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Abstract

In this project, we generalize the functional calculus for bounded self-adjoint
operators, which is obtained by the mean of the Weierstrass Approximation
Theorem, to unbounded operators and then prove the so-called Spectral Theo-
rem. This generalization is achieved with abstract integration and tools from
complex analysis. We then provide applications of the theorem to two other
seemingly unrelated problems, namely the Hamburger Moment Problem and
the characterization of operator monotone functions.
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Notation

1. K denotes R or C. If not specified otherwise, the vector spaces we consider are
always over K.

2. H denotes the upper half-complex plane, namely H = {z € C | 3z > 0}.

3. Let Vi, Vs be two vector spaces over K. Let T : D(T) C Vi — Vo, D(T) C V1 a
subspace, be a linear map. We write

(a) Kernel of T': N(T) ={x e D(T) | Tx =0} C D(T) C V4
(b) Imageof T: R(T)={ye Vo |Fx e DT):y=Tz} C Vs
(¢) Graphof T': G(T) ={(z,y) e Vi x Vo |z € D(T),y=Tz} C Vi x V,
Since T is linear and D(T') is a subspace, N(T'), R(T'), G(T') are subspaces as well.
If not specified otherwise, D(T') will always be a subspace.
4. Let V4, V5, V3, be three vector spaces over K.
(a) Let T : D(T) € Vi — V, be linear and a € K\ {0}. We define the linear
operator a1 : D(T) — V4 by (aT)(f) = aT'(f).
(b) Let T: D(T) C Vi — V5, S : D(S) C Vi — V4 be linear. We define the linear
operator T+ S : D(T+S) := D(T)ND(S) — Va by (T+S)(f) =T(f)+S(f).
(¢c) Let T : D(T) c Vi — Vo, S : D(S) C Vo — V5 be linear. We define
the linear operator ST : D(T'S) := {f € D(T) | Tf € D(S)} — Hj by
ST(f) = S0 T(f).
5. Let f: R — C be any function. For 2y € R, we write f(zo—) the limit lim f(z)

:17—}1‘0

and f(zo+) the limit lim f(z) (if they exist).

CE*}IO

6. Let X be a topological space. We denote by
(a) C
(b) Cy(X)
(¢) C¢(X) the set of continuous and compactly supported functions from X to R.
(d) Co(X) the closure of C.(X) in the normed space (Cy(X), |||]c0)-

0(X) the set of continuous functions from X to R.

Cp(X) the set of continuous and bounded functions from X to R.



Chapter 1

Generalities about bounded linear operators

We begin by recalling some basic definitions and results about linear operators between
normed spaces.

Definition 1.1 (Bounded linear operator)
Let (X, ||"||x), (Y,||]ly) be two normed spaces over K.

Let D(T) be a subspace of X. A linear operator T': D(T) C X — Y is called bounded if
M > 0Vz € D(T) : ||Tx|ly < M||z||x

The smallest such M is called the operator norm of 7" and is denoted ||T||.
We denote by B(X,Y') the set of all bounded linear operators from X to Y.

Proposition 1.1 (Characterization of bounded linear operators)
Let XY, D(T) be as in the above definition. Let T : D(T) C X — Y be a linear operator.
The following are equivalent :

1. T is bounded,

2. sup{||Tx||y | z € D(T),||z||x <1} < o0

3. T is continuous at 0,

4. T is continuous on D(T).
If we further assume that D(T) # {0}, the above conditions are equivalent to
5. sup{||Tz|ly | x € D(T),||z||x =1} < 4+o0.

Proposition 1.2 (About norm of a bounded linear operator)
Let XY, D(T) be as in the above definition. Let T : D(T) C X — Y be a bounded linear
operator. Then

17| = sup{[|T|ly [z € D(T), [|z][x < 1}.

If we further assume that D(T) # {0}, we also have
Tl = sup{[|Tz[[y [ x € D(T), |lx|[x = 1}.

Definition 1.2 (Sesquilinear form)
Let X be a vector space over K. A sesquilinear form on X is a mapping s : X x X — K
satisfying :



L <ZL’, )‘y + NZ> = /\<I,y> + ,u(x, Z> \V/ZL‘,y, EAS X7 V/\nu S K7
2. (N iy, 2) = Mo, 2) + iy, 2) Va2 € X, VA€ K
The associated map ¢ : X — K, ¢(z) = s(x,z), is called the quadratic form induced by
S.

Proposition 1.3
Let X be a vector space over K. Let s be a sesquilinear form on X with associated
quadratic form q. The following identities hold :

1. Va,y € X : 2q(z) +2q(y) = q(x + y) + q(x —y) (Parallelogram law)
2. f K=R, Vz,y € X : s(z,y) = 1 (¢(z +y) — q(x — y)) (Polarization identity)

3. If K =C, Va,y € X : s(z,y) = (¢(r +y) — alz —y) +ig(zx —iy) —ig(x + iy))
(Polarization identity)

Definition 1.3 (Scalar Product)
Let X be a vector space over K. A semi-scalar product on X is a mapping (-, ) : X x X —
K satisfying :
L. (r,y+2) = (x,y) + (x,2) Vo,y,2 € X,
(x,\y) = Nax,y) Vo,y € X, VA € K,
(x,y) = (y,2) Yo,y € X,
4. (x,x) >0Vr e X

In particular, a semi-scalar product is a sesquilinear form.

W

If, in addition, (-,-) satisfies (x,z) =0 <= z =0, then (-,-) is called a scalar product.

One can verify that z +— ||z|| :== \/(z, x) defines a (semi-)norm over X, which we say is
induced by the (semi-)scalar product (-, ).

Definition 1.4 ((Pre-)Hilbert space)
Let X be a vector space over K with a scalar product (-,-). The space (X, (-, -)) is called
a Pre-Hilbert space.

Let ||-|| be the norm induced by (-,-). If the normed space (X, ||-||) is complete, we say
that (X, (-,-)) is a Hilbert space.

Proposition 1.4 (Cauchy-Schwarz Inequality)
Let X be a vector space over K with a semi-scalar product (-,-). The Cauchy-Schwarz
inequality holds :

Vo,y € X« [,y < [l2l] - [lyl|

Proposition 1.5
Let (X,(-,-)) be a Pre-Hilbert space on K and let T : D(T) € X — X be a linear
map. The mapping (x,y) — (x,Ty) defines a sesquilinear form on the Pre-Hilbert space

(D(T), (-, NiperyxD(1))-

Theorem 1.6
Let (X, ||"||x) be a normed space, (Y, {(-,-)) be a Pre-Hilbert space. LetT : D(T) C X — Y
be a linear map, where D(T), R(T) # {0}. Assume M C Y is a subspace such that
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R(T) C M. Then T is bounded if and only if
sup{|(Tz,y)| | z € D(T),y € M, ||z|[x = [lylly = 1} < +o0
In that case, ||T|| = sup{|(T'z,y)| | # € D(T),y € M, [|z|[x = [ly[ly =1}

Proof.

Wite 5(T) = sup{|{T, )| | 2 € D(T),y € M, |[z]lx = |lylly = 1} € [0, +o0].

Assume T' is bounded. Then by the Cauchy-Schwarz inequality, [(T'z, y)| < ||Tz||y -||y||y
Ve € D(T),y € M, and we get s(T) < ||T||] < +oo by taking the supremum over
{r e D(T),y e M ||lz|lx = [lylly = 1}-

Assume s(T) < +oo. Since R(T) C M, for every x € D(T) such that Tz # 0 and
||z||x = 1, there exists a sequence (y,,)32, C M such that y, e Tz and y, # 0Vn € N.

n=1
Then

Tz, —" )| < s(T) ¥n € N
ynlly

and by taking the limit n — +o00, we get ||Tz||y < s(T'). This inequality also holds if

Tx = 0 and ||z||x = 1. Finally, we have ||T|| < s(T') < 400 by taking the supremum
over {x € D(T) | ||z]|x = 1}. O

Remark 1.7
In particular, ||T'|| = sup{|[(Tx,y)| | v € D(T),y € M, ||z||x = ||y||ly = 1} for any dense
subspace M C Y.

Theorem 1.8 (Extension of bounded linear operators)

Let (X, ||-]|x) be a normed space, (Y, ||-||y) be a Banach space and T : D(T) C
a bounded linear operator. Then there exists a unique bounded extension S :
of T. Furthermore, ||S|| = ||T||.

X =Y
D(T) —

be
Y

Proof.
Let z € D(T) and let (z,)5°; C D(T) be a sequence such that x, . In particular,
(n)52 is Cauchy. Then (Tx,)52, C Y is also a Cauchy sequence.

Indeed, for n,m € N, we have

[ Tzn — Tl = [T (zn — zn)|| < T - |20 — T nmﬁ_m 0.
Since Y is Banach, (T'z,)32, converges to a limit we will call Sz. The limit Sz does not

depend on the choice of (z,,). Indeed, if (x,)2%;, (y,)22, both converges to z, then

Ty = Tyl <|T - [lzn = yul| < NI (20 = 2l + ll2 = yull) 20,

n—-+o0o
so they both have the same limit Sz.

Thus, we have defined a map = — Sz from D(T') to Y, which coincides with 7" on D(T')
(consider the constant sequence z,, = = Vn). It is easy to check that S is linear and we
immediately have that ||T|| < [|5]].

Now let x € D(T') and (z,)2, C D(T') be such that z,, T Then

ISzl = lim [ITeally < Yim |7 lzallx = 1711 llal .
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so we get ||S]| < |[T7].
Finally, assume that S’ is another bounded extension of 7" on D(T'). For x € D(T), let
(2,)22, € D(T) be such that z,, T By continuity,

S’y = lim Sz, = lim Tz, = Sz.
n—+o00 n—+o0o

Notation (Extension of an operator)
If S is an extension of T, we write T" C S.



