let o« € Nij. Then 2°T € &'(R") and D*T € ./(R™). Furthermore,

F(DT) = i‘alﬁﬂa(]‘—T) and F(z°T) = i‘o‘|DO‘(}'T)_
iii) Let e >0 and let T € '(R™). Then

T(e)(p) =T "p(-/e)), »eS(R)

is the dilation of T and
F(T(e) =" F(T)(/e).

iv) Let h € R™ and T € '(R"™). Then we denote by (7,7)(¢) = T(o(- + h)), ¢ €
S (R™), the translation operator. The formula F(1,T) = e “M8 FT holds for all
T e ' (R™).

v) Let h € R” and T € '(R™). Then we denote by (MyT)(p) = T(e¥"?) ), ¢ €
Z(R™), the modulation of T. And the formula F(MyT) = 1,(FT) holds for every
T e ' (R™).

Proof. We obtain
FFIT)(p) = (FIT)(Fp) = T(F(Fp)) = T(p)

for every p € .7 (R"), i.e. F(F~!T) = T. The other identities follow in the same manner.
O

14.3 Fourier transform on L;(R") and L,(R")

There is another natural definition of Fourier transform, which turns out to be essentially
equivalent to definition given above.

Definition 14.3.1. Let f € L1(R"™). Then we define

1

W o f(m)e_i<x’§>dm, §€ R™.

Ff(&) =

This integral converges absolutely for every ¢ € R”.
Theorem 14.3.2. Let f € L1(R™) and £ € R".
i) If g(x) = f(2)e"**, then Fg(€) = Ff(£ — a).
it) If g(x) = f(x — @), then Fg(§) = Ff(§)e”
ii) If g € Li(R™) and h = f * g, then Fh(£) = (2rn)"?Ff(€) - Fg(£).
w) If g(x) = f(~x), then Fg(¢) = Ff ().
v) If g(x) = f(x/A), then Fg(§) = A"Ff(AE).

i) Ifg( ) = —iz;f(z), and g € Li(R™), then Ff is differentiable at & and 0;(Ff)(§) =
Fg(&).
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Proof. The proof is done by direct substitutions to the Definition, the last statement
follows by Lebesgue dominated convergence theorem. O

Let us mention, that the properties of F and F are very similar. Nevertheless, the
identities above are understood in pointwise sense, the properties of F were proven in the
distributional sense.

We show that F = F on L1(R") — .%/(R™) (and we shall after that use only the letter
F for any of the Fourier transforms).

Theorem 14.3.3. Let f € L1(R™). Then Ff is a reqular distribution and Ff = Ff in
the distributional sense.

Proof. If f € L1(R"™), then Ff is obviously bounded, cf.

1

IFf(6)| = 2n)2

—i(z,£) Hf”l n
- f(z)e dw' < CREk £ eR".

Therefore, Tr¢ may be interpreted as an element of .#/(R™).
On the other hand, let f € L1(R") and ¢ € . (R™). Then

FN) = 1Fe) = [ 1) Fe) s
1

~ Gy L @) [ e ayas
= | o [ e dady

2m)n/2
= / eWEf(y)dy = Trs(0),

ie. (Ff)(p)=(Ff)(p) for all ¢ € .#(R™) are equal in the distributional sense. O

Theorem 14.3.4. Let f € Li(R™). Then Ff € Co(R"), i.e. Ff € C(R") and lim Ff(x) =

|z| =00

0.

Proof. The boundedness of F f was already discussed above. The continuity follows from
Lebesgue convergence theorem (with |f(x)| as an integrable majorant):

1 —Z x 1 —1 Z‘
@7 Ju f() (&t >dm—>W F(x)e " dg as h — 0.
Finally, if n =1 and f = x4 With —00 < a < b < 0o, we get
1 b 1 e—ifa _ ,—igb
_ —i&t g4
Fxiai€) = Gy / = o e 0

if £ — +o00. In the same way, if n > 1 and g(x) = H?:1 X[a;.b;] (%5) on R", then

—i§ja; _ e zfj

Fg(§ ﬁ -0

if |¢] — oo. The same conclusion therefore holds also for finite sums of step functions of
intervals. Finally, we use that every function f € Lj(R™) might be approximated by such
a finite sum function h to arbitrary precision in the L;(R™)-norm. We obtain

ILf = hllx hHl

IFfE < [F(f = )]+ [Fr(E)] < G

+ | FhE)]-
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14 Distributions and Fourier transform

As the last summand goes to zero and the first can be made arbitrary small, we obtain
the conclusion. O

The non-distributional approach to Fourier transform now proceeds as follows

i) The inversion theorem is proven for f € L;(R") and Ff € L;(R"™), and holds
pointwise a.e.

ii) Ff is now defined on L;i(R™).

iii) One shows that for f € Li(R™) N La(R™), the following Plancherel identity holds:
IFfll2 = [1fl2-

iv) As Li(R™) N Ly(R™) is dense in Ly(R™), there is a unique extension of F from
Li(R™) N La(R™) to La(R™), which will be denoted by F again.

v) It follows that F is a Hilbert space isomorphism of Ly(R"™) onto Lo(R™).

Theorem 14.3.5. (Fourier inversion theorem on Li(R™))
Let f € L1(R") and Ff € L1(R™). Then

oo L FD©ea

@)= G55

for almost every x € R™.

Proof. We know from Lemma 14.2.4 that if Tj,(¢) = 0 for h € L1(R™) and all ¢ € .7(R"),
then h = 0 a.e. This can be easily generalised. Let u € Lij(R") and v € L. (R").
Furthermore, let ¢(z) = e /2. Then (u 4 v)y € L;(R") and Jgn (w4 v) = 0 for all
¢ € S (R") implies also [p,[(u + v)h]e = 0 for all ¢ € (R™). Hence (u+ v))p = 0 a.e.
and u 4+ v = 0 a.e. follows.

Using Fubini’s theorem we get immediately

1

- f(@)(Fo)(z)dx = @)

/ F@)p(€)e @O d(z,€) = / (F©)p(€)de
R xR™ n

for f € Li(R™) and ¢ € .(R") (actually, even ¢ € L1(R™) can be allowed). The same
formula holds also for F~!. Finally, we obtain

[FEne= [FEnEo = [ 1 Fa = [ re

As FYFf) € Loo(R™) and f € L1(R"), we obtain F~Y(Ff) = f a.e. O
As the zero function is in Lj(R™), we obtain the following Corollary.
Corollary 14.3.6. Let f € L1(R™) and let Ff =0 a.e. Then f =0 a.e.
Theorem 14.3.7. Let f € Li(R™) N La(R™), then
[fll2 = IIFfl2-
Proof. For f € Li(R") N Ly(R™), let h = f  f. Then we have the following

i) h e Li(R");
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ii) h is continuous at 0; indeed

h(z) — h(0) = . F) fla—y)dy — . F) f(=y)dy

= I FWIf(y —x) = f(y)ldy.

Writing f = f1 + f2, where f; is continuous with compact support and || fa]|2 < ¢,
we get

Ih(z) — h(0)] < /

The first integral tends to zero (using again the compact support of f; and its uniform
continuity), the second is bounded by 2t| f|2 < 0.

£ Uty = 2) = Aldy+ [ 176 faly = 2) = fa)ldy.

n

i) Fh = 2m)"?|Ff> > 0;

iv) Finally, we obtain

7115 = Cr) 2 [ (FRde = tim(am 2 [ (Fh)@e =12

n

— fim e (2) /2 / h(z)e /22 g

e—0

—~—

= h(0) = - f@)f(=x)dz = || f|I3,
where we used the continuity of h at zero and

lim
e—0

e (2m) /2 / h(z)e 117/ gy — p(0)

= lim e7"(2m) "/ / (@) = h(0)]e /D da
Rn

e—0

<l @en) ™ [ ) — e
x:|x| >t

e—0

e—0

+ lim e (2m) "2 / Ih(z) — h(0)|e~ /@) g
x:|x| <t

The first integral goes (for every ¢ > 0) to zero'!, the second can be made arbitrary
small by choosing ¢ > 0 small.

O

14.4 Few applications of Fourier transform
14.4.1 Bochner’s Theorem

We say, that a complex-valued function ® : R" — C is positive-definite if the matrix
(P(z; — xk))szl is positive semi-definite for every N € N and every choice of points
1, ...,xny € R? ie. if

cjck®(z; —xp) >0
1

N
Jik=

2 2
"The integrated functions go pointwise to zero, and as sup e e IP17/2 g finite, the integrable

|| >t,0<e<1
majorant is |h(z) — h(0)| € L1 (R™).
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14 Distributions and Fourier transform

for every N € N, every z1,...,2xy € R" and every ¢ = (c1,...,cy) € CV.
Let @ be a Fourier transform of a finite positive Borel measure v, i.e.

1 )
B(¢) = Gy /R e 8 dy(x), € eR™

We observe, that each such function is positive-definite by

N N 1
Z ¢ ®(z; — xy) = Z CiCr - 7n/2/ e~ @i —m18) gy (g)
7,k=1 7,k=1

k=1

N
S~ et | g

n/2 (
J

n/z > e eenitnd) | du(e)
J,k=1

N

= n/2 / Z “HES dv(e) > 0.

=1
This gives immediately the easy part of the following theorem.

Theorem 14.4.1. The Fourier transform of every positive Borel measure on R™ is a
positive-definite function. On the other hand, if ® : R™ — C is continuous and positive-
definite, then ® is a Fourier transform of a finite positive Borel measure.

Open problem: If f : R” — C is a positive and positive-definite continuous function
(i.e. f(z) is real, f(z) > 0 for all z € R™ and f = Fpu for some positive finite Borel
measure 4) with f(0) =1, then

N

_ ¢+ +enl?
> eitrf(aj — ap) > | N |
k=1

for all z1,...,zxy € R” and all ¢ = (c1,...,cy) € CV.

14.4.2 Translation invariant spaces

A subspace M of Ly(R"™) is called translation invariant if f € M implies f,(z) := f(z —
a) € M for all « € R™.
The task we are going to investigate in this section sounds:

Describe the closed translation invariant subspaces of La(R™).

We shall proceed as follows. We denote by M the image of M under F. Then M is a
closed subspace of La(R™) (recall that F is an isometry on Lo (R”)) From the properties
of Fourier transform, we obtain that f e M implies also e~ f e M. Hence, M is
invariant under multiplication with e —i(anz)

Let E C R" be any measurable subset of R". Surely, if M = {p € LyR™) : p =
0 a.e. on E}, then M is closed under multiplications with e~#**}. Moreover, M is closed
(and M+ = {¢) € Ly(R™) : ¢ = 0 a.e. on R™\ E}). If M is the inverse image of M, under
Fourier transform, then M has exactly the desired properties.
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One may now conjecture, that every closed translation invariant subspace is obtained
exactly in this manner. So, to every closed translation invariant subspace M we have to
construct a set £ C R™, such that f € M if, and only if, Ff(z) = 0 a.e. on E. The
obvious construction

E= () Ef=(){z€R": Ff(z) =0}

feM feM

runs into serious difficulties, when we realize that each Ey is defined only up to set of
measure zero and that there are uncountably many f € M. Hence, we lose every control
about F.

So, let M be a closed translation invariant subspace of Lo(R™) and let M be its image
under Fourier transform. Let P denote the orthogonal projection onto M. Hence, to each
f € Lo(R™) there is Pf € M, such that f — Pf L M, i.e.

(f_Pf)J*Pga fageLQ(Rn)

and also
(f = Pf) L Pg(z)e ") f g€ Ly(R"),a € R™.

This is equivalent to

/ (f — Pf)(@)Pg@e @ dr =0, f,ge Ly(R"),a € R,
.

i.e. that F((f — Pf)Pg) = 0. As both f — Pf and Pg belong to Lo(R"), their product is

in L1(R™) and the uniqueness theorem on Fourier transform gives that (f — Pf)Pg = 0
almost everywhere. This remains true also if we replace Pg by Pg, hence

f-Pg=(Pf)-(Pg), f[,g€ La(R").

Interchanging f and g leads finally to

This may be (roughly speaking) interpreted as that (Pf)/f is constant for all f € Lo(R™).
To avoid the devision by zero here, we consider some strictly positive function in Ly(R™),
for example g(x) = e~ will do, and put

o(z) = ﬂ, x € R".

Then we get Pf = ¢ - f a.e. on R". Now we observe that
2 _ _ p2, _ _
g rg=¢-Pg=Pg=Pg=yp-g,

i.e. p? = . This means, that ¢ = 0 or ¢ = 1 a.e. and we put E := {z € R" : ¢(z) = 0}.
Now f € M if, and only if, f = Pf = - f gives that M consists of exactly those functions
which vanish a.e. on E. This finishes the proof of the claim.

Let us mention that characterization of shift translation invariant spaces (i.e. space
invariant under integer translations) was an open problem until recently.
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14 Distributions and Fourier transform

14.4.3 Fast Fourier Transform
Let Zx be the set of the N** roots of unity, i.e. the set

TN = {17 627ri/N’ e2-27ri/N o ’e(Nfl)-Qwi/N}.