Chapter 2

The Adjoint Operator and Basic Spectral Theory

In this chapter, we will define all the functional analysis-related notions needed to prove
the Spectral Theorem. We need to introduce the notions of the adjoint of an operator, of
an orthogonal projector and study basic properties of the resolvent of a linear operator.
The Spectral Theorem can then be used to give more information about the resolvent
of a self-adjoint operator or prove existence of some useful decompositions of self-adjoint
operators.

2.1 Preliminary Theorems

In this section, we study basic properties of the orthogonal complement of a set and we
prove the Riesz Representation Theorem for bounded linear operators. This theorem is
essential if we want to have a nice characterization of the domain of an adjoint. It will
also be a powerful tool in the proof of the Spectral Theorem.

Theorem 2.1 (Distance from a point to a closed convex set)
Let (H, (-,-)) be a Hilbert space and C' C H be a closed convex set. We define the distance
from a point x € H to C as

d(z,C) =inf{||z — || | c € C}.
Then ¥z € H, 3le, € C such that d(z,C) = ||x — c||.

Proof.
Let x € H. Consider a sequence (c,)5; C C such that ||z — ¢, - d(xz,C). Then

(cn)ee, is a Cauchy sequence. Indeed, by the Parallelogram Law :

lew = el = ll(en — 2) + (& — en)|P = 2lew — 2 + 20}z — el — llen + o — 2]
1
= 2len — 2[* + 2|z — enl* = 4lI5(cn + em) — 2’
<2|len — z||* + 2| — eml)? — 4d(2,C)* — 0

n,m—-+oo
where we used %(¢, + ¢,) € C' by convexity.

Since H is complete and C' is closed, the sequence (¢,)52, converges to a limit ¢, € C

and we have ||z — ¢, - ||z — || = d(z,C).
n o0
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Finally, if ¢1, co € C are such that ||[x—ci|| = ||z—c2|| = d(z, C), then by the parallelogram
law :

ller = cal|* = [[(e1 — ) + (& = e2)|* = 2l|er — [|* +2[[x — eo P — [er + ¢ — 22|
1
= 2d(x,C)? + 2d(x,C)* — 4y\§(c1 +c) — x|
< 2d(x,C)* + 2d(x,C)* — 4d(x,C)* = 0

and thus ¢; = ¢s. O

Definition 2.1 (Orthogonal Complement)
Let (X, (-,-)) be a Pre-Hilbert space and S C X be an arbitrary subset. The orthogonal
complement of S is the closed subspace

St={recX|(x,s)=0Vsc S}

Theorem 2.2 (Projection Theorem for closed subspaces)
Let (H,(-,-)) be a Hilbert space and M C H be a closed subspace. Then H = M @& M=.

Proof.

Let x € H. Since M is a subspace, it is convex. By Theorem P, there exists a unique
y € M such that d(z, M) = ||x — y|| = inf{||lx — m|| | m € M}.

We write z = y + (z — y) and we show that  —y € ML, Indeed, let m € M \ {0}. For
a € K, we have

[l = yll* < flo = (y+ am)|* =[]z — y||* — 2R ((z — y,am)) + |a|*|Jm]||*

Thus, {(x —y,m) = 0 and we have H = M + M*.

Finally, assume that x € M N M*. This implies (z,2) = 0 and so z = 0. Therefore,
M N M+ = {0}. O]

Corollary 2.3
Let (H, (-,-)) be a Hilbert space and M C H be a closed subspace. Then M = (M*)*+,

Proof.
By Theorem 22, H = M & M+ = M+ @& (M*)* since M~ is a closed subspace. Since
the sum is direct, we get M = (M*)*. O

Lemma 2.4 (Closure of a subspace is a subspace)
Let (X,||:||) be a normed space and let M C X be a subspace of X. The topological
closure M of M is a subspace of X.



Proposition 2.5
Let (H,{-,-)) be a Hilbert space and M C H be a subspace. Then (M=*)+ = M.

Proof.
Clearly, (M)*+ = M*. By Corollary 223, (M4)*+ = (M)*+)*+ = M. O

Proposition 2.6
Let (X, (-,-)) be a Pre-Hilbert space. For all g € X, the map T, : X - K, T,(z) = (g, z)
is linear and bounded with norm ||T,|| = ||g||x-

Proof.

If g = 0, this is trivial. Assume g # 0.

We immediately deduce ||T,|| < ||g||x using the Cauchy-Schwarz inequality. To get

|T,]| > |lg]lx, we just evaluate T} at ||;|7| O
X

Theorem 2.7 (Riesz Representation Theorem)
Let (H,(-,-)) be a Hilbert space and T : H — K be a bounded linear map. Then there exists
a unique g € H such that T'(z) = T,(z) = (g,x) Vo € H. Furthermore, ||T|| = ||g||n-

Proof.
If N(T) = H, then T'= 0 on H and we can choose g = 0.

Otherwise, since N (7)) is closed by continuity of 7', we have N (T')* # {0} by Theorem 272.
Let a € N(T)* be an element with ||a|| = 1. Notice that Vo € H, T'(z)a—T(a)x € N(T)
by linearity of T'. Since a € N(T)*, we get

0= (a,T(2x)a —T(a)x) = T(x)||a||* = (T(a)a,z) Vo € H

Thus, T'(x) = (T'(a)a, z) = Ty(z) Yz € H, where g = T'(a)a.
Finally, assume that T'(z) = (g, z) = (h,z) Yo € H for some g,h € H. Then (g—h,z) =
0 Vx € H and we can take x = g — h to conclude that g = h. O]

Remark 2.8
The map T +— g such that T'(z) = T,(z) = (g,x) Vo € X is antilinear.

Definition 2.2 (Densely defined linear operators)
Let (X, |||lx), (Y,||:||y) be two normed spaces and let 7' : D(T)) C X — Y be a linear
map. We say that 7" is densely defined if D(T') C X is a dense subset.

Lemma 2.9
Let (X, (-,-)) be a Pre-Hilbert space and D C X be a dense subset. Then D+ = {0}.

Proof. Let x € D+ and let (,,)%, C D be a sequence such that x, — z. Then

n—-+00

l][* = (z,2) = lim (z,2,) = lim 0 =0.



Corollary 2.10 (Riesz Representation Theorem for densely defined operators)
Let (H,(-,-)) be a Hilbert space and T : D(T) — K be a densely defined, bounded, linear
map. Then there exists a unique g € H such that T'(x) = T,(x) = (g,x) Yo € D(T).

Proof.
By Theorem Y, T has a bounded extension on the whole H. Denote T this extension.
By Riesz Representation Theorem, there exists g € H such that T'(z) = (g,x) Vo € H.

In particular, T'(z) = T(x) = (g, z) Yz € D(T).
Now, assume that there exists g,h € H such that T'(z) = (g,z2) = (h,z) Vo € D(T).
Then g — h € D(T)*+ = {0} by density of D(T'), which allows us to conclude. O

2.2 The Adjoint Operator

Definition 2.3 (Formal adjoint)
Let (Hy, (-,-)1), (Ha, (-, -)2) be two Hilbert spaces and T': D(T') C H; — Hs, S : D(S) C
Hy; — H; be two linear operators. We say that S is a formal adjoint of T' if

<gva>2: <Sgaf>1 \V/fE D(T),gE D(S)

Remark 2.11

1. The linear operator S : {0} C Hy — H; is a formal adjoint of any T : D(T') C
Hl — HQ.

2. S'is a formal adjoint of T" if and only if T" is a formal adjoint of S.

Proposition 2.12
Let (Hy, (-,-)1), (Ha, (-, +)2) be two Hilbert spaces and T : D(T') C Hy — Hs, S : D(S) C
Hy — H, be two linear operators.

If S is a formal adjoint of T, then ¥Yg € D(S), the operator
L,: D(T) - K
f = <g> Tf>2

1s linear and bounded.

Proof. By the Cauchy-Schwarz inequality, we have
[ Lg(F)l = Kg, Tf )2l = [{Sg, Fal < ISgllx- 1 f]l1-

Definition 2.4 (Adjoint of a densely defined operator)
Let (Hy, (-,-)1), (Ha, (-, -)2) be two Hilbert spaces and T : D(T') C Hy — Hj be a densely
defined linear operator.

We define the set

D*={ge Hy|L;: D(T) =K, L,(f) = (g, Tf)2 is continuous}
:{QEHQ ‘ EIhg eHl:Lg(f): <gan>2: <hgaf>1 VfGD(T)}

10



where the equality follows from Riesz Representation Theorem for densely defined oper-
ators (Corollary 2710).

On D*, we define the operator
T : D(T*)= D" C Hy — H;
g—T"g:=h,

This operator, called the adjoint of T', is well-defined (because the element h, is unique
as seen in Corollary 2710) and linear.

Proposition 2.13 (On the relation between the adjoint and formal adjoints)
Let (Hy, (-,")1), (Ha,(:,-)2) be two Hilbert spaces and T : D(T) C Hy — Hs be a densely
defined linear operator.

1. The adjoint T* of T is a formal adjoint of T';

The adjoint T* of T is an extension of any formal adjoint S of T';
If T* is densely defined, then T** = (T*)* is an extension of T
N(T*) = R(T)*;

N(T*)* = R(T).

Proof.
1. This follows from the definition of 7T™.
2. Let S: D(S) C Hy — H; be a formal adjoint of T'. Let g € D(S). Then

(9. Tf)2=1(S5g, f)r =: (hy, [) Vf € D(T)

so g€ D(T*) and T"g = hy, = Sg.
3. By 2., we just need to show that T is a formal adjoint of 7™, which follows from 1.
4. If g€ N(T*), 0= (T*g, f)1 = {9, Tf)2a Vf € D(T), i.e. g€ R(T)*.
Conversely, let g € R(T)*, ie. (9,Tf)s =0Vf € D(T). In particular, (g, Tf), =
0, f)1 Vf € D(T),s0 g€ D(T*) and T*g = 0.
5. This follows from point 4. and Proposition PZ3.