Then Zpy with the usual complex multiplication is an Abelian (i.e. commutative) group.
Furthermore, Zy is isomorph to {0,1,..., N} equipped with summation modulo N. And
it is also isomorph to Z/NZ, the set of equivalence classes based on the reminder when
dividing by N.

Let us put

(k) = 2™ /N for 1 =0,1,...,N—1and k=0,1,...,N — 1.

Furthermore, we denote by V' the vector space of complexed-valued functions on Zy with

-1
IFIE = [F(k)?
k=0

Through a simple calculation, one obtains immediately
Lemma 14.4.2. (ej,ep)v =N - 0py ;.

Therefore, e = el/\/ﬁ,l =0,1,...,N — 1, is an orthonormal basis of V.
Hence, for every F € V', we get

N—-1
F = Z(F
IF|* = ZI e vl

The n'" Fourier coefficient of F is defined as

1 N-1 1
_ F(k 6727rikn/N = —(F, e
Theorem 14.4.3. For F € V we have
N-1 N-1 N—-1 '
F(k) = Z <F7 €Z>V€Z(/{)) = Z \/_ane Z anen — Z ane27mnk/N7
n=0 n=0 o
N-1 L N_1
D lanf* = Z (Bl = S IFIP = 5 3 IFWP.
n=0 =0

Naive way how to compute F(0),...,F(N — 1) from F(0),...,F(N — 1) given and
6727ri/N

WN = given is
| V-1
N 2 F
r=0
It involves N — 2 multiplications to get w?\,, e ,w%il and each a]kv needs N + 1 multipli-

cations and N — 1 additions. Therefore, we need 2N? + N — 2 < 2N? 4+ N operations.

41



Functional Analysis 1T

Theorem 14.4.4. (Fast Fourier Transform) Given wy = e~ 2™/N for N = 2" we need at
most
4-2" .n =4Nlogy(N) = O(Nlog N)

operations to calculate all Fourier coefficients of F'.

Proof. Let #(M) be the minimum number of operations needed to calculate all Fourier
coefficients on Zj;. We claim that

H#(2M) < 24(M) + 8M

provided wops = e~ 2mi/(2M) jg given.

Using the claim, the rest follows by induction. For N = 2! = 2, we need less than 8
operations to calculate

ay (F) = 1/2(F(1) + F(=1)), af (F) =1/2(F(1) = F(-1)).
If the statement is true up to N = 2”71, we get
#(2N)<2-4-2"Y(n—1) + 8271 =8n2" ! = 4n2",

Proof of the claim:
We need at most 2M operations to get w%M, . ,wgz\]‘f[[_l. Furthermore, for F' defined
on Zop, we consider Fy and F) defined on Zjs, which are given by Fy(r) = F(2r) and
Fi(r) = F(2r+1). We also assume, that we were able to calculate their Fourier coefficients
(in Zps) in #(M) operations.

The claim is then proven by the following calculation (0 < k < 2M — 1)!2

1 2M—1 1 1 M-—1 1 M-—1
aM(F) = o Y Py = 5 ( F(2lwyly) + F(2m + 1)w§§3m“’>
=0 m=0

Fy (m)whf'wing

— =
Sia
T
.oﬁ}—‘
=T
+
<
3
s
~

14.4.4 Uncertainty principle

The uncertainty principle in its most simple form is the following inequality (sometimes
called Heisenberg-Pauli- Weyl inequality).

Theorem 14.4.5. If f € Ly(R) and a,b € R are arbitrary, then

( / O;u - a)2!f<m)!2dx> " ( / - b)2!ff<5>!2d§> s %HfH%. (14.8)

—00

Let us give first a simple proof for f € #(R). By substitution (i.e. by considering
e @) f(x — a) instead of f), we may restrict ourselves to a = b = 0. Furthermore, we
suppose that || f|l2 = 1. Then we get

1= [ i@ =~ [ el is@Pde = - [ (a7 @@ + T @) do

X
—0o0 —0o0 —0o0

12et us observe, that ai! (Fo) = ap’ r(Fo) if k> M.
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14 Distributions and Fourier transform

where we have used partial integration and the identity |f|?> = ff. Hence
v<2 [l @l el <2 ([ Aepa) ([T ir@pe)

The proof is then finished by Parseval’s identity:

£z = IF ()2 = 1€ - FFE)ll2-

Theorem 14.4.6. Let A and B be (possibly unbounded) self-adjoint operators on a Hilbert
space H. Then

(A —aD)f |- (B ~bD)| > {[A, BIF. 7

for all a,b € R and all f in the domain of AB and BA. Furthermore, [A, Bl = AB — BA
is the commutator of A and B.

Proof.
([4,Blf, f) = {(A=al)(B =bI) = (B—=bl)(A—al)}f, [)
=(B-bD)f,(A=al)f) = (A—al)f,(B—=0bI)f)
=2iIm((B —bl)f,(A—al)f)
and the statement follows by applying the Cauchy-Schwartz inequality. U

The proof of Theorem 14.4.5 then follows by choosing

Xf(z)=af(z), Pf(z)=if(z).

If f is the domain of PX and X P (and let us observe, that the left-hand side of (14.8)
is infinity if this is not the case), we obtain

[X, Pf(z) = izf'(z) —i(zf(x)) = —if(z)

and

W _ 1y iga), ) < 10X —an sl - 1P~ b1
2 2 if(x), f(x))| < a 2+ ||( )fHQ’

where

[(P = bI) flla = [|F(P = bD) fll2 = [[(€ = b)FF ()2

14.5 More on convolutions

When defining the convolution of a distribution and a test function, we have two pos-
sibilities. The first one is based on the calculation (for T} a regular distribution and

¢, € S (R"))
Treo)0) = | (e o@i@de = [ wta) [ e - dydo
= [ 1w [ vhete - oy =7, ([ vtorpte - is),
the other on the observation that
(f xo)(x) = - fWe(x —y)dy =Ti(p(x — ) = Ty(ap), = €R"™

We shall use the first formula as the definition and afterwards, we show that it coincides
with the second one.
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Definition 14.5.1. Let T € .%/(R") and ¢ € .(R™). Then we define

(p*T)(¥) = (Txp)(¥) =T(¢x1), ¢eSR"),
where ¢(z) = p(—x) is the reflexion of .

Example 14.5.2. Let T'= d,,. Then ¢ = T is the function z — ¢(z — x¢). This follows
quickly from

(e * TI) = 020(@*¥) = (B 0)@0) = | d(@)e(o = zo)da.

It follows, that convolution with g is the identity operator.

Due to the impossibility of multiplication inside the space of distributions and due to
the properties of the Fourier transform (see below), impossibility of convolutions of general
distributions follows.

Proposition 14.5.3. Let T € %' (R™) and ¢ € L (R™). Then T * ¢ is a regular distribu-
tion and
(T * @) (z) =T (120), z=€R"

Proof. We have to show that

@) =10 =T ([ ot-newar) = ( [ @oouwa)

is equal to
| Tgeeds,

i.e. that we may interchange the integration and the application of T. To do this, it is
enough to prove the convergence of the Riemann sums of the integral under discussion in
Z(R™). We sketch the arguments but leave out the details.

For each N € N, we partition [—~N, N]" into (2N2)" cubes Q,,, m = 1,...,(2N?)"
with centers y,,. One has to show that the functions

1

= < DTy @) (@)% ()

m
converge in .¢(R"™) to
v [ (ry@)(x)¥(y)dy
as N — oo. Although not difficult, we leave out the technical details.
O

Definition 14.5.4. Let T € /(R™). Then the support of T is the intersection of all
closed sets K C R™, such that T'(¢) = 0 for all ¢ € .#(R"™) with suppp C R"\ K.

The support of the distribution d,, is exactly the set {z¢}.

Lemma 14.5.5. Let T € %'(R™). Then T has compact support if, and only if, there
exists a constant C > 0 and I, N € N such that

IT()| <C sup Y [D%(x)], ¢ e S (R").
|m|§N|a\§l
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14 Distributions and Fourier transform

Proof. Let the estimate be satisfied and let ¢ € .(R™) with suppy C R" \ {x € R" :
|z] < N} = {x € R": || > N}. Then obviously |T'(¢)| = 0 and we conclude that 7" has
compact support.

Let on the other hand T" have compact support, i.e. suppT C {z :€ R" : |z| < M}.
We consider an infinitely differentiable function ¢ with ¢(z) = 1 for || < M and ¢(z) = 0
for |x| > M + 1. Using Theorem 14.2.3, we get

IT(p)| = T () + T(p(1 = )| = [T (p)]
<cllevllmy =c feuﬂgl(l + )2 D (py) ()]

|| <1
=c sup (1+ 22" [D*(pp)(x)
|z|<M+1 la|<l
<d sup > |D%(x)]
e[ M+ || <
and we obtain the statement with N = M + 1. O

Theorem 14.5.6. Let T € .”/(R") and ¢ € ./ (R™). Then
i) T * ¢ is a C*®-function,
ii) D*(T %) = (D*T) x ¢ =T x (DY) for all « € N{.
iii) For all multiindices o € N{} there exist constants Cy, ko > 0, such that

DT ) (2)] < Ca(1+ |z[2)Fe/2, 2 e R (14.9)

i) If T has compact support, then T % ¢ is in ./ (R™).

Proof. We already know that T'x¢ is a regular distribution given pointwise by (T'xp)(x) :=
T(1x¢), € R"™. Next, we show that this is a C*°-function. Let e¢; = (0,...,0,1,0,...,0)
be the canonical unit vector in R™ with jth coordinate equal to 1 and zeros otherwise. We
shall use (cf. Exercises) that the test functions

Thejw -
—h

converge to D% in . (R") for all ¢ € .(R™) as h — 0. This gives for ¢ = 7,¢

Tx—i—hejgb — Tz L/)

n (=1) - DY(129) = (=1) - (DY)

and, after applying 7T,

(T * QO)(.%' + he]) — (T * QO)(.%') — T T‘T+hejgp B TZ‘SO — T(—T$(De‘7¢3))

h h
We combine this with T * (D% ) (z) = T(ro(D%¢)) = T(~74(D% @) = T(—D% (133)) =
(D%T)*p(x) and finish the proof of (ii) for o = e;. Iterating this identity, we obtain that
T ¢ is infinitely differentiable and that (ii) holds for every a € Nj.
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The proof of (14.9) is based on Theorem 14.2.3. We obtain
|DUT + @) ()] = |T * (D) ()] = [T (72(Dp))]
< el (D) gy < ¢ SUP(1+|y| )23 1D (DY) (y)]

1B1<t
<c sup (L+ )2 Y |m(D* ) (y)]
yeR™ 181<l
= c sup (1 +[y[*)*? Y |(D*P@)(x +v)|
yer™ 181<i
<c sup (14 |z — 22 Y [(D*Hp)(2)]
z€R™ 18I<l
c(1+ |z} Sup(1+\ 2E2N D) (2)] < e (1 + 21228l g fal+)-

18<i

Finally, to show that 7' x ¢ € .(R"™) for T" with compact support, we use Lemma
14.5.5. We get for arbitrary k € N

(T @) (@) = [T(p(x - )| <C sup > [Dye(e —y)l
yl=N || <1

k —k
<Cl sup (1+|z—y*)” 2 < <CU(1+ |z /2
ly|<N

for |x| > 2N. Hence (T * ¢)(z) decays faster then any polynomial. The same argument
applied to DY(T = @) =T * (D“p) yields the same for all the derivatives of T % ¢. Hence
T xp e S(R"). O

Finally, we show that products and convolutions of distributions behave under Fourier
transform exactly as we expect them to do.
Theorem 14.5.7. Let T € .//(R") and ¢ € ./ (R™). Then
F($T) = (2m) "2 F () « F(T),
Flp*T) = (2m)"* F(o)F(T).
Proof. We obtain for every ¢ € . (R")
F@T) () = (¢ T)(F) = T(oF(¥))
and
Flp) * F(T)() = FT(Fe x §) = T(F(Fo %)) = (2m)"*T(oF (1))

The other identity follows in the same manner. U

14.6 Paley-Wiener Theorem

Paley-Wiener’s Theorem is in general any statement connecting the decay of a function
or a distribution with the smoothness of its Fourier transform (and vice versa). Although
proven by Paley and Wiener for square-integrable functions first, it was adapted to test
functions and distributions by Schwartz (and Hérmander). We give one important example
of such a theorem below.

Another remarkable fact about Paley-Wiener theorems is that they connect the theory
of distributions with the theory of functions of several complex variables. Therefore, we
first (re-)introduce some notation from complex analysis.
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14 Distributions and Fourier transform

Definition 14.6.1. Let 2 C C" be an open set and let f be a complex-valued function on
Q. Then f is said to be holomorphic in €, if it is holomorphic in each variable separately.
A function f of n complex variables is said to be entire if it is holomorphic on whole C".

For any z = (21,...,2,) € C", we shall write x = Rez = (Rez1,...,Rez,) € R" and
y =Imz € R" for real and imaginary part of z.

Let T be a tempered distribution on R", i.e. T € %/(R™), with compact support.
Then the Fourier transform of T" was defined in Definition 14.2.5. However, the definition

FfE) = W Jon f(@)e "8 dz, f € F(R™), suggests that we could define also

)
(FI)E) =T (W) : (14.10)

whenever the right-hand side makes sense. As e~**) is not in .(R"), some care is
of course necessary. If T has compact support, then T(e’“:’*'> ) might be defined as
T(e="®p(-)) for any ¢ € .7(R") with ¢ = 1 on supp 7. Obviously, this “definition” does
not depend on the choice of ¢, i.e. T(e @) p(-)) = T (e *®)y(-)) if both ¢, € . (R™)
with ¢ =9 =1 on suppT.

First, using ¢ € . (R") with ¢(x) = 1 for x € suppT, we get immediately that

FT = F(T) = (2x) "2 Fy« FT
is a C*°-function (cf. Theorem 14.5.6). Furthermore, with ® € . (R") with F® = v, we
get
(2m)"PFT(€) = (FT + F)(€) = (FT + 9)() = FT(7¢®)
= T(F(re®)) = T(e™y),
which we defined as T'(e~*"¢)). Therefore, also (14.10) is justified.
Let us observe that (14.10) makes sense also for z € C™ instead of ¢ € R™. This

mapping (which is an extension of Fourier transform to complex arguments) is usually
called Fourier-Laplace transform and is defined by

oil2)
(FT)(z) =T <W> , zeCm (14.11)

Note, that we denote it by F again.

Its properties are given in the following version of (Schwartz-)Paley-Wiener’s theorem.

Theorem 14.6.2. Let T € '(R™) have compact support. Then its Fourier-Laplace
transform is an entire function with polynomial growth on R™.

Proof. First, we observe that

e, . FT(z+4hey) = FT(z) 1 .
DHFT)(z) = fim h = G it

e~ Hz,zthe;) _ o—i(z,2)
. .

The fact, that FT is an entire function, now follows from the compact support of T" and
the convergence of the sequence

67i<m,z+hej) _ efi(:v,z>

T — N , x €R",

to —iz;e 2 in O°(R"™). This gives D% (FT)(z) = T(—izje ). This argument
might be iterated and we obtain D*(FT)(z) = T((—ixz;)*e~"®3)) for all & € NJ. Moreover,
the polynomial growth on R"™ follows from (14.9). O
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14.7 Fundamental solution

Theorem 14.7.1. Let T € '(R™) be supported at the singleton {xo}. Then there exists
a number k € No and complex numbers a, for |a| < k, such that

T = Z o D6y, .

<k

Proof. We may assume, that g = 0. We shall use Lemma 14.5.5. We assume that

T(p)] < C sup Y |D(a)]

‘x‘SN\CASl
for all ¢ € #(R"). First we show, that if ¢ € . (R") satisfies
(D%)(0) =0, o] <1, (14.12)
then T = 0. We fix one such a ¢ € .#(R"™) and we chose ¢ € C*°(R") with ¢» = 0 on
{z eR":|z|<1}and ¢y =1 on {z € R" : |z| > 2}. We put ¢.(x) :=¢(x/e) for € > 0.
T(P)l = [T(p(¥= + (1 =) < |T(pe)| + [T (e = )l
<O0+C sup Y [D*(p(1 —¢:))(@)]

‘x‘SN\odgl

< C sup Z |D((1 = ve)) ()]

212 10 <y

and it is rather easy to see (using (14.12)), that the last expression tends to zero as ¢ — 0.
Now, let ¢ € Z(R") be arbitrary and let n € ./(R"™) be a function that is equal to 1
in a neighborhood of origin. Then (using Taylor’s polynomial)

o) =) [ 3 229D 0 1) | + (1 n@))ea)

al
|| <1

where ¢ € .7(R") satisfies ¢(z) = O(|z|"*1) as |z| — 0.
Now T'(m) = 0 due to the first part of the proof and T'((1 — n)¢) = 0 due to the
support property of T'. Hence

1(0) = Y P80 rnw1a) = 3 aa(D750) ()
|| <1 || <1
for aq = (=) T (n(x)z®)/al. O

Corollary 14.7.2. Let T € ./ (R™) with FT supported at the singleton {&o}. Then T is a
linear combination of functions £%€*&80)  In particular, if FT is supported at the origin,
then T is a polynomial.

The Laplacian is the partial differential operator

" 0T .
A(T):ZW, T € ' (R™).
j=1 "7

Solutions of the Laplace equation A(T) = 0 are called harmonic distributions.
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14 Distributions and Fourier transform

Corollary 14.7.3. Let T € %' (R™) be a harmonic distribution. Then T is a polynomial.

Proof. Taking the Fourier transform, we observe that |£|?-FT = 0. Hence, FT is supported
at the origin and, therefore, must be a polynomial. O

Liouville’s classical theorem says that every bounded harmonic function must be con-
stant. We observe that it follows directly from Corollary 14.7.3.

A distribution 7' € &/(R"™) is called a fundamental solution of a partial differential
operator with constant coefficients L if L(T") = do.

Theorem 14.7.4. For n > 3, we have

2—n 27TN/2
Alz]*™™) = =(n — 2)wp—100 = —(n — Q)Wéo

and forn = 2,
A(log |z|) = 2mdy.

Here, w,—1 stands for the (n — 1)-dimensional measure of the unit sphere in R™.

Proof. We use the Green’s identity

/ vAu — uAvdr = / <v@ — u@> ds,
Q o0 ov ov

where € is a domain in R™ with smooth boundary and 9/0v denotes the derivative with
respect to the outer normal vector to 0f).

Let Q. = {x € R": ¢ < |z| < 1/e}. Furthermore, we choose (for n > 3) v(z) = |z|>~"
and u = ¢ € (R™). This leads to

A(")e) = o(ap) = [ o@)plade = limy [ [of " Ap(e)ds

n

and
[ sptwe= [ aupipm [ (o2 28 g,

The first integral is equal to zero as A(|x[?>~") = 0 for x # 0.
The second integral splits into two parts, integral over {x € R™ : |z| = ¢} and {z €
R™: |z| = 1/e}. We observe quickly that

Oz 2 3@@))
T — |z|*™" ds — 0
/{xER";le/e} <SD( ) ov =1 ov

as € — 0. This is due to

O|z|>—™ _n Op(x
/ (025" — P25 )
{zeR™:|z|=1/c} v v

= / <ap(x)(2 —n)e" - 8"_2&'0—(x)> ds
{veR™:|z|=1/c} ov

and the rapid decay of p € .Z(R"™) and all its derivatives at infinity.
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As for the integral over {x € R" : |z| = ¢}, it is equal to

(2 —n)et™ / o(x)ds 4> / Op(x) ds.
{z€R:|z|=c} {z€R™:|z|=c} ov

Finally, the first integral tends to (2 —n)¢(0)wy—1, where wy,_1 is the (n — 1)-dimensional
measure of the unit sphere in R", and the second integral tends to zero.

Let us note, that the formula w, 1 = 27"/2/T'(n/2) follows easily by the following
trick. Using polar coordinates in R™ and the substitution ¢ := 2, we get

war = [

The proof for n = 2 is very similar. O

g2 2 1 wp—1 [~ —t,n/2—1 Wn—1
e 1P dr = wnl/ e " dr = T/ et ldr = TF(n/Q)
0 0

n

Remark 14.7.5. Due to the previous Corollary, the fundamental solution of Laplacian is
not unique. We may add to any of the fundamental solutions above a harmonic polynomial
and the Laplace operator of such a distribution would not change.

Although one could develop a full theory of fundamental solutions in the spirit of
the book of Rudin (with Theorem of Malgrange-Ehrenpreis ensuring the existence of a
fundamental solution for any partial differential operator with constant coefficients as the
main highlight), we shall give a couple of examples of this technique instead.

Let us assume that L(T") = dp, i.e. that T is a fundamental solution to L. Then the
solution of the equation L(u) = f can be obtained by convolution.

LT f)=(LT)*xf=00%f=F.

Of course, the interpretation of T x f can cause problems if T € %/(R"™) and f is not
smooth enough, i.e. f & .7 (R").

Remark 14.7.6. Using previous theorem and the above presented arguments, one may
immediately write down the solution (or, better said, all the solutions) to the equation
AT = ¢, at least for ¢ € #(R™). The obvious disadvantage is of course, that the usual
physical problems are defined only on some domain of R™. We shall deal with this problem
later on when considering distributions on domains.

We shall now give another application of the technique of fundamental solution. Let
us consider the heat equation:

ug(x,t) — kuge(x,t) =0, xR, 0 <t < oo,
u(z,0) = g().

The fundamental solution of these equation will be obtained by choosing g = do.
Let us sketch the way to the fundamental solution. We apply the Fourier transform to
this equations in x variable (i.e. for every ¢ fixed). This gives

Frlug(x,t) — kuge(z,t)] =0,  Fplu(z,0)] = Fy[do],
(&,1) + kE0(E, 1) =0, v(€,0) = (2m) 2,

where now v(&,t) = Fp(u(z,t))(§). We solve these equations for each £ € R separately. We
fix £ € R and put z(t) = v(€,t) and obtain 2/(t) + k€22(t) = 0 and 2(0) = (2r)~'/2. This
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14 Distributions and Fourier transform

leads to z(t) = (277)_1/2 “KE and v(& t) = (2m)~ 1/2¢=k€*t If we denote h(s) = 6_52/2 i
Fh = h, we get v(€,t) = (2n)"Y2h(/2kt€) and finally the fundamental solution to the

h(
one-dimensional heat equation ®(x,t) = (.7-"5_11)( &) (x) = (2m) " V2(2kt) "2 h(x/V2Kkt) =

1 ( z?
Varkt 4kt

We now claim that the solution to the heat equation with a general right hand side ¢
is then given as the convolution of ® with ¢ in the = variable, i.e.

u(,t) = / (x —y,t)g(y)dy, —oco<z<oo, 0<t< o0,
R
Indeed, at least formally, we obtain

u(z,1) — kuga(2,t) = /R [@i(z — y, 1) — kPaa(z — y, )] g(y)dy =0
and
u(.%',O):/R (x —y,0) dy—/50 (x —y)g(y)dy = g(x).

Finally, let us mention that the fundamental solution to the n-dimensional heat equa-
tion is obtained simply as a tensor product of n one-dimensional fundamental solutions,

ie.
1 |22
P(r,t) = ——— R™ 0<t .
(z,t) CIORE exp ( 4kt> reR" 0<t<oo

14.8 Spaces Z(Q2) and 2'(Q2)

Unfortunately, the spaces .7 (R™) and ./(R™) together with Fourier transform F are not
well suited to deal with partial differential equations on domains. That is the reason, why
there is a way (and historically, it was actually introduced before the Schwartz space and
its dual), which allows to deal with distributions on domains.

Definition 14.8.1. Let 2 C R™ be an open set.

i) We define the space of test functions

2(2) ={p € C>(2) : supp ¢ is a compact subset of Q}.

ii) A sequence (¢;)jen C Z(Q) is said to converge to ¢ € Z(2) in Z(Q), if there is a
compact set K C €2, such that

supp ¢; C K, forall jeN

and
D%p; = D% for all a € Nj.

We write ¢; EA ¢ to denote the convergence in Z(1).

iii) 2'(Q) is the collection of all complex-valued linear continuous functionals over Z(f2),
ie. T: 2(Q) — C belongs to 2'(Q) if, and only if,

T(AMp1 + Aap2) = MT(p1) + AT (p2) for all A, Ag € C and @1, p2 € 2(Q),
T(¢;) = T(p) whenever p; EA ®.

The elements of 2'(Q) are called distributions.
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iv) The space 2'(2) is turned into a vector space by setting

(AT + AT () = MTi(p) + AoTo(p) for all Ay, Ay € C,T1, Ty € 2'(Q) and ¢ € 2(Q).

with the notion of convergence. Namely, we

@/
.=\

v) Finally, we also equip the space 2'(Q)
T AT i

say that Tj converges to T'in 2'(Q2)

Tj(p) = T(p) for all p € 2(9).

The spaces Z(2) are much more flexible due to the inclusion of the domain into their
definition. Unfortunately, a lot of the algebraic structure is lost, for example Fourier
transforms and convolutions do not have an easy counterpart on Z(£2). Also modulations
and translations are only of a limited use on €.

Nevertheless, one can define the derivative of a distribution T' € 2'(Q) by (D*T)(¢) =
(=1)lIT(D>p) and its product with a smooth function ¢» € C*(Q2) as (YT)(¢) = T(Vy).

If © = R"™, we obtain two spaces of test function, and two spaces of distributions. Obvi-
ously, 2(R") C .(R"™) (including a continuous embedding) and, consequently, .7’ (R") C
2'(R™), again also in the sense of continuous embedding.