Example 2.1 (Adjoint of the differentiation operator)
Consider the real Hilbert space

H = £%([0,1]) = {f : [0,1] — R | |f|* is Lebesgue integrable on [0, 1]}

(where f and g are identified if f = g almost everywhere) endowed with the £2-scalar
product

(9, f) = /01 g(x) f(x)dz.

A function f : [0,1] — R is called absolutely continuous if it is differentiable almost
everywhere on [0, 1], its derivative f’ is Lebesgue integrable on [0, 1] and

f(z) = f(0) + /Om f'(t)dt almost everywhere on [0, 1].

11



Consider the differentiation operator

T : D(T) C £([0,1]) — £2([0,1])
f(@) = f'(x)

where D(T) C H is the set of classes for which we can find an absolutely continuous
representative f : [0,1] — R such that f, f € £2([0,1]). The domain of T is densely
defined since the subset of C'* and compactly supported functions C2°([0,1]) € D(T) is
dense in £%(]0,1]).

We want to find the adjoint of T, i.e. we want to find the elements g € £3([0,1]) such
that there exists h = h, € £2([0, 1]) satisfying

{9, Tf) = (h, ) Vf € D(T)

/01 g(z)f (z)dx = /01 h(z)f(z)dx Vf € D(T)

Integrating by parts the right-hand side, we find

[ 1) p@)de = HO) )~ HOFO) - [ HE)f @)de vf € DT).

where H(z) = [& h(t)dt, H(0) = 0, H(1) = [} h(t)dt, i.e. g and h must satisfy
/Ol(g(x) + H(2))f'(x)dz = (/01 W(t)dt) f(1) ¥ € D(T).
Setting f(x) = — [} v(t)dt + d, v € CF([0,1]), d € R, we get
[ (ale) + H@)ele)dz = d( [ bty v e C(0.1)), V€ R

Evaluating this at d € {0, 1}, we deduce H(1) = [y h(t)dt = 0.

By density of C2°([0,1]), evaluating this at a sequence (v,) C C2°([0,1]) converging to
g(z) + H(z) in L2([0,1]), we deduce g(z) = —H(z) = — [ h(t)dt.

We conclude that D(T*) C H is the set of classes for which we can find an absolutely
continuous representative g : [0,1] — R such that g, ¢’ € £%([0,1]) and g(0) = g(1) = 0.
Furthermore, T*g(z) = —¢'(z) Vg € D(T*).

Proposition 2.14 (On the adjoint of bounded operators)
Let (Hy,{-,")1), (Ha,{-,")2) be two Hilbert spaces and T : D(T) C Hy — Hy be a densely

defined linear operator. Then
1. T is bounded if and only if T* € B(Hs, Hy).
2. If T is bounded, ||T|| = ||T*].

3. If T is bounded, T™** is the unique bounded extension on Hy from Theorem 8. If
T € B(Hy, Hy), then T** =T.

12



Proof.

We only prove the first part. The two other parts follow from it.

If D(T) = {0} or R(T) = {0}, the proposition is trivial. Assume D(T), R(T") # {0}.
= : If T is bounded, then for all g € Hy, L,(f) = (g,Tf)2 is bounded since

Lo (N = Kg, Tl < lgllz - [IT]] - [1F1]1,
so we have D(T™*) = Hy. By Theorem [,

NT™|| = sup{[{T"g, 1| | g € Ha, f € D(T),]lgll2 = [If][x = 1}
=sup{[(g, T'f)2| | g € Ha, f € D(T), ||gll2 = [|fllx = 1}
= sup{[(T'f, g)2| | g € Ha, f € D(T),|lgll2 = || fI[x = 1} = [|T]

In particular, we have proved that if 7" is bounded, then ||T*|| = ||T|.

< If T € B(Hy, Hy), then T** € B(H;, H) is a bounded extension of T on H; = D(T)
by = and Proposition ZZI3. In particular, T is bounded. O

Proposition 2.15

Let (Hy, (-,-)1), (Ha,(-,-)2) be two Hilbert spaces and T : D(T) C Hy — Hy, S : D(S) C
H, — Hj be two densely defined linear operators. We have the following properties for
the adjoint :

1. If SCT, then T* C S*.
2. If T+S is densely defined, then T*+S* C (T'+S)*. Furthermore, if S € B(Hy, Hy),
then T + S* = (T + 9)*.
Proof.

1. It suffices to prove that T™ is a formal adjoint of S by Proposition ZZ13. Let
feD(T*)C Hy, g€ D(S)C D(T) C Hy. We have

(T f, 901 = (f, Tg)2 = (f,Sg)2

2. Again, it suffices to prove that 7™ + S* is a formal adjoint of T+ S. Let f €
D(T*+8*) = D(T*)ND(S*) C Hy, g€ D(T+S)=D(T)NnD(S) C H;. We have

(T +S) fogn =T fogn +(S*f,901 = ([, Tg)a+ ([, S9)2 = ([, (T + S)g)2

Now, assume that S € B(Hy, Hy). Then S* € B(H,, Hy) by Proposition 2Z13. We
show that D((T'+ S)*) C D(T* + S*) = D(T*). Let g € D((T + S)*). We have

(9. Tf)2=19,(T+5)f)2 =9, 5f)2 =T+ 5)g, /)1 — (579, f'h
(T+8)" = 5%)g, f)r = (hg, )1 Vf € D(T) € D(S5)

Proposition 2.16
Let (H;, (-,-):), i = 1,2,3, be three Hilbert spaces and T : D(T) C Hy — Hy, S': D(S) C
Hy — Hj be two densely defined linear operators.
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1. If ST if densely defined, then T*S* C (ST)*. Furthermore, if S € B(Hs, H3), then
T*5* = (ST)".
2. (aT)* =aT* VYa € K\ {0}

Proof.

1. It suffices to prove that 7%S* is a formal adjoint of ST. Let f € D(T*S*) C Hj,
g € D(ST) C H;. We have

(T5)f, 90 = (T7(S* ), gl = (S*f, Tg)2 = ([, STg)s
Now, assume that S € B(Hs, H3). Then S* € B(H,, H;) by Proposition 2I3.

We show that D((ST)*) € D(T*S*) = {g € D(S*) = H3 | S*g € D(T*)}. Let
g € D((ST)*). We have

(579, Tf)2=(9,5Tf)s=((ST)"g, f)1 = (hg, /)1 Vf € D(T)

2. Follows from 1. for S = al and Hy = Hj.

Definition 2.5

Let (Hy, (-,-)1), (Ha, (-, -)2) be two Hilbert spaces. We define the following scalar product
on Hy x Hy : ((x1,11), (z2,y2)) = (z1,22)1 + (Y1, Y2)2 and we have a similar scalar product
on Hy x Hj.

Additionally, we define the two following maps :

UZH1XHQ—>H2XH1, V.:H x Hy — Hy x Hy
(;U,y) = (y> _'T) (.T,y) = (ywr)

Uﬁl:HQXH1—>H1XH2, VﬁliHQXHl%H1XH2
<y7$) = (—[L',y) (yax) = ($7y>
Notice that for (vy,ve) € Hy X Hy, (wy,wy) € Hy X Hy, we have

((v1,v2), U(wi,ws)) =0 <= (U (v1,v2), (w1, ws)) = 0 and
((v1, 1), V(wy,wy)) =0 <= (V" (vy,v2), (wy,wy)) =0

so that (UM)* = U(M*) and (VM)*+ = V(M) for any subspace M C H; x Hs.

Lemma 2.17 (On the graph of the adjoint)

Let (Hy, (-,-)1), (Ha, (-, -)2) be two Hilbert spaces and T : D(T) C Hy — Hs be a densely

defined linear operator. We have the following characterization for the graph of T™* :
G(T") = U(G(T)*") = (UG(D))*

where U is defined as in Definition 221 on Hy X H,.
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Proof.

G(T7) ={(9;T"g) | g € D(T")} = {(g, h) € Hy x Hy [ (h, [)1 = {9, T f)2 Vf € D(T)}
={(g.h) [ (g, h),(Tf,—f)) =0Vf e D)}
= (UG(T)*

The second equality follows from Definition 23 n

Theorem 2.18 (On the adjoint of an inverse)

Let (Hy,({-,)1), (Ha,(:,*)2) be two Hilbert spaces and T : D(T) C Hy — Hy be an
injective and densely defined linear operator. If R(T) is dense, then T* is injective and
(T*)—l — (T_l)*.

Proof.
Assume T*g = T*h for some g,h € D(T*). Then

(9. 1f) = {T"g, f) = (T"h, f) = (b, T[) Vf € D(T),

ie. g—heR(T): ={0}.
Finally,

G(T™)) = UGT ) = (UVTG(T))" = (VU'G(T)" = V(U (G(T))
=V(G(T")) = G((T") )

using Lemma 27140, where U and V' are defined as in Definition 223 on Hy x H; (instead
of H1 X HQ)

]

Proposition 2.19 (On the graph of the double adjoint)

Let (Hy, (-,-)1), (Ha,(-,-)2) be two Hilbert spaces spaces and let T : D(T) C Hy — Hsy be
a densely defined linear operator such that T is densely defined. Then G(T**) = G(T).
In particular, if T has a closed graph, then T = T**.

Proof.
G(T™) = (U2aG(T))" = (U2aU12(G(T)7))" = (G(T)")* = G(T)

using Lemma 27T, where U 5 and U, ; are defined as in Definition P23 on H; x Hy and
Hy x Hj respectively. ]

Definition 2.6 (Self-adjoint)
Let (H, (-, -)) be an Hilbert space and T': D(T') C H — H be a linear operator. We say
that T' is self-adjoint if T" is densely defined and T' = T™.

Theorem 2.20
Let (H,(-,-)) be an Hilbert space and T : D(T) C H — H be an injective, self-adjoint,
linear operator. Then T~ is self-adjoint.
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Proof.