The space Z(Q2) allows very well to explain what is meant by weak solutions to PDE’s.
Let us for example consider the equation

du(t, x) n ou(t,z)
ot oxr

In the classical setting this means that we are looking for a function u € C'(R?), such
that the equation holds pointwise. In the distributional sense, we require that

<aug;,x) . au((atﬂ;x)> ) =0

for all ¢ € 2(R?). But this is equivalent to

dp(t,x) = Op(t,)
u( ot * Ox

) = [ utta) Gt 2) + ot dlt. ) =

Whenever u is smooth enough, these two notions coincide. But there are functions (i.e.
u(t,z) = |t — z|), which do satisfy the weak formulation, but can not satisfy the strong
formulation due to their lack of differentiability.
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15.1 Approximation of identity

Theorem 15.1.1. Let 2 C R”™ be a domain. The set of continuous functions with compact
support contained in Q is dense in Ly(£2), 1 < p < oo.

Proof. We shall need two facts from measure theory.
i) Lebesgue measure A in R” is regular, i.e. A(4) = inf{\(G) : G D A, Gopen}.

ii) The space of step functions, i.e. span{x4 : A C 2, A measurable}, is dense in L,(12)
for every 1 < p < oo.

We first consider open sets €2; C €2, j € N, such that Q; C Q_] C Qj41 C Qand U;’;l Q; =
Q.13 Let us take f € L,(Q). Then fxe, — fin Ly(Q) and we may restrict ourselves
to f € Lp(Q) with compact support in . Due to the second property of the Lebesgue
measure, this function may be approximated by a step function Zszl 0kXA, with Ay C
supp f. So, it is enough to approximate characteristic functions yp with B compact in .
Using the first property of the Lebesgue measure, we may restrict ourselves to bounded
open sets G C G C Q. Then the sequence of functions z — max(0,1 — kdist(z, G)) gives
the desired approximation. O

Lemma 15.1.2. Let f € L,(R"),1 <p < oo. Then f(-+ h) = f(-) in L,(R™) if h — 0.

Proof. If f is continuous with compact support, then the result follows by uniform con-
tinuity of f and the Lebesgue dominated convergence theorem. If f € L,(R"™), we may
find for every ¢ > 0 a continuous function g with compact support such that || f — g/, < .
Then

1FC+h) = Ol <IFC+R) —gC+M)lp+ g+ h) —gC)llp +19(¢) = FOlp
<2t +lg(- +h) = 9()llp

and the conclusion follows. O

Theorem 15.1.3. The family of functions (K:)eso C L1(R™) is called the approximation
of identity, if

(K1) [gn | Ke(x)|de < C < oo for all e > 0,
(K2) [gn K:(x)dx =1 for alle > 0,

(K3) lim,_,o+ f|$|>6 |K.(z)|dx =0 for all § > 0.
Then

i) If K € Li(R™) with [g, K(x)dx =1, then K.(x) = e "K(x/e) is an approzimation
of identity.

ii) If (K¢)eso is an approximation of the identity, then
lim [|K.* f— =0
Jim [z« f  fl,

for every 1 <p < oo and f € L,(R").

B3For example the sets Q; := {x € Q: |z < j and dist(z,0Q) > 1/5} will do.
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Proof. (i) Let K € Li(R™) with [, K(2)dz = 1. Then we get immediately

e " | K(z/e)dr = K(z)dr =1 and 5”/

K (2/e)|de = /R K (@) ldr = | Ky < oo

As for the third point, we have

/ K. (2)]dz = / K (y)ldy — 0
|z|>0 ly|>d/e

as € — 07, due to the Lebesgue dominated convergence theorem.
(ii) We calculate for p > 1 and its conjugated index p’ with 1/p + 1/p’ = 1 using
Holder’s inequality (if p = 1, the calculation becomes slightly simpler)

p

K. (y)f(z —y)dy — f(z)

R

n
p

Ko g =1l = [ 10 D) = S = |
K.(y)[f(x —y) — f(z)ldy| dx

:/n i

: / . (/ K|/ f ) —f(w)!dy>pdm
// K- (y —y) = f(x)PPdy - (/R \Ke(y)]dy>p/p, dx

< /n/n\K —y) — f(z)]Pdydx

= [ R 11— )~ SOy

p/p’ Ul N (I[P .
=C {/Iyg\Ke(y)! (- =) f()”pdy‘i‘QHpr/ly>6‘Kg(y)]dy}

for every 6 > 0. Using (K3) and previous Lemma, we obtain the conclusion of the
theorem. O

Definition 15.1.4. Let 2 C R"” be a domain. Then C°(€2) denotes the set of infinitely-
differentiable functions compactly supported in 2.

It was shown in exercises that this class is actually non-empty.

Theorem 15.1.5. C°(Q) is dense in L,(Q) for every 1 < p < oo and every domain
QCR™

Proof. Let f € L,(Q). First, we approximate f by a continuous and compactly supported
g (ie. ||f —gllp < h) and then consider the functions w, * g, where w.(z) = ¢ "w(z/¢)
and w € C°(R™) has compact support and [w = 1. It follows that w. x g € C°(R™)
(the support property is clear, the differentiability was proven in a much more general
setting in Theorem 14.5.6). Together with the formula ||w. * g — g||, — 0, the conclusion
follows. O

15.2 Maximal operator

For z € R™ and r > 0, we denote by B(x,r) the ball in R with center at x and radius r,
ie. B(x,r)={yeR": |z —y| <7}
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15  Introduction to harmonic analysis

Let f be a locally integrable function on R™. Then we define the Hardy-Littlewood
mazimal operator of f by

M) =swp g [ )

r>0

Here stands |B(z,7)| for the Lebesgue measure of B(z, ).
Let us note, that maximal operator is not linear, but is sub-linear, i.e.

1
< U ] < /B . |f(y)|dy + /B . !g(y)\dy>
< (Mf)(z) + (Mg)(w).

We shall study the mapping properties of the operator M in the frame of Lebesgue
spaces Ly(R™), 1 <p < oo.If f € Loo(R™), then

| 1o
B L T (1 =
B Jown T =BG Lo

!f(y) +9(y)|dy

ldy = ||l

holds for every x € R™ and every r > 0 and | M f|c < ||f|lco follows. To deal with other

p’s, we need some more notation first.
Let f € L1(R™) and let & > 0. Then

a-[{z eR":[f(z)] > a}| = ady

x/{azER":f(x)|>a}
< / F()ldy < / F@)ldy = [1£1].
{zeR":|f(z)|>a} R~

The set of measurable functions f on R" with

[flliw :==supa- {z € R" : |f(z)] > a}| < o0
a>0

is denoted by Lj ,,(R"™) and called weak Li. We have just shown that L;(R™) < Ly ,,(R").
Let us mention that | - [|1,, is not a norm, but it still satisfies

1f + 9ll1w = supa- {z € R : [f(z) + g()] > a}]

< supa(\{m ER™: |f(x)] > a/2)| + [{z € B : [g(a)] > a/z}\)

a>0

<2supa/2- (!{x eR™:|f(x)] > a/2} + |[{z € R" : |g(z)| > a/2}\>

a>0
< 2([1f 1w + llgllw)-

Finally, we observe, that the function + — —— € Ly ,,(R") \ L1 (R").

2 H"

The main aim of this section is to prove the following theorem.
Theorem 15.2.1. Let f be a measurable function on R™. Then

i) If f € L,(R™), 1 < p < oo, then the function M f is finite almost everywhere.
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ii) If f € Li(R™), then M f € L1 ,(R™) and
1M fll1w < All fll1,

where A is a constant which depends only on the dimension (i.e. A = 5" will do).
iii) If f € L,(R™) with 1 < p < oo, then M f € L,(R™) and

M fllp < Apll flp,

where A, depends only on p and dimension n.
The proof is based on the following covering lemma.

Lemma 15.2.2. Let E be a measurable subset of R™, which is covered by the union of a
family of balls (B?) with uniformly bounded diameter. Then from this family we can select
a disjoint subsequence, B1, Ba, B3, ..., such that

> Bl = C|E|.
k

Here C is a positive constant that depends only on the dimension n; C = 5" will do.

Proof. We describe first the choice of By, Ba,.... We choose Bj so that it is essentially
as large as possible, i.e.
1 .
diam(By) > 5 Sup diam(B7).
J

The choice of B; is not unique, but that shall not hurt us.

If By, B, ..., By were already chosen, we take again By disjoint with B, ..., By and
again nearly as large as possible, i.e.

1 , ,
diam(Byy1) > 5 sup{diam(B’) : B’ disjoint with B, ..., By}.

In this way, we get a sequence Bi, Bs,..., By, ... of balls. It can be also finite, if there
were no balls B7 disjoint with By, Ba, ..., By.
If Y, |Bx| = oo, then the conclusion of lemma is satisfied and we are done. If Y, |By| <
oo, we argue as follows.
We denote by Bj the ball with the same center as By, and diameter five times as large.
We claim that
UBioE
k
which then immediately gives that |E| <", |B;| = 5" >, | Bkl
We shall show that | J, B} D BJ for every j. This is clear if B7 is one of the balls in
the preselected sequence. If it is not the case, we obtain diam(By) — 0 (as ), |Bx| < 00)
and we choose the first k with diam(By4;) < sdiam(B’). That means, that B’ must

intersect one of the balls By, ..., By, say By,. Obvious geometric arguments (based on
the inequality diam(By,) > 1/2 - diam(B7)) then give that B/ C Bj . This finishes the
proof. O

Proof. (of Theorem 15.2.1). Let o« > 0 and let us consider E, := {z € R" : M f(z) > a}.
From the definition of M we obtain, that for every x € E,, there is a ball B, centered at
x such that

/ FW)ldy > a|By.

T
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15  Introduction to harmonic analysis

Hence, we get |Bg| < ||f|li/a and Uzep, By O E, and the balls (B;)zcp, satisfy the
assumptions of Lemma 15.2.2. Using this covering lemma, we get a sequence of disjoint
balls (By)k, such that

> Bkl = C|Ea|.
k

We therefore obtain
1= [ 1wldy =Y [ 171> a3 1Bul = aC|E)
Uy Bg k By k

which may be rewritten as sup,~qg - |Eq| = [[M |10 < %Hle

This proves the first assertion of the theorem for p = 1 and the second assertion.

We now consider 1 < p < oo. The proof follows from the information on the endpoints,
i.e. from

IMflliw < Clfll and  [[M flloo < [ f]loo-

Actually, the Theorem of Marcinkiewicz says, that every operator with these two proper-
ties is then automaticaly bounded on all L,(R"), 1 < p < oco. Furthermore, this is a corner
stone of the so-called interpolation theory.

We shall restrict ourself to the necessary minimum needed to prove the theorem. This
is based on the technique of splitting the function into good and bad part, idea elaborated
in detail by Calderén and Zygmund.

Let a > 0 and put fi(z) := f(z) if |f(x)| > «/2 and fi(x) := 0 otherwise. Due to
|f(x)] < |fi(x)] + /2, we have also M f(x) < M f1(z) + /2 and also

{z eR": Mf(z)>a} C{z e R": M fi(z) > a/2}.

Due to the second part of the theorem

A
Fal = [z € RY - M (2) > a}| < Ho € R MA(@) > /21 < | fill
24
< =

O J{zeRm|f(2)]>a/2}

| (y)|dy.

We use the information of the size of the level sets of M f to estimate the L,-norm of M f.
o
HMng = / M f(z)Pdx = / H{x e R": M f(x)P > a}|da
R 0
= / Hz e R": M f(z) > a*/P}da
0

. / T B e € R : Mf(x) > B}]dB
0

< p—1 [ 22 d d
_p/o o (5 /{xeR":|f(m)>ﬁ/2}‘f(y)‘ y) P

21£(y)] A
oty [ 1wl [ sy =22 [ 1) sy
_24p Py
24 [ i,
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Functional Analysis 1T

where we used Fubini’s theorem and the substitution 3 := o!/? with dow = pBP~1df. This
gives the first and the third statement of the theorem with

5N 1/1’
Ap:2< p> , 1 <p<oo.
p—1

Corollary 15.2.3. (Lebesgue’s differentiation theorem)
Let f be locally integrable on R™. Then

(BT o, O = 1)

r—0
holds for almost every x € R"™.

Proof. We may cover the set of “bad” points

1 1

reR": lim ———— f(y)dy does not exist or h —_
{ =0 |B(z,7)| JB(r) =0|B(2,7)| /()

fy)dy # f(ﬂf)}

by
00 . 1
U meR”:hmsup / y)dy — f(x) > —
k=1 r—0 ﬂf r | :L' r k
united with

k[:jl {xER":liminf# f(y)dy—f(x)<_%}

r—0 ‘B(xv T)’ B(z,r)

It is therefore enough to show, that each of these sets has measure zero. Let us fix k € N
and decompose f = g+ h, where g € C(R") and ||h||; <t,t>0.

Obviously,

1
lim ———— g(y)dy = g(x), xR,
r—0 ‘B(x T)’ B(z,r) () ()

which implies

n .1 1
{:cG]R .llI:l:élp $T|/mr y)dy — f(x) > k‘}

_ )2 e R : lims / )y — h(z) > »

=7 (), O >

C{xGR":Mh(x)>%}U{xGR"'| (x )|>21k}

The measure of the first set is smaller than 2kA|/hl|; and the measure of the second is
smaller than 2k||h||;. As ||h||1 might be chosen arbitrary small, the measure of the original
set is zero. The same argument works for liminf instead of lim sup as well.

O
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15  Introduction to harmonic analysis

Theorem 15.2.4. Let ¢ be a function which is non-negative, radial, decreasing (as func-
tion on (0,00)) and integrable. Then

sup [p  f(2)] < [l M f (),
>0

where again @i(x) =t "p(x/t),x € R™.

Proof. Let in addition ¢ be a simple function. Then it can be written as

k
p(x) =Y _ajxs,, (@),
j=1

with a; > 0 and r; > 0. Then

k
o (@) = 3 0yl Br | s, + £(@) < el M S @),
j=1 "

since [l¢ll1 = >_; a;j|By;|. As any normalized dilation of ¢ satisfies the same assumptions
and has the same integral, it satisfies also the same inequality. Finally, any function
satisfying the hypotheses of the Theorem can be approximated monotonically from below
by a sequence of simple radial functions. This finishes the proof. O

15.3 Calderéon-Zygmund decomposition

The aim of this is to present the decomposition method of Calderén and Zygmund. In its
simple form, it was already used in the proof of boudnedness of the maximal operator M.

Theorem 15.3.1. Given a function f, which is integrable and non-negative, and given a
positive number \, there exists a sequence™ (Qj) of disjoint dyadic cubes such that

i) f(x) < X for almost every x ¢ U Q,;

J
i U] < 510
J

1
i) A < —— f<2™\
‘Q]‘ Qj

Proof. We denote by Q;, the collection of dyadic cubes with side length 27% k € Z.
Furthermore, we define

1
Buf(x) = (— f) Yol@).
We define also

Qp={zxeR": Epf(x) >Xand E;f(x) < \Nif j <k}

That is, z € Qy if k is the first index with Ej f(z) > A. As the integrability of f implies
Eif(z) — 0 for k — —oo, such k always exists. The sets €2 are clearly disjoint and each
can be written as the union of cubes in Q). Together, these cubes form the system (Q;).

Mpossibly finite, or even empty
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This gives the third statement of the theorem. The first follows by Lebesgue differen-
tiation theorem: indeed, Fy f(x) < A for all k € Z implies f(z) < A at almost every such
point. The second follows just by

(LJJQj\ =ij!¢2jl < %;/ijg %Hle.

15.4 Interpolation theorems

We shall present two basic interpolation theorems, the Riesz-Thorin interpolation theorem
and Marcinkiewicz interpolation theorem.

The operator T mapping measurable functions to measurable functions is called sub-
linear, if

T(fo+ f1)(@)] <IT fo(z)| + [T f1(2)],
I TAf)(@)| = Al |Tf(2)], AeC.

Let (X, p) and (Y, ) be measure spaces and let T be a sub-linear operator mapping
L,(X,p) into a space of measurable functions on (Y,v). We say that T is strong type
(p,q) if it is bounded from L, (X, u) into Ly(Y,v). We say, that it is of weak type (p, q),
q < oo, if

1T Fllgw = sup - vy €Y S |Tf() > AN < Cliflly, £ € Lp(X, ).

Theorem 15.4.1. (Marcinkiewicz interpolation theorem)

Let (X,u) and (Y,v) be measure spaces, 1 < py < p1 < oo, and let T be a sublinear
operator from Ly, (X, )+ Ly, (X, p) to the measurable functions on'Y that is weak (po, po)
type and weak (p1,p1) type. Then T is strong (p,p) for po < p < p1.

Proof. Let A > 0 be given and let f € L,(X,u). Then we decompose f into f = fo + fi
with

Jo = IX{z|f@)>2)
fr= Xl sy

The case p; = oo appeared implicitly already in the proof of the boundedness of Hardy-
Littlewood maximal operator, so we suppose that p; < co. Then we have

v{y e Y |Tf(y)| > A}) <v({yeY : [Tfly)| > A2} +v({y €Y [T fi(y)] > \/2})

and

oy ¥ TR > V2 < (B0 ) =0
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15  Introduction to harmonic analysis

We combine them to get
1715 :p/o N7hw({a T f(x)] > A})dA
< p/ )\pflfpo(QAO)po / |f () [Podpd\
0 z:| f(z)| >\
o [Cmeay [ @) dudy
z:| fz)|[<A

0
[f ()]
= s [ U@ [
X 0

o [ @ [ et
X [f ()]
e
O

Following theorem belongs also to the classical heart of interpolation theory. As we
shall not need it in the sequel, we state it without proof.

Theorem (Riesz-Thorin Interpolation)
Let 1 < po,p1,q0,q1 < oo, and for 0 < 6 < 1 define p and g by
1 1-60 0 1 1-60 0
= +

- = +— and -= —.
p Ppo p1 q qo0 a1

If T is a linear operator from Ly, + L,, to Lg, + Lg,, such that
HTquo < MOHf”po for f e Ly,

and
HTthh < MleHm for f € Lp17

then
ITfllq < My~ MY||fllp for f € L.

15.5 Hilbert Transform

The Hilbert transform of a measurable function f on R is defined as

Hf(z) = %/RWC@.

As the integral does not converge absolutely, it has to be interpreted in an appropriate
limiting sense, which uses its cancelation property, i.e.

.1 flz—y)
H = lim — —dy.
/) /y:|y>€ ’

e—0t T Yy

With this definition, H f(x) makes sense for all smooth functions, especially for f € .7 (R).

15

5Observe, that the restriction to n = 1 is both natural and essential for the cancelation property.
Furthermore, from now on, we shall denote the Fourier transform of a function f also by the more usual

f
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If we define the distribution

1
p.v.;(gp) = lim /| | Mal:c, v e R,
x:x|>€E

e—0t x
1 1 . .
then Hf := —p.v.— x f. This formula suggests that we look for the Fourier transform of
T x
H f. Therefore, we regularize 1/x. This can be done using complex distributions

1
m(xtie)
and letting e — 0 or (and that is what we shall do) by defining

8

Obviously, lim;_,o @;(z) = = holds pointwise and, as we shall show below, also in .%’(R).

As

f*l(sgn(x)e*alml)(g) — \/% /O; Sgn(x)efam . o€ o

0 e
_ %ﬂ- {_/_OO eac(a-l-if)dx%_\/0 ex(—a—l—if)dx}
1 I B O \/? i€
Vo la+i€  a—ief  Vomo oa?+ €2

V2r

we have also limy_,0 Q;(€) = —isgn(¢)/v/2m. As this convergence is uniform on compact
sets, it holds also in .%/(R). Finally, due to the continuity of Fourier transform, we obtain

we obtain

Qu(€) = —= sgn(&)e e,

1 1\" N .~ —isgn()
<;P-V-5> = [}g% Q)" = %%Qt = W

Theorem 15.5.1. In .7/ (R),

1

1
li = —p.v.—.
pr@ele) = vy

Proof. For each ¢ > 0, the functions ¢ (z) = xilx{y:‘ybe}(x) are bounded and define
tempered distributions with lim,_ g+ 1 = p.v.%. Therefore, it is enough to show that

%LI% (mQ¢ — ) =0

in .’/(R). This follows by

(mQ¢ — Vi) () = /]R o) dx — /~| . @daz

12 + z2 x

rp(r) / < T 1)
/x!x<t 242 sloj>t \ 2 +2? plz)dz

[ ety [ s,
x:|z|<1 1+ 22 x:|z|>1 56(1 + 562)

for o € S(R). Ast — 0, we apply Lebesgue dominated convergence theorem and use the
symmetry of the integrands to conclude, that the limit is zero. U
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15  Introduction to harmonic analysis

: 1 1
Qt t—0 wPVeg

7| |

—3 —t|¢] 7' (R) —isgn(-)
\/ﬂsgn(g)e t—>0> Worak

Summarizing, one defines the Hilbert transform H f for f € #(R™) by any of these
formulas:

Hf = %p.vé x f,
Hf =lim Q= f,
(Hf)NE) = —isgn(€) f(£).

Using the third expression, we can extend the definition of H to Ly(R) and it holds

IH flle = (/)Mo = Il = isgn(-) fllz = [ Flla = £ ]l2,
H(Hf) = (—ngn(')(Hf)A)V = ((—isgn(-)*f)" = (/)" = — 1,
(Hf,Hg) = by polarization,

/Hf g=- /f Hyg,

where the last identity follows from

(Hf.g) = ((H)",9) = (—isgn()f,9) = (f,sen()3) = (f, ~(H9)") = —(f, H)
and the simple fact that Hg = Hg.
Theorem 15.5.2. For f € Z(R), the following is true.

(i) (Kolmogorov) H is weak type (1,1),

[H flhw < Clfll, de. {z e R:Hf(2)] > A} < %\f\ha A>0,f € Li(R").

(i1) (M. Riesz) H is of strong type (p,p) for every 1 < p < oo, i.e.

1 fllp < Cpll flp-

Proof. Step 1.: We show the weak type (1,1) by exploiting Theorem 15.3.1. Let f be
non-negative and let A > 0, then Theorem 15.3.1 gives a sequence of disjoint intervals
(I;), such that

f(z) < X for ae. m%Q:UIj
J

1
Q< =
2 < S £l
1
< [ <20
‘Ij‘ I;
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Given this decomposition of R, we decompose f into “good” and “bad” part defined by
@), 2gQ, )
D=L e, =@ (0 | £) @
|I]| Ij J J J

Then g(z) < 2\ almost everywhere, and b; is supported on I; and has zero integral. Since
Hf = Hg+ Hb, we have

HreR:|Hf(z)| > | <{z eR:|Hg(z)| > N2} +[{z € R: |Hb(z)| > \/2}].

We estimate the first term using the Lo-boundedness of H by

o e R: Hg(w) > M2 < 55 [ Hoa)Pde = 5 [ gPde <3 [ gt =5 [ sa)da.

Let 2I; be the interval with the same center as I; and twice the length. Let * = Uj 21;.
Then |©2*| < 2|| and

{z e R:[Hb(z)| > A/2} <[]+ [{z ¢ QO : [Hb(x)] > A/2}]

2 2
< = — Hb(x)|dx.
<SWh+ 3 [ b

As [Hb(z)| < 3_; [Hbj()], it is enough to show that

3 / \Hbj(2)|dz < O|| 1.
= Jr\21

Denote the center of I; by ¢; and use that b; has zero integral to get

b.:
[ @i [ ][ 20,
R\21, R\2[; [JI; T — Y
1 1
:/ / bj(y)< - )dy
R\21; |/ I; r—Yy T—¢
< [wwl( [ =)y
I Rz, [T =yl |z = ¢l

I
é/lbj(y)l / 7|_J|‘2dw dy
I R\2I; [z — ¢

The last inequality follows from |y —c¢;| < |I;|/2 and |x —y| > |v—¢;|/2. The inner integral
equals 2, so

dx

dx

> [Hbj(z)|de <2 [ |bj(y)ldy < 4| f]1-

Our proof of the weak (1,1) inequality is for non-negative f, but this is sufficient since
an arbitrary real function can be decomposed into its positive and negative parts, and a
complex function into its real and imaginary parts.
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15  Introduction to harmonic analysis

Step 2.: Since H is weak type (1,1) and strong type (2,2), it is also strong type (p,p)
for 1 <p <2 If p>2 we apply duality, i.e.

V], = sup{\ / Hf-g' Naly < 1}

=sup{‘/Rf-Hg‘ Nglly < 1}

< fllp - sup {1 Hglly : lglly <1} < Cyrllfllp-
O

The strong (p, p) inequality is false if p = 1 or p = oo; this can easily be seen if we let
J = X0,1)- Then

H(x) =~ log

and H f is neither integrable nor bounded.

x
x—1|’

15.6 BMO

Hilbert transform acts rather badly on L. (R). Not only is H unbounded on L. (R), it
can not be easily defined on a dense subset of Lo, (R). The definition

L[ f(=@)
Hf(y) =~ | ~—du
TIJRY — X
runs for f € Lo (R) into troubles for x near y and z near infinity. If we look onto
differences, the situation changes to

Hi) - HI6) = 7 [ @) (2 - ) ae

y—z y-=

This improves the situation for  near infinity, as 1/(z —y) — 1/(x — ') = O(1/2?) in this
case.

We say that f and g are equivalent modulo a constant if f(x) = g(x) + C for some
(complex) constant C' and almost every z € R. Given f € Lo(R) and y € R. Then we
take an open interval B C R with center at zero containing y. Then fxp € Lo(R) and we
define H f(y) to be

Hf(y):= H(fxB)(y) + % /R\B f(x) (y i —+ i) dz.

The first term is defined by the Lo definition of H, the integral in the second term converges
absolutely. The definition depends on B, but choosing another interval B’ D B with the
center at the origin leads to a difference

)+ [ 1 (g e B - [ s (2 g )

ZH(fXB—fXB')(Z/)+E/B/\Bf(x)( : +l>dx

s y—xr

o / 1 LI DP A A C))
- H(fXB\B)(y)+7T/B/\Bf(x) (y_x+x>dx W/B’\B T dx7

which does not depend on y. This defines H f modulo constant for f € Lo (R). Of course,
such a definition does not allow to measure H f in the usual norms, as L,. Instead of that,
we need a space of functions defined modulo constants.
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Definition 15.6.1. (Bounded mean oscillation). Let f : R”™ — C be a function defined
modulo a constant. The BMO (or Bounded Mean Oscillation) norm of f is defined

ﬂwééf

where B ranges over all balls. Note that if one shifts f by a constant, the BMO norm
is unchanged, so this norm is well-defined for functions defined modulo constants. We
denote by BMO(R™) the space of all functions with finite BM O norm.