By Theorem IR, it is enough to prove that R(T') is dense. We have {0} = N(T') =
N(T*) = R(T)* by Proposition ZZI3. In particular, R(T) is a closed subspace such that
(R(T))* = {0}. By Theorem 22, R(T) = H. O

Definition 2.7 (Closed operator)

Let (X,||"||x), (Y;||-|ly) be two Banach spaces and 7" : D(T) C X — Y be a linear
operator. We say that T is closed if the graph G(T') of T is closed in X x Y (endowed
with the norm [|(z, y)[[xxy = [lz][x + [lylly).

Theorem 2.21 (Closed Graph Theorem)
Let (X, ||"|lx), (Y,|I|ly) be two Banach spaces and T : D(T) C X — Y be a linear
operator. The following are equivalent :

1. D(T) is closed and T is closed;
2. D(T) is closed and T is bounded;
3. T s closed and bounded.

Proposition 2.22 (Adjoint is closed)
Let (Hy, (-,-)1), (Ha, (-, *)2) be two Hilbert spaces spaces and let T : D(T) C Hy — Hy be
a densely defined linear operator. Then T™ is closed.

Proof.
Let (gn, fn)22, C G(T*) be a sequence converging to some (g, f) in Hy x H;.

Then for all z € D(T) :
(9,T2) = limn (g, T) = linn (T g, ) = limn (o2 = (f,2),
sog € D(T*) and T*g = f, ie. (g,f) € G(T*). O

Corollary 2.23

Let (Hy,{-,-)1), (Ha,{-,")2) be two Hilbert spaces spaces and let T : D(T) C Hy — Hj be
a densely defined linear operator such that T* is densely defined. Then T* = (T*)** =
(T**)*'

Proof. Follows from Proposition 219 and Proposition 2222. O

Proposition 2.24 (On the range of the double adjoint)

Let (Hy,(-,")1), (Ha,{-,-)2) be two Hilbert spaces spaces and let T : D(T) C H; — Ho
be a densely defined, injective, linear operator such that T is densely defined and T** is
injective with bounded inverse. Then R(T**) = R(T).

Proof.
This is equivalent to proving D((T**)~') = D(T-1). We already know that D((T**)™!)
is closed by the Closed Graph Theorem and D(T~ ') € D((T**)™!) since T C T**. Tt

remains to prove that D((T**)~!) c D(T1).

Let x € D((T**)™1). Since G((T**)~') = G(T-') by Proposition Z19, we can find a
sequence ((x,, T"'z,))%, C G(T™') converging to (z, (T**)~'z) in Hyx H;. In particular,

(1,)%, C D(T™') converges to x in Hy, so x € D(T1). 0
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2.3 Orthogonal Projectors

Definition 2.8 (Symmetric operator)
Let (X, (-,-)) be a Pre-Hilbert space and S : X — X be a linear operator. We say that
S is symmetric if

(Sz,y) = (x,5) Ve,y e X

Definition 2.9
Let (X, (-, -)) be a Pre-Hilbert space and P, S : X — X be two symmetric linear operators.
We write P < S (and similarly for <, >, >) if

(Pr,x) < (Sz,z) Vo € X
Note that since S is symmetric, (Sx,x) is real for all x € X.

Definition 2.10 (Orthogonal Projector)
Let (X, (-,-)) be a Pre-Hilbert space and V,W C X two subspaces such that

1.V1IW
2. X=VaoelV

By hypothesis 2., Vo € X, 3lv € V, w € W such that + = v+ w. Therefore, we have two
well-defined maps

P:X—X Q:X—-X
) T = w

P is called the orthogonal projection onto V and @ (= I — P) is called the orthogonal
projection onto W.

Example 2.2
Consider the Pre-Hilbert space X = C°([—1,1]) on R endowed with the £2-scalar product

(9, f) = /_llg(m)f(x)dx.

Let V C X be the subspace of even functions and W C X be the subspace of odd func-
tions. Then X is the orthogonal direct sum of V' and W and the orthogonal projections
P, @) are respectively given by

f(@)+ f(=a) _ @) = (=)
T Y=

We only check that V' L W. Let g(z) € V be even, f(x) € W be odd. Then g(x)f(z) is
odd and

Pf(z) =

(g9, f) = /11 g(x)f(x)de = /01 g(x)f(x)dx + /01 g(x)f(z)dz

= [[ot-a)f o)z + [ (o) f()da

0
=0
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Proposition 2.25 (Properties of an orthogonal projection)
Let X, V. W, P,Q be as in the above definition.

Then P is a bounded linear operator such that ||P|| < 1 (and ||P|| = 1 if V # {0}),
P?=PoP =P (ie P isidempotent), N(P) =W, R(P) =1V, P is symmetric and
0<P<I.

Proof. We write x =v+w, Pr=veV,weW.
1. Linearity : Easy to check.
2. By Pythagoras’ Theorem, ||z||* = ||Pz||* + |Jw|]* Vz € X, so ||Pz|]* < ||z||* Vz €
X.

This proves ||P|| < 1. Assume now that V' # {0}. Since Pv = v Vv € V, we have
[|P|| =1 (take v € V such that ||v|| = 1).

3. Since Pr € V Vx € X, we have P(Pz) = Pr Vz € X, i.e. P2=P.

4. N(T) =W, R(P) =V follow from the definition of P.

5. Let z,y € X. Write v = v, + w,, y = vy +wy, Px =v,, Py =v, € V, wy,w, € W.
Then

(Pz,y) = (Pz, Py + w,) = (Pz, Py)
(x, Py) = (Px + w,, Py) = (Px, Py)

where we used V1 W.
6. Forall z € X :

(Pz,x) = (P*r,r) = (Px, Pz) > 0 = (0, x)
(Pr,x) < ||Pa|| - [lzl] < [|PI] - |l2[[* < 1-[]|* = (Iz, )

Proposition 2.26
Let (X, (-,-)) be a Pre-Hilbert space and P : X — X be a linear operator. The following
are equivalent :

1. P is an orthogonal projection;
2. I — P s an orthogonal projection;,

3. P is idempotent and symmetric.

Proof.

(i) <f:> (#7) : By definition, P is an orthogonal projection if and only if I — P is an
orthogonal projection.

(i) == (di7) : Follows from Proposition Z23.

(14i) = (i) : We shall prove that P is the orthogonal projection onto R(P). First, we
prove that R(P) L R(I — P). For all z,y € X, we have

(Pe, (I - P)y) = (z, P(I - P)y) = (x,(P — P*)y) = {x,0) = 0.

Furthermore, every x € X can be written as © = Pz + (I — P)z = v+ w, v € R(P),
we R(I - P), so X = R(P) + R(I — P).
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It only remains to prove that R(P)N R(I — P) = {0} (i.e. the sum is direct) and (i) will
follow. Assume that © € R(P) N R(I — P). We can write x = Py = (I — P)z for some
y,z € X. Then

l2ll* = (z,2) = (Py, (I = P)z) = (y, P(I — P)z) = (y,0) = 0.

Proposition 2.27
Let (X, {(-,-)) be a Pre-Hilbert space and Py, P, : X — X be two orthogonal projectors.
The following are equivalent :

1. A< P
2. P =P
3. PLP,=P

4. R(Py) C R(P)

Theorem 2.28
Let (H,(-,-)) be an Hilbert space and (S,)5>, C B(H,H) be a decreasing sequence of

n=1

symmetric operators (i.e. 0 < Sy < .5, Vn € N).
Then there exists S € B(H, H) symmetric, S > 0,||S|| < ||S1]|, such that for all x € H :
lim S,z = Sz,

n—-+o0o

i.e. S, converges strongly (pointwisely) to S. We write S,, = S.

2.4 Basic Spectral Properties

Definition 2.11 (Eigenvalue, Spectrum, Resolvent Set)
Let (H,(-,-)) be an Hilbert space on K and T': D(T') — H be a linear operator.

1. An element z € K is called an eigenvalue of T if N(zI —T') # {0}.

2. If z € K is an eigenvalue of T, N(zI — T) is called the eigenspace of z and the
elements of N(zI — T) are called eigenvectors. The dimension of N(zI — T) is
called the multiplicity of the eigenvalue.

3. The set p(T) = {z € K | 2I — T is injective, R(zI —T) = H and (2] —T)~' is
bounded} is called the resolvent set of T. If z € p(T), R(2,T) = (2I —T) ' is
called the resolvent of T at point z.

4. The set o(T) = K\ p(T) is called the spectrum of T'. Notice that any eigenvalue of
T lies in the spectrum.

Remark 2.29 (About the resolvent set)
Suppose that T is not closed. Then p(T") = 0.

Assume not and let z € p(T'). Since T is not closed, zI —T is not closed and so R(z,T) is
not closed as well. But R(z,7T) : H — H is bounded, which then contradicts the Closed
Graph Theorem.

Note that by Proposition 222, a self-adjoint operator is closed.
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Example 2.3 (Spectrum of the differentiation operator)
Consider the real Hilbert space

H = £*([0,1]) = {f : [0,1] = R | |f|* is Lebesgue integrable on [0, 1]}

endowed with the £2-scalar product

(9. f) = /01 g(x)f(z)dz.

Consider the differentiation operator

T D(T) € £2([0,1]) = £3([0,1])
f(@) = f'(z)
where D(T) C H is the set of classes for which we can find an absolutely continuous
representative f : [0,1] — R such that f, f’ € £%(]0,1]) and f(0) = 0. Then p(T) = R
and o(T) = 0.
Indeed, let A € R. First, we show that AI — T is injective and R(A] —T) = H. Let
g € £2([0,1]). We try to find f € £2([0,1]) satisfying

Mf(z) = f'(x) = g(x), [f(0)=0
Multiplying by —e™**, we get

d

e ] = e (@) - e (@) = —eMg(a).