1
I fIBMO(R")| := SUP—/
B |B|JB

Example 15.6.2. Let f(z) = sgn(x). Let |y| < a/2. We take B = (—a,a) and apply the
definition of H f as presented above. This gives (for y > 0)

THf(y) = p.v./ sn(2) dz +/ sgn(z) < ! + l) dz
—a Y— T (—00,—a)U(a,00) y—x x

/1 1 > /1 1
~ tin | | §Q&Qx_/’<__ >m+/ (__ )m
=07 \S(—aa)\y—cyte) Y~ —o \T Ty e \T T—y

0 —e a

1 Y 1 1

= lim </ d:ﬂ—/ daz—/ )—ln a —1In @
e=0t \J_q T — Y 0 r—y ytre T—Y a-+vy a—y

= lim <1n y +lny—lna_y>—ln “ —1In a4
e—0+ a+y € € a+y a—y

=2lny —2Ina.

If y < 0, similar calculation applies as well. Hence, 7H f(y) = 2In |y| — 2Ina. Hence,
ignoring the constant,

2
H(sgnx) = —In|x|.
s
Let us observe, that

1/ 1 . 1
— f——/f‘sz—/ f—c
Bl /s i )| T ki ),

holds for every ball B with universal constants. Indeed, the left-hand side is obviously
larger than the right hand side. On the other hand, we get as well

ﬁLfTﬁéfﬁ%A“”+chT%Aﬂ
= L1 e g L e )
1 1 1
SEL'“’*@L(@L'C‘”)

2
:E/BV_C"

Theorem 15.6.3. (H maps Lo (R) into BMO(R))
Let f € Loo(R). Then

1

IHFIBMO®R)[| S [|floo-
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Proof. Due to the observation above, it is enough to show that for every ball B, there is
a constant ¢ such that

1
& /B S — en] < [/l

We split Hf = H(fx2p) + H(fxr\28), where 2B is a ball with the same center as B, but
twice the radius. First we get

L[t < o ([ imgant) (1) < = (L, i) < UL VPBT £ 1l

This deals with the “local” part of H f. For the “global” part, observe that for x € B we
have (modulo constant)

1 1
H(fxz o) (1) = / PR ( - H) dy.

where v is the center of B.
1 1
[ (-2 )
R\2B r—y 7Y

1
w ),
1 1 1
Sﬁ/B/R\zB 1) @—fﬂ)\dydw

Ml |2
1B| /B R\2B | L —
By shifting, we may assume, that v =0, B = ) and 2B = (—2a,2a). We estimate

a [*° 1
dydx<—/ xd:c/ §—/ —=dy <c
/ éa .%' - 2a 4 2a (y - a’)2

(and similarly for the remaining parts). Altogether, this gives

dydz

Ty

1
& /B H(Frien)] < 1F o

Adding the two facts, we obtain the claim. O

15.7 Singular integrals

Hilbert transform is the most important example of the so-called singular integrals. These
are convolutions with kernel K, which might have a singularity at origin.

Theorem 15.7.1. (Calderén-Zygmund) Let K € %' (R") be a tempered distribution,
which is associated to a locally integrable function on R™\ {0} and satisfies

(CZ1) |K(€)| <A, ¢eRm,
(CZQ)/ |K(x —y) — K(x)|de < B, yeR"
ll2ll2>2lyll2

Then, for 1 < p < oo,

1K fllp < Cpll fllp - and  [[K * flliw < Cl[f]
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The proof copies very much the proof of the same statement for the Hilbert transform,
and we leave out the details.

The condition (CZ2) is sometimes called Hormander condition. By the help of mean
value theorem, it is satisfied for example if

C

VK@ < g @ £0

An important and non-trivial generalisation of the theory of singular integrals is given
by considering the vector-valued analogues. By this, we mean the following.

e H, H are (complex) Hilbert spaces.

e For 0 < p < oo, Ly(R™ — H) is the set of measurable functions f : R" — H, such
that [p, ||f(2)|}de < co.

o Let K :R" — Z(H,H). Then Tf(z) = K (y)f(x — y)dy takes values in H.
Rn
e Under same (just appropriately interpreted) conditions as above, T' is bounded from

L,(R™ — H) into L,(R™ — H). Especially, the gradient condition above is still valid
in this case.

15.8 Khintchine inequality

We denote by
rp(t) := sign sin(2"xt), te€[0,1],n € Ny.

the Rademacher functions.
The system (ry,)>2, forms an orthonormal system in L9(0,1), but it is not a basis
(consider i.e. the function f(t) =1 — 2t).

Theorem 15.8.1. Let p € [1,00). Then there are positive constants A, and B, such that

m 1/2 1| m p 1/p m 1/2
A, <Z |an|2> < </0 > anra(t) dt) < B, (Z |an|2>
n=1 n=1 n=1

holds for every m € N and every sequence of real numbers ay, ..., Gn.

Proof. By A, and B, we denote the best possible constants (which are actually known,
but we shall derive slightly weaker estimates). Furthermore, orthogonality of Rademacher
functions gives immediately As = By = 1. Finally, due to monotonicity of the L,-norms,
we have A, < A, and B, < B), for r < p.

So, it is enough to show that A; > 0 and Bgp < oo for all £ € N.

We start with Byy. Let us observe that

1| m 2k 1 m 2k
E::/0 nzz:lanrn(t) dt:/o <Zanrn(t)> dt

n=1
20)! ar o [ oa o

N |Z all(. .)am'all i /o -

o| =2k

2k)! L

— Z '( k) 'a%al .. .a%f‘m / ’I“%al (t)... r?n“m (t)dt

it (2a1)!. .. (2a)! 0
-y (2k)! 201 20m

it (o). .. 2o ! e
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where we have used the multinomial theorem (a generalisation of the binomial theorem to
a bigger number of summands) and the fact that

1
/ FOL(E) L (£)dt
0

is equal to zero if some of the «;’s is odd and equal to 1 if all of them are even.
Let o = (o1, ..., ) € N be integers with |a| = k, then

Karl . ap! = (2% . (29 an,!) < (2a0)! .. (200

This implies

(Qk)' k! 201 20um,
E< ! Z al!...am!al e

k
(2k)! [ — (2k)!
= ok L1 Z |an|2 = ok J.| HaH%k

1/(2k)
El/(2k < (( ) > HG’HQ

and

k!

(2k)! 1/(2k)
- ( 2k ! ) ‘
Finally, we have to show the existence of A7 > 0. We proceed by a nice duality trick

using the (already proven) first part of this theorem.
Let f(t) :=>_" | anprp(t). By Holder’s inequality for p = 3/2 and p’ = 3, we have

/lf )|Pdt = /If @3 |f )|4/3dt<</ If(t) |dt>2/3-</1|f(t)|4>
([ !f(t)\dt> a gl = ([ 15 m) BYS 1.

Hence, the statement holds with '©

1/3

Therefore,
1 2/3 1 1/3
( / If(t)ldt> > gy ( / |f<t>|2dt> |
0 0

that is

1 1 1/2

[ trwiar = 572 ( / |f<t>|2dt) — B?|all

Hence, A; > B4_2. O

Remark 15.8.2. Stochastic reformulation of Khintchine’s inequalities sounds as follows.
Let €, = 1,...,m be independent variables with P(¢; = 1) = 1/2 and P(g; = —1) = 1/2.
Let 1 < p < co. Then there are constants Ay, B, such that for every ai,...,a, € R 17

p\ 1/p
Apllall2 < (E > < Byllall2.

6By Stirling’s formula, one can show quite easily that Ba, grows as v/2k for k — oo.
7Also a1, . ..,am € C can be considered with slightly modified proof.

=
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Choosing p large enough, this estimate gives very quickly the so-called tail bound estimates
on sum of independent Rademacher variables, i.e. the assymptotic estimates of

P ([See 1)
i=1

S e
We use this reformulation of Khintchine’s inequalities to give another proof of Theorem
15.8.1.

for t — oo.

Proof. (of the upper estimate in Theorem 15.8.1).
We normalize to ||al|2 = 1. Then

E exp <Z aieZ) = EHexp(aisi) = HEexp(aiei) = H cosh(a;).

Using Taylor’s expansion, one obtains cosh(a;) < exp(a? 7/2). Hence,

E exp (i aiai> < ﬁ (a2/2) <
i=1 i=1

and by Markov’s inequality

P (i a;g; > )\> =P <exp <§: ai&?,) > exp()\)> =P (exp (i a;g; — )\> > 1>

m
< Eexp (Z a;g; — )\> < e
i=1
m
Z a;&;

i=1
distributional representation of the L,-norm.

By symmetry of g;’s, we get also P ( > A) < e . The rest then follows by

Khintchine’s inequalities have an interesting application in operator theory. Let 1 <
p < oo and let T': L,(R™) — L,(R™) be a bounded linear operator. Then

(i\m )" (Z\fj )2

7=0
where the constant ¢, depends only on p and ||T].
The proof follows by considering Rademacher functions rq,...,ry and

(é\Tfj\Q)l/QPZ/ (Z\Tf] > dm<c/ </ ‘ZTfJ ]pdt>/dm
. // |ZTf] 2)r;(t |dedt—c//n|T<§;fﬂ] ) P dadt

chTnP/O /Rn|§:fj(x)rj(t)|pd:cdt§c/ (fjlfa )"
= j=1
(}jm )"

By letting N — oo, the same result holds also for infinite sums.

, (15.1)

< ¢

p

= cp

p
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15.9 Littlewood-Paley Theory

Let {I;} be a sequence of intervals on the real line, finite or infinite, and let {S;} be the
sequence of operators defined by (S;f)"(&) = x1,(£)f(§). Later on, we shall concentrate
on the dyadic decomposition of R (strictly speaking of R\ {0}) given by

I = (-2 2|y 27,27t jeZ. (15.2)

Furthermore, we denote S]’f = S;_1+5j + Sj41. Let us observe that this implies S]’ij =
555 = 5;.

Finally, we addopt this concept also to smooth dyadic decompositions. Let 1 € . (R)

be non-negative, have support in 1/2 < ||{||2 < 4 and be equal to 1 on 1 < ||¢[|2 < 2. Then
we define

¥i(€) =927 and (S;)"€) = ¥;(Of(€), €€R.
Theorem 15.9.1. (Littlewood-Paley Theory) Let 1 < p < co.

i) Then there exist two constants Cp > ¢, > 0, such that

(Z |ij|2> "

< Cpll £l
p

el fllp <

J

The same holds for S]’f.

ii) There exists a constant Cp, > 0 such that
1/2
()
J

iii) Finally, ifz 1W(279E)|> = 1, then there is also a constant ¢, > 0, such that
J

(Z |ij|2) "

< Cpl| fllp-
p

ol fllp <

J

p

Proof. Step 1. X
We know, that (S;f)" = xz, f, where I; was defined by (15.2). We define
— . (_oi+l _oj +._[9i 9itly
[= (-2 ), IF= (2,21, jez

and split S; = S; + S]Jf, where (S f)" = lef and (S;rf)/\ = Xﬁf.
J J
We observe, that

(sgn(z — 27) —sgn(z — 27*1))  for (almost) all # € R,

DN | =

Xl;r(x) =

and

((sen(-=2) /)" = (sen(- — 27 f)").

N | =

SHf=0 )Y =

Finally, we write

~

sgn(& — 27) f(€) = mos[sen(€) f(€ +27)] = o [sgn(€) - 7_0i F(€)],
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leading to

(sgn(§ — 2j)f(§))v = M,; (sgn 'szjf)v = (277)71/2 - My, (Sgn(')v * (szjf)v)

— ’L.MQj HM_Q]’ f

Using the boundedness of H on L,(R) for 1 < p < oo, we immediately obtain that
I1S;fllp < ¢l fllp, and the same is true also for S;-L and S .
Step 2.

We combine Step 1. with (15.1) to obtain
‘ (Ssr6P) ") <5 { (S Itsmne — 27,0 1) |+ | (X Itsemte - 27 o)
JEZ P JEL P JEZL p
<;{ <Z]M2jHM,2jfj\2>l/2 +...
JEL »
;{ (i p2) )+
JEZ »
/ /
<6 <Z |J\4—szj|2)1 : = (Z |fj|2)1 2
JEL p JEL p

The same holds of course for S; and, therefore, also for S;.
Step 3. .
This, together with the identity S; = 5;5; implies

H(Z\ijIQ)/ (Sissst)”] =
JEL JEZ

<|(Zisre)”

JEZL

Step 4.
This shows, that the second inequality in part (i) of the theorem follows from (ii). There-
fore, we prove (ii) now.

Let ¥ = ¢ and U,(z) = 270(2/z). Then \ifj = 1p; and gjf = U, x f. It is enough to
prove that the vector-valued mapping

f = (8i);
is bounded from L, to L,(¢3). If p = 2, this follows by Plancherel theorem:

() ]

The proof for p # 2 is based on the Hormander’s condition for vector-valued singular

2

/Zm F(6)2de < 3£

integrals, i.e. that

15 (2)le, < Cllzllz™.
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Using that ¥ € .(R), we obtain
1/2

. . . . C
2 _ 2 2 -3
> ()] < Zj: W (z)| = Zz i1 (272) < C Zz 7 max(1,27 |z) 3 < ek

J J J

Step 5.
Finally, we prove the first inequality in part (i) and part (iii) of the theorem. Surprisingly
enough, they follow quite quickly from previous steps and duality.

The identity
(1)

JEZ

= Ifll2 (15.3)

2

follows by Plancherel’s theorem and, by polarization, also
[ Ssit-55= [ 13
R R

follows. Using this, and the first part of the theorem for p’ with 1/p+1/p’ = 1 allows the
following estimate.

1l = p{\ / fy' ol < 1}

— sup /RZij-% gl <1
J

<supd (S 1s52) -‘(Z\Sjgﬁ)“ gl <1
JEL P JEL P
Scp <Z|S]f|2)1/2 ‘
JEL P

Part (iii) of the theorem follows in exactly the same way - the assumption of the theorem
gives exactly the identity (15.3). O
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16 Selected topics

16.1 Riesz representation theorem

We prove the Riesz Representation Theorem, which was used to construct the Borel mea-
surable functional calculus. We follow essentially [14], where one can find a lot more to
measure and integration theory.

16.1.1 Owuter measures

Definition 16.1.1. By an outer measure on a set X we understand a set function -,
which assigns to every subset A C X a non-negative number v(A) € [0, 00|, such that the
following conditions are satisfied:

i) (@) =0,
ii) if A C B, then v(A) <~(B),
iii) y(UA,) <> 7v(4,) for all 4, C X.

We describe a construction (due to Carathéodory) which constructs a measure from
an outer measure.

Definition 16.1.2. A set M C X is said to be y-measurable (in the sense of Carathéodory)
if

VT) =T NM)+~(T\ M)
for each set T' C X (in other words, M splits additively each set T'C X). The collection
of all v-measurable sets will be denoted by (7).

Let us note the inequality v(T) < ~(T'N M) + ~(T \ M) always holds. To prove
measurability, it is therefore sufficient to show that y(7') > v(T'N M) + ~(T \ M) for all
T c X with y(T) < co.

Theorem 16.1.3. M(v) is a o-algebra and 7 is a complete measure on M(7y).

Proof. The proof will be divided into several steps.
Step 1.: It is easy to check that X € M(y), that X \ M € M(y) provided M € M(~) and
that A € 9M(v) whenever y(A4) = 0.
Step 2.: Let M, N € M(y). We would like to show that M NN € M(v). Let T C X be
arbitrary. We have

A(T) = A(T O M) + (T \ M)

and
YT NM)=5TNMAON)+~(TNM)\N)

together with

AT\ (M N)) =7(T\ (M AN)) 1 M) +A(T\ (MAN))\ M)
— (T A M)\ N) +5(T'\ M).

We put these three inequalities together and obtain

YT) =T NMNON)+~v(TNM)\N) +~(T\ M)
(TNMAN)+~(T\(MNN))

(TN(MNN))+~(T\ (MNN)).

v
v

74



16 Selected topics

Since M (7) is closed under complements and under finite intersections, it is also closed
under finite unions.

Step 3.: To show that v is o-additive on 9(y), choose M, € M(y) pairwise disjoint.
Setting T' = M7 U M5 and using ~-measurability of M7, we obtain

V(MU My) = y(My) + ~(Mp).
Thus ~ is finitely additive. Further

[e%S) k k fe'e
> (M) = lim 3 (M) = lim (U Mn) <~ (U Mn> :
n=1 n=1 n=1 n=1

and since the reverse inequality always holds, we reach the conclusion.

Step 4.: Let now M, € () be pairwise disjoint. Our aim is to show that (-, M, €
M(v). Choosing a test set T C X, we have

k k 00 k
V(T)=7<T\ U Mn> +7<Tﬂ UMn> m(T\ U Mn> +) (T N M,)

n=1 n=1 n=1

for each k € N. Since v is o-additive (Step 3), it follows

1T) =y <T\ U Mn) +y(T N M),

n=1 n=1

which is what we wanted as the second inequality is trivial. O

16.1.2 The Theorem

In this section, (K, 7) is a compact topological vector space. Although Riesz Representa-
tion Theorem holds even in a more general setting, we shall restrict to this and discuss
the extensions separately later on.

Theorem 16.1.4. Urysohn’s lemma (for locally compact spaces).
If K is a compact set and U an open subset of a locally compact space X, K C U C X,
then there exists a continuous function f and a compact set L with

KcLcU 0<f<1, f=1lonK, f=0o0onX)\L.

Theorem 16.1.5. Dini’s property.

If (fn) is a monotone sequence of continuous functions on a compact space X, which
converges pointwise to a continuous function, then the convergence of (fy) is uniform on
X.

Theorem 16.1.6. (Daniell’s property) Let A be a positive linear functional on C(K). Let
fn € C(K) with f, \y0. Then Af, — 0.

Proof. From positivity of A (i.e. f > 0implies Af > 0) and linearity of A, the monotonic-
ity of A follows (i.e. f < g implies Af < Ag). Therefore, the limit b := lim,_,o, Af, > 0
always exists. By Dini’s theorem, f, = 0 and, therefore, there exists a sequence (ng),
such that || fn, o < k72 for each k € N. Thus the series Y, fn, converges uniformly on
K and if f:= 3", fn,, then f € C(K). Finally, we obtain for each £ € N

k k
kb< Y Afy, =A (me) < Af
=1 i=1

and b = 0 follows. O
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Let us stress, that we did not suppose continuity of A in this theorem.

Theorem 16.1.7. (Riesz Representation Theorem)
Let A be a positive linear functional on C(K). Then there exists a unique complete Radon

measure (i on K, such that C(K) C Li(u) and Af = [} fdu for all f € C(K).

Proof. The proof is based on the following idea. We first define

wa(G) :=sup{Af: feC(K):0< f<1,f=0o0n K\ G}, G isopen,
wa(E) = inf{p’y(G) : G open,G D E}, E C K arbitrary.

As 1% is monotone on open sets, the second line of this definition extends the first line
and the notation is correct. Such a set function is called outer Radon measure (associated
to A). We shall show, that this mapping is really an outer measure (in the sense described
in Definition 16.1.2), and we shall prove its regularity properties. The construction of
Carathéodory will then give a o-algebra (and we shall show, that it contains all open sets)
on which p% is a measure. Finally, we shall prove, that this measure has the property
from the statement of the theorem. Let us work out this program.
Step 1.: We shall show the following

i) p4(C)=1inf{Ag:9 € C(K),0<g<1,9g=1o0n C} for every compact set C C K.
ii) p(G) =sup{p’(C): C compact,C C G} for every open set G C K.
ili) % is an outer measure.

Step 1.(i): Let C' C K be a compact set and let g € C(K),0 < g <1,g=1on C. First we
show that 1% (G) < Ag. Fixe € (0,1) and denote G := {z € K : g(x) > 1—¢}. Obviously,
CCG.IffGC(K),OSfglandf:OOHK\G,thenfgl%aandAfglA—_gaholds

for every f with such properties. Hence p%(G) < 1‘4—}6 and

Ag > (1 —e)pa(G) = (1 = e)pa(C).
We see that Ag > 1% (C), and thus
pa(C) <inf{Ag:g€C(K),0<g<1,g=1onC}

To prove the reverse inequality, select an open set G O C. Urysohn’s lemma provides a
function g € C(K),0 < g<1,g=0o0n K\ G and g =1 on C. The definition of p%(G)
for G open gives Ag < p* (G). Finally, we observe that

wy(C) = inf{uy(GQ) : G open,G D C}
>inf{Ag:g€C(K),0<g<1l,g=1onC}.
Step 1.(ii): Suppose we are given an open set G C K and € > 0. Let f € C(K) be
a function such that 0 < f < 1, f = 0 on K \ G. Since f, := min(f,1/n) N\, 0, an
appeal to Daniell’s property gives the existence of an n € N, such that Af, < e. If

C:={z € K: f(x) > 1/n}, then C is a compact subset of K. Due to (i), there exists
g €C(K)such that 0 < ¢g<1,9g=1o0n C and Ag < pu%(C) +¢. Since f — f, < g, we get

Af < Afo+ Ag < p3(C) + 2.
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Hence,

wi(G) =sup{Af: feC(K):0< f<1,f=0o0n K\G}
< sup{p(C) : C compact, C C G} + 2¢,

and we finish the proof of one part of (ii). The second one follows directly by monotonicity
of p.
Step 1.(iii): Finally, we prove that p* is an outer measure. Clearly, we have p% (@) = 0
and g% (S) < p’y(T') whenever S C T. It remains to show that p* is o-subadditive.

To this end, let ¢ > 0 and C1,Cy C K be two given compact sets. By (i), we find
fj € C(K) such that f; =1 on C; and Af; < p’(Cj) +€;5 =1,2. Then (by (i) again)

wa(C1UCy) < A(min(fy + f2,1)) < A(f1 + f2) = Aft + Afo < py(Cr) + iy (Co) + 2¢

and we see that p% is subadditive on compact sets.
Next, consider open sets G1,G2 C K and pick a compact set C C G; U Ga. For any
point x € C, there is a neighborhood V, whose closure is either in G; or in G3. Thanks

to the compactness of C, we obtain finite collections of open sets (V;!);, (V;?); such that

Vij C Gjand [, VU, V2D C. Set C; :=CnY, Vij;j = 1,2. Then C; are compact,
C; C Gj and C = Cy UCy. Hence, 1% (C) < p%(Ch) + ' (C2) < 1 (Gh) + 1y (G2) and it
readily follows that p* is subadditive on open sets.

Now, let (G),) be a sequence of open sets. Chose a compact set C' C |J;2; G;. Then
C c U, G; for some n € N, and

n n o0
wa(C) < iy <U Gi) <Y pa(G) < pi(G)
i=1 i=1 i=1
and from (ii), we conclude that p% (U2, Gi) <> ooy 1y (Gi).
Finally, let (E,) be a system of arbitrary subsets of K. We wish to show that
pi(UER) < > pi(E,). It is clearly sufficient to assume that p%(E,) < oo for all n.
Given € > 0, we find open sets G,, such that E, C G, and p'(Gy) < pi(Ey) + 27 .

Then
1 (U En> < i <U Gn) <Y wa(En) +e.

As e > 0 was arbitrary, u% is subadditive as needed.
Step 2.: We show, that every Borel subset of K is p% measurable (in the sense of
Carathéodory). It is sufficient to prove measurability of open subsets. Notice, that we
have ;% (G1UGz2) = p’ (G1) + 1% (G2) for open disjoint sets G and Gy. This follows easily
from definition of 1% (G) for G open. Indeed, there are f; € C(K),j =1,2with 0 < f; <1,
fj =00on K\Gj and 1% (G;) < Afj+e. Then fi+fo € C(K)and 0 < fi+fo <1, fi+f2=0
on K\ (G1UG») gives 17y (G1UG2) > A(f1+ f2) = A(fi) + A(f2) > 1y (G1) + 4 (Ga) — 2¢.
The reverse inequality appeared in Step 1. (iii).

Now given an open set G C K, and a test set 7' C K and € > 0, we approximate T NG
and T\ G be disjoint open sets.

Hence, there exists open sets V7 and Vs, such that

Vio T, pia(Vi) < pia(T) + e,
VoD VIN\NG, pih(Va) <piy(Vi\G)+e.

We can also find a compact set C C Vi N G such that p%(C) + ¢

n > (Vi NG) and
an open set W with a compact closure W such that C' ¢ W Cc W C

VinNnG. Set
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Wo := (Vi NVa) \ W. Then Wy is an open set, W N Wy =@, WU W, C Vi, V1 \ G C Wy
and i (W) +¢e > p (Vi NG). Thus

pa(TNG) +pa(T\G) < pa(ViNG) + pa(Vi\ G) < pa(W) + e+ pa(Wo)

= pua(WUWo) +e < py(Vi) +e < pia(T) + 2.
Step 3.: We denote by My := M(n%) the o-algebra of measurable sets of p%. The
restriction of u% to M4 will be denoted by 4. We shall show, that this measure satisfies
the statement of the theorem.

First, 4 is a complete Radon measure. As we restricted ourselves to K compact, it
is easy to see that C(K) C L1(pa). Hence, we only have to show that

Af = /K fda, € C(E).