Integrating this, we find
f@) = ["eg(tyat,
0

where there is no constant since f(0) = 0. We can check that this is indeed a solution in
D(T) to our equation (which is unique from the way we derived it).

Now, it remains to show that the operator
S £*([0,1]) = D(T)
g(x) — e)‘x/ e Mg(t)dt
0

is bounded. This is clear since

1 T 2
1Sg]|7 :/0 e (/0 e_’\tg(t)dt> dx

< (1+¢e*) /01 (/Om 62’\tdt> (/Ox gz(t)dt> dx

< (14 eI - lgllZe

where we used the Cauchy-Schwarz Inequality for the second inequality.

We saw in Example 271 that 7" is not a self-adjoint operator. An easy consequence of the
Spectral Theorem is that a self-adjoint operator always has non-empty spectrum, so that
would be another way to prove that T is not self-adjoint.
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Theorem 2.30 (First Resolvent Identity)
Let (H,(-,-)) be an Hilbert space and T : D(T) — H be a linear operator. For all
z,2" € p(T), the first resolvent identity holds :

R(2,T)— R(z,T) = (¢ —2)R(2,T)R(Z',T) = (' — 2)R(z', T)R(z,T).

Proposition 2.31
Let (H,{-,-)) be an Hilbert space and T : D(T) — H be a linear operator. For all
2,2 € p(T), z # 2/, the following identity holds :

2l —T=(7-2)7""1-RZT)ZI-T)z~2)I

Corollary 2.32 (On the spectrum of the resolvent)

Let (H,(-,-)) be an Hilbert space and T : D(T) — H be a linear operator such that
p(T) £ 0. Let 2" € p(T) be fized.

Then z € p(T), z # 2, if and only if (2 —2)"' € p(R(z',T)), z # 2.

In particular, o(R(2',T))\ {0} ={(z' —2)7' | z € o(T)}.

Proposition 2.33 (On the spectrum of a complex self-adjoint operator)
Let (H,(-,-)) be an Hilbert space on C and T : D(T) — H be a self-adjoint operator.

If z€ C, Sz #0, we have ||(zI —T)x|| > |Sz| - ||z|| > 0 Vx € H.

1
In particular, z € p(T), ||R(z,T)|| < 52 and the spectrum of T is real.
3z

Proof.
Since{tT is self-adjoint, we have (z,Tz) = (Tx,z) = (z,Tx) € R Vax € D(T).
By the Cauchy-Schwarz inequality;,
1= = T)al| -[|2]] > [{w, (2] = T)z)| > [z, (I — T)z)| = 32| - [|[* V& € D(T).

This implies |[(z] —T)z|| > |Sz|-||z|| Vx € D(T') (x) and so the first part of the statement
follows.
This inequality also implies that zI — T is injective. If (21 — T)x; = (21 — T)xq, then
(21 =T)(z1 —22) =0and 0 = ||(z] —T)(x1 — z2)|| > |2 - ||x1 — x2|| > 0, so &1 = xa.
By Theorem 220, R(zI — T') is dense. Since T is self-adjoint, G(T) and G(zI — T') are
closed. Thus, R(z,T) is a densely defined and closed inverse of zI —T'. Furthermore, it is
bounded by 1/|3Jz| because of (x). By the Closed Graph Theorem, D(R(z,T)) is closed,
ie. D(R(2,T)) = H.

[

Theorem 2.34 (von Neumann Series)
Let (X, ||||x) be a Banach space and T : X — X be a bounded linear operator such that
Iy <1.
Then the sequence (30 T")2, converges in (B(X, X),||||). Additionally, its limit, de-
noted by S, satisfies

(I-T)oS=8So(I-T)=1,

1
i.e. S is invertible in B(X, X) with inverse I —T and ||S]| < =
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Corollary 2.35 (Resolvent set is open)
Let (H,(-,-)) be an Hilbert space and T : D(T) — H be a linear operator. Then p(T) is
open and o(T') is closed.

More precisely, if p(T) # 0, then for any zo € p(T) and z € K such that |z — z| <
[|R(20, T)||7, we have z € p(T) and

R(z,T) = i(zo — 2)"R(z, T)".

n=0

Proof.
If p(T) =0, p(T) is trivially open. Assume not and let zo € p(7T)).

Let z € K be such that |z — 29| < [|R(20,T)||™, 2 # 2. Apply Theorem 2234 to
(20 — 2)R(20,T) € B(H, H). Thus, the operator

S => (20— 2)"R(20,T)" € B(H, H)
n=0
is well-defined. Consider the operator

A

S = R(20,T)S = > (20— 2)"R(20,T)""" € B(H, H)
n=0
Denote by §p the p-th partial sum associated to S. Then
(21 =TS, = (—(20 — 2)I + (20l = T))S,

= _ i(za — 2)" M R(z, T)"** + i(zo — 2)"R(z, T)"

n=0
p+1 p
=1- Z(Zo - Z)nR(Zm T)n + Z(ZO - Z)nR(Zo» T)n
n=0 n=0
— I -S+5=1

p—r—+00

ie. (21 -T)S=1.
Similarly, we can show that S(zI — T) = I. Therefore, (2] — T) has an inverse S =
R(z,T) € B(H,H). O

Corollary 2.36
Let (H,(-,-)) be an Hilbert space and T : D(T) — H be a linear operator.

If o(T) # 0, for any zo € p(T), we have d(zq,0(T)) > ||R(2,T)||*.

Proof.

If z0 € p(T), for any 2 € K such that |z — z| < ||R(z0,T)||™!, we have z € p(T).
Therefore, |z — zo| > ||R(20,T)||™! for all 2 € o(T), so d(zo,0(T)) > ||R(z0,T)||~" by
taking the infimum over all z € o(T)). O

Proposition 2.37 (Spectrum of a bounded operator is compact)
Let (H,(-,-)) be an Hilbert space and T : H — H be a bounded operator. Then o(T) is
compact (closed and bounded).
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More precisely, if X € o(T), then || < ||T||. Equivalently, if A € K is such that |\| > ||T|,
then A € p(T).

Proof.

Let A € K with |A| > ||T||. Then |[3T]| < 1 so I — 1T has a bounded inverse defined on
the whole H by Theorem 2238, Therefore, A(I — {T) = M — T has a bounded inverse
defined on the whole H and so A € p(T). O

Definition 2.12 (Analyticity)

Let U be a non-empty open subset of C and let (X, ||-||x) be a Banach space. A function
F .U — X is called complex analytic if for every zo € U, there exists a » > 0 and a
sequence (f,)r>,; C X such that

F(z)=> (z—20)"fo Vz€Ust. |z—2|<r
n=0
le. .

VzeUst. |z—z| <r:||F(z) = > (2 — 20) fillx — 0.

=0 n—-+0o00

-1
The quantity R = R(z) = (hm sup|| anﬁ(/n) is called the radius of convergence of the
n—-400

series around zg. One can show that the series converges uniformly in {z € U | |z — 2| <
R} and diverges if z € U is such that |z — 2| > R.

Theorem 2.38 (Resolvent is analytic)
Let (H,(-,-)) be an Hilbert space on C, T : D(T) — H be a linear operator such that
p(T) # 0 and let x,y € H be fivred. Then the following functions are analytic :

R(-,T):p(T)— B(H,H), 2z R(2,T)
R(-,T)x: p(T) — H, 2 R(z,T)x
{y, R(-, T)x) : p(T) = C, 2 (y, R(z, T)x)

In particular, (y, R(-,T)x) is holomorphic in the usual sense.

Proof. This follows from Corollary P=33. O
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Chapter 3

Abstract Measure and Integration Theory

Our version of the Spectral Theorem will not assume boundedness of the operator. There-
fore, defining a functional calculus on the set C°(o(T)) by the mean of the Weierstrass
Approximation Theorem do not work anymore (o(7) is not necessarily compact). The
functional calculus for unbounded operators will be defined using abstract integration.
For this purpose, we recall the fundamental theory of Measure and Integration. See
[Sha03] (Chapter 6) for more details.

3.1 Abstract Measure Theory

Notation (Extended Real Numbers)
We denote by R = R U {#+o00} the extended real numbers with the usual arithmetic
operations and the convention 0 x oo = 0.

Definition 3.1 (Outer Measure and Measure)
An outer measure on a topological space X is a function p, : P(X) — Ry U {+o0}
satisfying :

L pe(0) =0
2. If A1 C AQ, then ,u*<A1) S [,L*(AQ)
3.

(U A) < 30 na(4)
i=1 i=1
A set A C X is said to be Carathéodory measurable with respect to u if
i (S) = 1 (ANS) + p (AN S) VS C X.

Denote by M the set of p-measurable subsets of X. Then M is a o-algebra (i.e. it is
non empty, closed by complementary and closed by countable union) and the function
p= s s M = R U {+00} is called a measure on M. This function satisfies

M( f_j Ai) = i#(&')

for any countable family of disjoint sets of M.

We will use the following terminology :
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1. A triple (X, M’, jijrr ), where M’ C M is a o-algebra, is called a measure space.
2. The space is called complete if VE € M’ such that y(E) =0: ACE=Ae M.

3. The space is called Borel if all Borel sets of X (i.e. the family of countable union,
countable intersection and complement of open subsets of X) are in M’.

4. The space is called o-finite if X is the countable union of measurable sets with
finite measure.

5. The measure is called finite if u(A) < +o0 VA € M.
6. A subset A C X will be called p-measurable if A € M'.

Proposition 3.1
Let (X, M, p) be a measure space. If A and B are measurable, then

p(AU B) = p(A) + u(B) — p(AN B).

Proposition 3.2 (Continuity of the measure)
Let (X, M, ) be a measure space.

1. If (A,)2, C M is an increasing sequence of measurable sets (i.e. A, C Api1 Vn €
N), then

p(J A = Jim_p(Ay),

n—-+00

2. If (A,)22, C M is a decreasing sequence of measurable sets (i.e. A,y C A, Vn €
N) such that p(Ay) < 400, then

n—-+00

W) An) = Jim_p(Ay),

Definition 3.2 (Measurability)
Let (X, M, u) be a measure space.

A function f : X — R is said to be p-measurable if the sets {x € X | f(x) < s} are
j-measurable Vs € R.

A function f: X — C is said to be u-measurable if Rf and S f are u-measurable.

An assertion is said to be true p-almost everywhere (abbreviated a.e.) if there exists a
p-measurable set N C X such that u(N) = 0 and the assertion is true Vo € X \ N.

Definition 3.3 (Stieltjes Measure)
Let p: R — R be a non-decreasing and right-continuous function.

Then p defines a unique o-finite Borel measure on R (denoted by p as well) such that

p(b) — p(a) for J = (a, b
B p(b) — pla—) for J = [a, b]
p(J) = p(b—) — p(a) for J = (a,b)
p(b—) — pla—) for J = [a,b)



where p(a—) = lim p(t). This measure, called a Lebesgue-Stieltjes measure, is induced
t—a~

by the outer measure

p«(A) = inf{i (p(b) — p(a)) | A C D(ai,bi],ai < b; € R}.

The standard Lebesgue measure is the Stieltjes measure associated to p(x) = .

Definition 3.4 (Cumulative Distribution Function)
Let (R, M, 1) be a measure space such that p is Borel and finite. We define the Cumu-
lative Distribution Function of p as the function F : R — R, F(x) = u((—o0, x]).

Then F'is a non-negative, non-decreasing, bounded and right-continuous function such
that 1_1>m F(z) = 0. Furthermore, the Stieltjes measure associated to F' coincide with
x —00

1L

3.2 Abstract Integration Theory

Definition 3.5 (Integral of simple and non-negative functions)
Let (X, M, u) be a o-finite measure space.

A simple function is a function ¢ : X — R of the form
¢ = Z aiX A;»
i=1
where Ay, ..., A, is a sequence of disjoint measurable subsets of X and a; e RVi=1,....n.

If X =R and the A;’s are disjoint bounded intervals, ¢ is called a step function.

The integral of a simple function with respect to the measure p is defined as
/X pdp = ;%M(Ai)
The integral of a measurable, non-negative, function f : X — R is defined as
/X fdp = sup{/X ¢dp | 0 < ¢ < f, ¢ is a simple function}.

The integral of a measurable, non-negative, function f : X — R on a measurable subset

A C X is defined as
[ Fdn= [ 1 xadn.
A X

Definition 3.6 (Integral and Integrability)
Let (X, M, u) be a o-finite measure space. Let A be measurable subset of X.

We say that a measurable function f : X — R is p-integrable on A if the functions
[T =max{0, f(z)} and f~ = max{0, — f(x)} satisfy

/ frdp < 400, / f~dp < +o0.

A A
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In this case, the integral of f on A with respect to the measure p is defined as

[ fdu= [ rran— [

The integral of a complex-valued function is defined in a similar fashion.

Theorem 3.3 (Monotone Convergence Theorem)
Let (R, M, 1) be a measure space.

1. Let (fn)%%, fu: R — Rxq, be a non-decreasing sequence of non-negative measurable
functions converging pointwisely almost everywhere to f : R — Rsq. Then f is

measurable and
A ds= [ lim_fods = [

2. Let (fn)22,, fn: R — R, be a non-increasing sequence of real-valued measurable
functions such that fi is integrable and the sequence (fn) converges pointwisely
almost everywhere to f : R — R. Then f is measurable and

lim / Fodp = / lim fody = / Fdu

n—4o00o n—+400

Theorem 3.4 (Fatou’s Lemma) B
Let (R, M, n) be a measure space. Let (fn);2q, fo : R — Rxo, be a sequence of non-
negative measurable functions. Define the function f: R — Rsq by

f(z) =liminf f,(x), z € R.

n—-+o0o

Then f is measurable and
/ fdp = / lim inf f,dp < lim inf / Jndp.

Theorem 3.5 (Dominated Convergence Theorem )

Let (R, M, j1) be a measure space. Let (f,)°%,, fn: R — R, be a sequence of measurable
functions converging pointwisely almost everywhere to f : R — R. Assume there exists
an integrable function g : R — Rsq such that 0 < |f,| < g almost everywhere for all
n € N. Then f, is integrable for all n € N, f is integrable and

m / Jndp = / Jm  fadp = / fdp.

Theorem 3.6 (Relation between Lebesgue and Riemann Integral)
Consider the standard Lebesgue measure fi.

Let —o0o < a < b < +oo and let f : [a,b] — R be Riemann integrable. Then f is Lebesque

integrable and
R c
A ﬂ@sz]Mm

a,b] a,b

where the integral on the left-hand side is the standard Riemann integral and the integral
on the right-hand side is the standard Lebesque integral.
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Proof. [Sha05] (Theorem 1.5 p.57) O

Corollary 3.7
Let f : [a,+00) — R be a function that is Riemann integrable on any closed interval
la,b] C [a,+00) and Lebesgue integrable on |a, +00). Then the improper Riemann integral

R
lim } f(z)dz
¢

t——+oo [a,

exists and
R L

lim fz)dx = / fdu

t—=+00 Ja,t] [a,+00)

Remark 3.8

There exists functions that are improperly Riemann integrable, but not Lebesgue inte-
grable. For example, the function f(z) = sin(z)/z is improperly Riemann integrable on
[0, +00) (using, for example, the Abel-Dirichlet Test for convergence of improper Riemann
integrals) but not Lebesgue integrable.

Definition 3.7 (Pushforward measure)
Let (X3, M, i) be a measure space with associated outer measure 1., Xo be a topological
space and F': X; — X5 be any function.

Let My = F(M,) = {B C X, | F7Y(B) € M;} be the pushforward o-algebra on Xs.
We define an outer measure F'#pu, on X, as
Fét.(B) = p(F(B)), BC X,

Then (X, My, (F#11.)m,) defines a measure space on Xy, i.e. every element of M, is
Carathéodory measurable with respect to F'#pu,, and F#u = (F#/.)am, is called the
pushforward measure on (Xz, My).

Theorem 3.9 (Change of variables)
Let (X1, My, 1) be a measure space, Xo be a topological space and F' : X1 — Xo be any
function. Let g : Xo — R be a (F#u)-integrable function.

Then g o F' is p-integrable and
/ g d(F'#pu) =/ go F dp.
XQ Xl

Definition 3.8
Let (X, M, u) be a measure space with associated outer measure p, and f: X — R be
a p-measurable non-negative function.

We define an outer measure fu, on X as

fu(B) = wf(Y [ fdu] (A)E=, € M, B J A} Be X
=1 U

=1

Then (X, M, (f{is)m)) defines a measure space on X, ie. every element of M is
Carathéodory measurable with respect to fu,. Furthermore,

fu(B) = [ fduvB eMm.
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We write fu:= (fp)m.

Proposition 3.10
Let (X, M, u) be a measure space and f : X = R be a u-measurable non-negative function.
For any p-measurable function g : X — R, we have

/ng du:/Xg d(fp).

3.3 L? spaces

We need the four additional results related to £P spaces, whose proofs can be found in
[RudR6] (pp.41-47, 65-70).

Theorem 3.11 (L7 is a complete space)

Let (X, M, i) be a measure space. For 1 < p < +o00, we denote by L% (X, M, 1) the set
{f: X = K||f|P is integrable} (where f and g are identified if f = g almost everywhere).
Then L& (X, M, u) is a K-vector space.

If we equip LY (X, M, 1) with the norm

1/p
Wflles = ( [170)Pd)
then L (X, M, i) is complete.

Notation
If the measure space (X, M, p) and K are clear from the context, we write £LP(p) =
LE(X, M, ).

Theorem 3.12

Let (X, M, ) be a measure space and let 1 < p < +oo. If (fn)22, C LE(X, M, p)
converges to [ in L5 (X, M, ), then there exists a subsequence (f,, )3, of (fn) such that
(fn.) converges pointwisely to f almost everywhere.

Definition 3.9 (Radon measure)
Let (X, M, 1) be a measure space, where X is a locally compact Hausdorff space. The
measure f is called a Radon measure if it satisfies

1. u(K) < 400 for all compact subsets K C X;

2. w(E) =inf{u(V)| ECV, Vopen} VE € M;

3. p(E) = sup{u«(K) | K C E, K compact} VE € M such that u(E) < +oo and
for all open subsets £ C X.

Remark 3.13
If X is a compact topological space, a Radon measure 4 on X is necessarily finite.

Theorem 3.14 (About density of step functions)
Let (R, M, i) be a complete measure space and p be a Radon measure. Then

1. Continuous compactly supported functions are dense in L (R, M, ) V1 < p < +o0.
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2. Step functions are dense in Ly (R, M, pu) V1 < p < +o0.

Remark 3.15
Any Stieltjes measure on R satisfies the assumptions of Theorem B4

Theorem 3.16 (Riesz-Markov-Kakutani Representation Theorem)
Let X be a locally compact Hausdorff space and let C.(X) be the vector space of continuous
and compactly supported functions from X to R endowed with the sup norm.

Let A : Co(X) — R be a linear functional satisfying A(f) > 0 Vf € C.(X) such that
f(X) C [0,400). Then there exists a complete Borel measure space (X, M, ), where p
is a Radon measure, such that

A = [ fd ¥ € Co(X).

Furthermore, p is the only Radon measure on M with this property.

3.4 Weak convergence of measures

The following results about sequences of measures will be helpful to prove some represen-
tation theorems for analytic functions.

Theorem 3.17 (Layer-Cake Representation)
Let (R, M, i) be a measure space. Let f € LY(11) be a positive and finite-valued function.

Then
| fan= /«Hm) u{x € R| f(z) > t})dt

where the integral on the right-hand side is to be interpreted as a standard Lebesgue
integral.

Proof.