Let f € C(K) be given. Without restriction, we may assume that 0 < f < 1. For n € N
and £k =0,1,...,n we denote

fr =min(f,k/n), Gi:={zecK: f(x)>k/n}.
Using the definition of p%(Gr—1) and n(fr — fr—1) =0 on K \ Gi_1, we get

A(fre — fr—1) < = pA(Gr-1)

for each £ = 1,...,n. On the other hand, as n(fk — fr—1) = 1 on Gy, we first obtain
pa(C) < nA(fr— fr_1) for every compact C' C Gy, which implies also pa(Gy) < nA(fr —
fr—1) forallk=1,....n

As X6y, < n(fs — fi1) < Xay_y» We get also

1 1
—pa(G) < / (fe = fe—1)dpa < —pa(Gr-1)
n K n
foreach k=1,...,n
Thus (using fo =0 and f,, = f)

n

= Z <A(fk = fr-1) — /K(fk - flc—l)d,UA>

k=1

‘Af— /K Fpa

< Z (14(G 1) ~ 14(Gi)) = —ua(Go) = ~ pal{ € K - f(x) > 0}).

Since pa({zx € K : f(z) > 0}) < oo and n may be chosen arbitrarily large, we get
Af = [ Fdpa.

Step 4.: Finally, we prove the uniqueness.

If v is a complete Radon measure on K satisfying the statement of the theorem, we have

Af:/deugxgdyzy(G)

for any open set G C K and f € C(K) with 0 < f < 1, f = 0 on K \ G. Hence,
pa(G) = pi(G) < v(G). On the other hand, by a similar argument and by the point
(i) above, we have p4(C) > v(C) for each compact set C' C K and from regularity of
pa and v it immediately follows that they coincide on Borel sets, which concludes the
assertion. U
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16.2 Lemma of Johnson and Lindenstrauss

In dieser Vorlesung werden einige Eigenschaften Zufdlliger Matrizen untersucht. Das
Hauptergebnis ist dann der Beweis des Lemmas von Johnson und Lindenstrauss.

Wir benutzen nur normalverteilte Zufallsvariablen A/(0,1), d.h. Zufallsvariablen mit
Wabhrscheinlichkeitsdichte

Lemma 16.2.1. (i) Seiw ~ N (0,1). Dann gilt B (") = 1/\/1T = 2X fiir —co < A <
1/2.

(ii) (2-Stabilitit der Normalverteilung) Sei k eine natirliche Zahl, sei A = (A1,...,\;) €
R* und seien wy, ..., wy unabhingige identisch verteilte (u.i.v.) N'(0,1) Zufallsvari-
ablen. Dann gilt \ywy + -+ - + A\pwy ~ (Zle A2 N(0,1).

Proof. Der Beweis von (i) folgt aus der Rechnung (y := v/1 — 2\ - x)

L/w L L/ (A-1/2)2% g L/‘X’ L R
V2T ) o V2T ) o V2T ) o V1—2\ V1—2\
Um (ii) zu beweisen, reicht es nur den Fall & = 2 zu betrachten. Der Rest folgt dann

durch Induktion. Sei also A = (A1, A2) € R% A # 0 fest und seien wy und wy u.i.v. N(0,1)
Zufallsvariablen. Wir setzen S := Ajw1 + Aows. Sei t € R beliebig. Wir berechnen

P(S <t) = — /
B 27 J(@ ) hatray<t
27 z<c;yeR

e 2.

7
N 27T z<c

In dem letzten Schritt haben wir die Rotationsinvarianz der Funktion (z,y) — e~ (@ Hy*)/2
ausgenutzt. Den Wert ¢ berechnen wir aus der Skizze (Tafel!) als die Lange der Normalen
von Null auf die Gerade {(z,y) : A\iz + Aoy = t}. Es ergibt sich

B YaSt;
B A2+/\2’>\2+>\2 A2+/\2

Wir erhalten also

1 2
PSS <t)= — —7/2 :7?<\/>\2+>\2- <t>.
(5<1) \/%/\/W.xgte ! ! 2=

]
Falls wy, . .. ,wy, (auch abhingige) normalverteilte Zufallsvariablen sind, dann gilt E(w?+
-+ w,%) = k. Falls wy,...,w; auch unabhangig sind, konzentriert sich der Wert von

wi+---+w}? auch sehr stark um k. Dieser Effekt (auch Konzentration des Mafies genannt)
wird genau im néchsten Lemma beschrieben.
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Lemma 16.2.2. Sei k eine natirliche Zahl und seien wy, . . . ,wy unabhdngige normalverteilte
Zufallsvariablen. Sei 0 < e < 1. Dann gilt

P+ +wl> (1+e)k) < e 227/

und
P(w% + . + wz < (1 — E)k) S 67%[62/2783/3}.

Proof. Wir beweisen nur die erste Ungleichung. Der Beweis der zweiten Ungleichung folgt
sehr dhnlich. Wir setzen 8 := 1+ ¢ > 1 und rechnen

Pwi+  Fwi>pk)=Pwi+  +wl—pk>0) =PAw}+ - +wi—pk)>0)
= Plexp(\(w] + -+ +wji — Bk)) > 1)
< Eexp(\w? + -+ +wi — Bk)),
wobei A > 0 eine beliebige positive reelle Zahl ist und erst spater bestimmt wird. Wir

haben im letzten Schritt die Markov-Ungleichung benutzt. Weiter benutzen wir die Eigen-
schaften der Exponentialfunktion und die Unabhéangigkeit von wi,...,ws. Es ergibt sich

Eexp(A(w? + - +wi — Bk)) = e Mk LR Mt L Mk = M (E ekw%)k
und mit Hilfe von Lemma 16.2.1 erhalten wir schliefllich (fir 0 < A < 1/2)
EexpA\w? + - + w? — Bk)) = e M. (1 —2)\)7F/2,

Wir suchen jetzt einen Wert von 0 < A < 1/2, fiir den der letzte Ausdruck méglichst klein
wird. Wir berechnen also die Ableitung von e=**. (1 —2))~#/2 und setzen sie gleich Null.
So erhalten wir

ek (—BE) (1= 2)\)TF2 p e MR (—k/2) - (1 —20) TR (—2) =0,
(=8)-(1=2X\)+1=0,
1-2\=1/8,

1-1/p

A=

Wir sehen auch sofort, dass fiir diesen Wert von A wirklich die Abschétzungen 0 < A < 1/2
erfiillt sind. Wir benutzen diesen Wert von A und erhalten

’p(w% 4. +le > Bk) < 6*1721/3-516 (1—-(1- 1/5))716/2 _ 67’8;116 . 516/2

= ei% . e% ll’l(lJrE).

Das Ergebnis folgt dann aus der Ungleichung
t2 3
ln(l—l—t)gt—;—i-g, -1<t< 1l

O

Remark 16.2.3. Uberlegen Sie sich, dass die Unabhéngigkeit von wy, . ..,ws in Lemma
16.2.2 nicht weggelassen werden darf.
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Lemma 16.2.4 (Johnson und Lindenstrauss, 1984). Sei 0 < ¢ < 1 und seien k,n und d
naturliche Zahlen mit
k> 4(e?/2 - £2/3)  nn.

Dann existiert fiir jede Menge P = {x1,...,x,} eine Abbildung f : R? — R¥  so dass
(L =)l — 213 < 1f (@) = f@p)ll3 < A+ e)llas —ayll3,  ije{l....n}. (16.1)
Proof. Wir setzen

w11 ... Wid

wobel (wyp) wiv. N(0,1) Zufallsvariablen sind. Wir zeigen, dass diese Wahl von f
mit positiver Wahrscheinlichkeit (16.1) erfillt. Damit wére die Existenz einer solchen
Abbildung bewiesen.

Sei i,j € {1,...,n} beliebig mit z; # x;. Dann setzen wir y =

T —x;
lzi—z;l2

nen die Wahrscheinlichkeit, dass die rechte Ungleichung in (16.1) nicht erfiillt ist. Wir
benutzen die 2-Stabilitdt der Normalverteilung und erhalten

und berech-

P f(i) = fapll3 > (L +e)llzi — z5]13) = P(IF @I > (L +¢)) = P(IMy3 > (1 +e)k)
= P((W1,1y1 + -+ wl,dyd)z + -+ (wmyl + -+ wk,dyd)Q > (1 + e’;‘)k)
=Pwi+-+wi>(1+e)k)

fir unabhéngige normalverteilte wq,...,w,. Mit Hilfe von Lemma 16.2.2 148t sich der
letzte Ausdruck von oben durch
o 5[e%/2—¢%/3]

abschétzen. Dieselbe Abschétzung gilt auch fiir die linke Ungleichung in (16.1) und fiir
alle (5) Paare {i,j} C {1,...,n} mit i # j. Die Wahrscheinlichkeit, dass eine der Ungle-
ichungen in (16.1) nicht gilt, ist also héchstens

2- <Z> e8I 2E 3] 2 o 5le?/2mE 3] exp(2lnn — 2[82/2 —3/3) <l =1

fiir k > 4(e2/2 — 3/3) L Inn. O

Remark 16.2.5. Wie éndert sich die Wahrscheinlichkeit, dass f = ﬁ - M die Formel

(16.1) erfillt, wenn k groBer wird, d.h. wenn
k>c(e?/2-¢/3)" Inn
mit ¢ > 47

Remark 16.1. Der Beweis des Lemmas 16.2.4 benutzt die sogenannte Probabilis-
tische Methode: Die Existenz von einem Objekt (in unserem Fall der Abbildung
f:R? — R¥ mit (16.1)) wird dadurch bewiesen, dass man zeigt, dass zufillig kon-
struierte Objekte mit positiver Wahrscheinlichkeit die gewtlinschten Eigenschaften
erfiillen. Als Urvater dieser Methode wird meistens Paul Erdds bezeichnet, es wurde
aber auch schon vorher benutzt. Bis jetzt gibt es keine konstruktive Beweise von
Lemma 16.2.4.
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Der urspriingliche Beweis von Johnson und Lindenstrauss ist viel mehr geometrisch.
Man beweist, dass eine (richtig normierte) Projektion auf einen zufélligen k-dim.
Unterraum von R? mit positiver Wahrscheinlichkeit (16.1) erfiillt.

Seit ca. 10-15 Jahren gibt es viele Varianten von diesem Beweis (meistens durch
spezifische Anwendungen motiviert).

i) Die Auswertung von f(x) soll moglichst schnell sein (in unserem Fall nur k x d,
sonst dIn(k) durch FFT, Fast Fourier Transform)

ii) Die Anzahl der Zufallsvariablen soll minimiert werden (in unserem Fall k x d)
iii) Die Implementierung soll méglichst einfach sein

iv) u.s.w.

82



References

[1] H. W. Alt, Lineare Funktionalanalysis. Eine anwendungsorientierte Einfihrung, 6. Aufl., Springer, 201!
[2] J. B. Conway, A course in functional analysis, 2. Aufl., Springer, 1990.

[3] H. Heuser, Funktionalanalysis. Theorie und Anwendung, 4. Aufl., Teubner, 2006

[4] W. Rudin, Functional Analysis, McGraw-Hill, 1991.

[5] D. Werner, Funktionalanalysis, 7. Aufl., Springer, 2011.

[6] O. Christensen, Frames and bases: an introduction course, Birkhauser, 2008

[7] E. M. Stein, Singular integrals and differentiability properties of functions, Princeton
Mathematical Series, No. 30 Princeton University Press, Princeton, N.J., 1970.

[8] E. M. Stein and G. Weiss, Introduction to Fourier analysis on Euclidean spaces, Prince-
ton Mathematical Series, No. 32. Princeton University Press, Princeton, N.J., 1971.

[9] H. Triebel, Higher analysis, University Books for Mathematics, Johann Ambrosius
Barth Verlag GmbH, Leipzig, 1992.

[10] D. D. Haroske and H. Triebel, Distributions, Sobolev spaces, elliptic equations, EMS
Textbooks in Mathematics. European Mathematical Society (EMS), Ziirich, 2008.

[11] K. Grochenig, Foundations of time-frequency analysis, Applied and Numerical Har-
monic Analysis. Birkhauser Boston, Inc., Boston, MA, 2001.

[12] L. Grafakos, Classical Fourier analysis, Second edition, Graduate Texts in Mathe-
matics, 249. Springer, New York, 2008.

[13] L. Grafakos, Modern Fourier analysis, Second edition, Graduate Texts in Mathemat-
ics, 250. Springer, New York, 2009.

[14] J. Lukes and J. Maly, Measure and Integral, Matfyzpress, 2005; available at
"http://www.mff.cuni.cz/fakulta/mfp /download /books/lukes-maly_-_measure_and_integral.pdf”.

83


http://www.springer.com/mathematics/analysis/book/978-3-642-22260-3
http://www.springer.com/mathematics/analysis/book/978-0-387-97245-9
http://www.amazon.de/Funktionalanalysis-Anwendung-Anwendung-Mathematische-Leitfaeden/dp/3835100262/
http://www.amazon.com/Functional-Analysis-International-Applied-Mathematics/dp/0070542368
http://www.springer.com/mathematics/analysis/book/978-3-642-21016-7
http://www.springer.com/birkhauser/mathematics/book/978-0-8176-4677-6
''http://www.mff.cuni.cz/fakulta/mfp/download/books/lukes-maly_-_measure_and_integral.pdf''