For n, k € N, define £, = {z € R | f(x) > 2]{;} Since f is measurable, each E, j
is measurable. Notice that if & = 2j, then F,,,1, = E,; and if £ = 25 — 1, then
Eniik D Eyy.
For n € N, set

1 &
fn = 27 Z XEn,k'
k=1

Then (f,)2, is an increasing sequence because

1 gntl 1 2.4n 2.4
fn+1 = ont1 Z XEn+1,k = on+1 ( Z XEn+1,2j + Z XEn+1,2j—l>
k=1 j=1 j=1
1 2:.4™ 2.4

2 onii ( D XEa; D XEw) > fn Vn e N.
J j=1

—1

Furthermore, (f,) converges pointwisely to f. Let x € R. If f(z) = 0, this is clear.
Otherwise, let n € N be large enough so that 2% < f(x) < 2™ Then there exists a unique
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k=k(n) €N, 1<k <4" such that 2 < f(z) < &l For such a n and k(n), we have

k(n k(n
én) < f(2) < éj +21n —fn(a:)+21n,

1 k(n)
fulx) = T > Xe., =
j=1

so the pointwise convergence follows.

By the Monotone Convergence Theorem,

lim /fndu:/fdu.

n—-+o0o

Since (f,,) is an increasing sequence converging pointwisely to f, we have
{zeR| f(z) >t} = J{z eR| fulz) >t}
n=1

and {r € R | f.(x) > t},n € N, defines an increasing sequence of measurable sets.
Therefore,

pe €R | f(z) > 1) = lim_u({e € R| fu(x) > 1)

by continuity of the measure. Note that for any n € N,
p{z €R| fulz) > 1}) : R = Ryo

is a monotone function of ¢, so it is Lebesgue measurable.

By the Monotone Convergence Theorem,

lim /,u({:v ER| fulz) > t})dt = /,u({:v eR| f(z) > t})dt.

n—-+00

To conclude, it suffices to prove that

[odn= [ u(fe e R | g(@) > that

for a finite-valued and integrable function ¢ that is a positive linear combination of
characteristic functions of measurable sets.

Let R(g) = {a1 < ... < a,} C Ry be the range of g, E; = {x € R | g(z) = a;},
i=1,..,n, B;NE; =0 Vi# j. We write g in canonical form

9= aXg,,
i=1

i.e. g is a simple function when written in canonical form. Then
/gdu = > aip(E;)
i=1
and

n—1

[, oin=[nlaer|g@>tha=[ .+ [

.. o
(0,a1) i—1 7 laiait1) [@i+1,+00)
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= ax Z N(EJ) + Z (@iy1 — ai)H(EJ)
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n n—1 7J
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Remark 3.18
The sequence (f,) constructed in the above proof is the usual sequence constructed to
prove that simple functions are dense in £*().

Remark 3.19
A three-line proof of this theorem can be done using Fubini Theorem.

Definition 3.10 (Weak convergence of measures)
Let 9z be the space of finite measures on (R, B), where B is the o-algebra of Borel sets
of R.

We say that a sequence ()52, C Mg converges weakly to a measure p € My if

[ i~ g
for all f € Cy(R), the set of all bounded continuous functions from R to R.

Proposition 3.20 (Sufficient criterion for weak convergence)
Let T C B be a family of open sets that is non empty and closed by finite intersection.

Assume that any open set U € B is the countable union of elements of Z.
Let (pn)22, and p C Mp. If

lim p,(I)=pl) VIETI,

n——+oo
then (u,) converges weakly to pu.

Proof.
Let I1,I, € Z. Then I; NI, € 7 and

p(h U lz) = p(ly) + p(lz) — p(Ii N 12)
= dp )+ L () = i pn(H 0 )

— nlilfoo (I U 1)
Thus, we can assume without loss of generality that Z is also closed by finite union.
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Now, let U = %>, I,, be an open set, I, € Z Vn € N. Then A, = U*_, I,, k € N, defines
an increasing sequence of measurable sets such that U = ;2 ; Ax. Therefore,

p(U) = lim p(Ay)

for any Borel measure p by continuity of a measure. Equivalently, for any Borel measure
p and for any € > 0, there exists K = K(p,¢€) € N such that Vk > K :

p(U) < p(Ax) + €
Applying this to p = p and an arbitrary € > 0, we get
p(U) < p(Ag) + €= lim i, (Ag) + € < lgrgi&fun((]) +e€
Since € was arbitrary, we deduce

w(U) < liminf p, (U).

n—-+o0o

Let f € Cy(R). By applying a translation to f, we can assume that f > 0. For any ¢ € R,
the set {x € R | f(x) > t} is open and thus Borel. Using the Layer-Cake Representation,
we find

[ i = /(O,m) p{x € R | f(z) > t})dt
<

< / liminf pu,({z € R| f(x) > t})dt
(0,4-00)

n—-+o0o

< lim inf )un({x eR| f(x) > t})dt

n—+00 J(0,+00

n—-+o0o

= liminf/fdun

where we used Fatou’s Lemma for the last inequality. We get

limsup [ fdpu, < / fep

n——+00

by applying the same reasoning to — f. This allows us to conclude. O]

Remark 3.21
The last part of the proof (the fact that u(U) < lim Jinf i (U) for any open set implies

the weak convergence) is a specific case of the Portmanteau Theorem.

Corollary 3.22
The weak limit . of a sequence of finite measures (f1,)52, C Mp is unique.

Theorem 3.23 (Helly’s Selection Theorem)
Let (1), C Mp be a sequence of finite measures such that the sequence of cumulative
distribution functions (F,)% is uniformly bounded.

Then there exists a subsequence (F,, )32, of (F,) and a non-negative, non-decreasing,
bounded and right-continuous function F' : R — R such that for all continuity points x of
F, we have klirf F, (z) = F(x).

—+o00
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Proof.
Using a standard sequential compactness argument on R combined with a Cantor Diago-
nal argument, the existence of a function G : QQ — R and a subsequence (F,, )7, of (F},)
such that klil}_l F,.(z) = G(x) Yz € Q is easily seen.

—+00
Now, we define F': R — R by F(x) = inf{G(t) | t > z, t € Q}.
Clearly, G and F' are non-decreasing and bounded. To check the right-continuity of F,
let o € R be fixed, let € > 0 and let ty > x, to € Q, such that

F(l’o) S G(to) S F(l’o) +e€

by definition of infimum. Now, for all ¢ such that ty >t > xq (i.e. 0 <t—z9 < J = tog—x0),
we have

F(zo) < F(t) =inf{G(u) |u>t, ue Q} < G(ty) < F(xo) + ¢,
which proves the right-continuity.
Finally, let o € R be a point of continuity of F. Let € > 0. Let r| < ry < z¢ < 13, with
ry, 1o, r3 € Q and

F(zg) —€/2 < F(r1) < F(ry) < F(xg) < F(rs) < F(zo) +¢/2

by continuity at xy and monotonicity of F'.

Notice that F(r1) < G(r2) < F(r) and F(re) < G(rs) < F(rs) by definition of F' and
monotonicity of G.

Furthermore, khgl F,, (ry) = G(re) and klir+n F,,(rs) = G(rs) by definition of G.
——+00 —r+00
Now let K € N be such that Vk > K :

|[Fni (r2) = Gr2)| < €/2, [, (rs) — G(rs)] < €/2.

k k

Therefore, for all k > K :
F(xo) — € < F, (r2) < Fy(w0) < Fy(r3) < Frs) < Fxg) + €

where we used the monotonicity of F},, to include F,, (x) in the chain. O

Proposition 3.24

Let (11,)52, C Mp be a sequence of finite measures. Assume that there exists a non-
negative, non-decreasing, bounded and right-continuous function F : R — R for which
the sequence of cumulative distribution functions (F,)2, converges pointwisely to F at
all continuity points x of F, i.e. nl_i}rfoo F,(x) = F(x) for all continuity points x of F.

Then ()22, converges weakly to the Stieltjes measure induced by F.

Proof.
Since F' is non-decreasing, its set of discontinuities D is countable. In particular, D¢ C R
is dense. Consider the family Z = {(a,b) | a,b € D, a # b}.

Then any open set U of R is the countable union of elements of Z.

We apply the sufficient criterion for weak convergence, i.e. we show that

Fo(b=) = Fala) = pn(1) —>_pp(D) = F(b=) = F(a) = F(b) = F(a) VI = (a,b) € T.
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We already have 1_1>I_~I_1 F,(a) = F(a) Ya € D°. Now, it suffices to prove 1_1£1 F.(b—) =
F(b) Vb e De.
Since F}, is non-decreasing Vn € N, we have F,(b—) < F,,(b) ¥n € N and so

limsup F,(b—) < lim F,(b) = F(b).

n——+o0 n—+00
Let € > 0. There exists é > 0 such that b — 6 € D¢ and
F(b—6)> F(b) - ¢/2.

by continuity of F' at b and density of D¢. Since 1_1&1 F,(b—46) = F(b—0), there exists
N € N such that Vn > N

F.(b—0)>F({b—0)—¢€/2.
Therefore,
F.(b—) > F,(b—9) > F(b) — ¢

for all n > N, where we used the fact that F,, is non-decreasing Vn € N. In particular,
Ve >0 :
liminf F,,(b—) > F(b) — ¢

n—-+o0o

and we conclude by letting € — 0. O
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Chapter 4

The Herglotz Representation Theorem

Definition 4.1 (Bounded Variation)

Let —oo < a < b < 4o0. A function h : [a,b] — C is said to be of bounded variation if it
can be written as h = hy — hy + ihy — ihg, where each h; : [a,b] — R is a non-decreasing
bounded function.

Remark 4.1
If h:[a,b] — C is of bounded variation and is right-continuous, then we can choose the
h;’s to be right-continuous as well.

Definition 4.2 (Integral with respect to a function of bounded variation)
Let h : R — C be right-continuous, of bounded variation, with right-continuous h;’s.
Then each h; defines a finite Stieltjes measure as in Definition B3.

Let A C R be measurable for each h;. Let f : R — R be a real-valued function that
is integrable on A with respect to each h;. The Lebesgue-Stieltjes integral on A with
respect to h is defined as

/Afdh:/Afdhl—/Afdhznti/Afdhg—i/Afdm.

The integral of an integrable complex-valued function f : R — C is defined similarly.
We write £ (h) = i_y Lk (hi) = L5 (35, hy) for 1 < p < +oo0.

Remark 4.2
Since each h; defines a finite Stieltjes measure, any bounded continuous function is inte-
grable with respect to each h;.

Proposition 4.3
Let h : R — C be right-continuous, of bounded variation, and let f € LL(h) be non-
negative. Define

d:R—-C
dh
T /( )

Then ® is right-continuous and of bounded variation.

36



Furthermore, for any g € Li(h), we have g € Li(P) and

[ atde) = [ gt f@dne).

Proof.
The function @ is right-continuous because

(w+6) = (@) = [ (1) (X-srd(t) = X-ooa(0)db(t) — [ 0dh(t) =0

e—0t

by the Dominated Convergence Theorem (write h(t) = hy(t) — ha(t) + ihg(t) — ihy(t),
[...dh = [...dhy — [...dhe +i[...dhs — i [...dhy, with h;(t) non-decreasing and
right-continuous, and apply the theorem to each Stieltjes integral).

The function @ is of bounded variation because

CID(:c):/( ]fdhl—/( ]fdh2+i/( }fdhg—i/( b

and each [_, .y f(t)dh; is right-continuous, non-decreasing and bounded. We write ¢ =
Dy — Py 4 1DP3 — 1Dy.

Note that the Stieltjes measure d®;(t) is exactly fdh;(t) from Definition B8 so the identity
follows. O

Theorem 4.4 (Stieltjes Inversion Formula)
Let w : R — R be right-continuous, of bounded variation, satisfying tLi:En w(t) = 0.

Define
flz) = /R(z ) dw(t), € H={z€C|Sz> 0}

Then we have the Stieltjes Inversion Formula

—1 4o
w(t) = lim lim —/ Sf(s+ie)ds Vit € R,

=0T e—=0t T J—co

where this integral is to be interpreted as a standard Lebesgue integral.
In particular, if f(z) =0 on H, then w(t) =0 on R.
Proof.

Since w(t) is real-valued, for s € R and € > 0, we have

%f(s—l—ie):/

[ (s +ie =)~ du(?) :/R

Using Fubini-Tonelli Theorem,

/(w) ds | (S_t_;wdw(t) = [ duwt /(W) (s—zf_)g—i—e?ds
= —/]R (arctan(T — t) + g)dw(t)

€
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—t
Since \arctan(r—) + g| <mVrteR, Ve>0,and
€

mforr >t
)42 T forr=t ase—0F
2 2 N ’
Oforr <t

arctan
€

we can apply the Dominated Convergence Theorem to get

s
lim %fs+ieds:—/ det—/—dwt—/ Odw(t
=0+ J(—oo,r) ( ) (—o0,1) Q r2 Q (r,+00) ()
T
= —mw(r—) — 5(10(7’) - w(r—))
T
= —E(w(r) + w(r—)).
Set r=t+6,t€R,§ >0 and take the limit 6 — 0. O

Theorem 4.5
Let w : R — C be right-continuous, of bounded wvariation, satisfying tLi:En w(t) = 0.

Define
f(z) = /R(z — )" lduw(t), z € C\R.
If f(2) =0Vz e C\R, then w(t) =0Vt € R.

Theorem 4.6 (Herglotz, Nevanlinna)

Let HH={z € C| Sz > 0} and let f : H — C be holomorphic such that Sf(z) < 0 and
|f(2)Sz] < M Vz € H. Then there ezists a unique right-continuous and non-decreasing
function w(t) : R — R for which tgr_noow(t) =0 and

f(z) = /(z — ) Ydw(t) V2 € H
R
Furthermore, w(t) is bounded by M and

1 t+6

w(t) = lim lim —/ Sf(s+ie)ds Vt € R
=0t e=0t T J-o

Proof. The last equality follows from the Stieltjes Inversion Formula and guarantees the

uniqueness of w (if it exists).

Let z € H be fixed. Let 0 < e < Sz and let r > |z|.

Define the contour I', = T2UT? = {x+iy | |z| <ry=e}U{z | 2 =ie+71e? 0 < < 7}
(i.e. T is an half-circle of radius r with origin i€). By the Cauchy Integral Formula and
the Cauchy Integral Theorem,

fey = [ L& g L SO e

T omide, E— 2 2miJr, E—2
1 f(f)dg_ f(§)

T omi r.§—z r, & — (Z + 2ie)

dg
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1 Sz — €
_W/T@—@@—z—m@ﬂ@%

If £ € T2 then |f(&)| < M/SE < M/e. Furthermore, there exists a constant C' = C/(z,¢)
such that for all r large enough and & € T'? :

< CO/r?.

‘ Sz — €

(€ — 2)(§ — =z — 2ie)

Therefore, we have

1 Sz — €
T ©

for all r large enough.
Thus, for all z € H and 0 < € < 3z fixed, letting r — +o00, we get

< (1/m) - (M/e) - (C/r?) - (2mr)

1 ptoo Sz — € ,
) = */foo (t+ze—z)(t+z’e—z—2z‘e)f(t+“)dt
oo Sz —e€ .
7/ (t +ie — z)(t—ze—f)f(t—i_%)dt'

Now, write z =z 41y, y > 0, 0 < € < y. Then

(z) = = /_:o (t+ e —%;)(_t 6— i€ — %) J(t e}t

f/ x_t @ /(i

Set v(z) = f(z), z € H. Let € > 0 be fixed. Then the function v(t + i€) (which is
non-positive and continuous) is Lebesgue integrable over R. Indeed, notice that

e (y —e)?
v(t +ie) = l;gﬁgof Gt (=0

Su(t +ie) Vt € R

for any chosen z € R. By Fatou’s Lemma,

1 [+oo 1 [+oo —€)?
0< ——/ v(t +de)dt < liminf——/ = 2”(t+i€)dt

T J-co y=too T Jooo (x—1)2+ (y—¢)
= liminf —(y — €) f(z + iy)

< ) <
< liminf |yf(z +iy)| < M,

so v(t + i€) is integrable on R for any ¢ > 0 fixed.

For z,t € R fixed, consider the function

y e h(y) = 5> Y € (0,+00)

vy
(x—1)?+y
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For y € (0,4+00) and 0 < € < gy, by the Mean Value Theorem, there exists ¢ € (y — €,y)
such that

y—€ I (c) x—t
— =€
=P @m0 (= o +&
x—t
+02
< €
B x—t) +c2 7 (y—e)?
Therefore, for any fixed y > 0 :
1 — t =0
ey [(x—t)Q—i—y? @t (g —op| Ut

independently of z € R using the Monotone Convergence Theorem.
In particular, for any z = z 4+ 1y € H, we have
1 pteo Y

’U(Z) = 61_1)1’(1)17L ; . (aj—t)—2—|_y20(t + Zﬁ)dt

By Proposition B=3, we can write

+00
v(z) = lim — Y

BTl N ey oy do(t)

where, for 0 < € < 1, 6, is defined as

1 t
0.(t) = —f/ o(t +ie)dt, t € R,

™

which is a continuous and non-decreasing function satisfying 0 < 6. < M and tngrn (He(t)—

96(—15)) < M for any 0 < € < 1. By Helly’s Selection Theorem and Proposition B24,
we can find a sequence (e,)2°, C (0,1) converging to zero such that df,, (t) converges

weakly to the Stieltjes measure of some non-decreasing and right-continuous function 6
satisfying 0 < 6 < M and tlgrn (H(t) — 9(—25)) < M. Therefore,

+o0o Y

%ﬂazmaz—/

—00 ((L’ — t)2 —|—y2

—/ £)Ldor)

- %L (z — )" d0(t), V2 € H

do(t)

Note that z + [T2°(z — ¢)71df(¢) is holomorphic on H. Indeed, for zy € H fixed, let
B,(2) C H be a neighborhood of zy. Then for z € B,(2), t € R, we have

(=7 = (20—

t)~! d —
) ‘ < ﬁmax{\a(z—t)’” | z € B(20), te R} < C < +00
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(using the Mean Value Theorem separately on the real and imaginary part), so we can
apply the Dominated Convergence Theorem and get

T G0 [ i <

—00 Z— 20 —00

lim
Z—r20

Therefore, f(z) and z — [*2°(z — #)~'df(t) are holomorphic functions on H with the
same imaginary part. It follows that

ﬂ@:/%?z—wlwdﬂ%lzeH

—00

for some C' € R. Recall that |f(2)Sz| < M Vz € H, so

+oo —+o00
092] < |f(2)32] +192] | | @—ﬂ*%@kﬂ%+/ 1d0(t) < 2M ¥z € H

which means C' = 0.

Finally, we conclude by defining w(t) = 0(t) — lim (s). O
Remark 4.7

The above theorem is, in fact, a special case of the three following theorems, which are
all equivalent.

Theorem 4.8
A function f : H — C is holomorphic and such that Sf(z) > 0 Vz € H if and only if there

exists a,b € R, b > 0, and a right-continuous and non-decreasing function p(t) : R — R

for which
t

t—z 1241

f(z )—a+bz+/<

and [ o0y (1+ %) dp(t) < +oo.

>dM),zeH

Theorem 4.9
A function f : H — C is holomorphic and such that Sf(z) > 0 Vz € H if and only if

there exists a,b € R, b > 0, and a right-continuous, non-decreasing and bounded function
o(t) : R = R for which

14 2t

f()—a+bv+/ “do(t), z € H
Theorem 4.10
A function f : D(0,1) — C is holomorphic and such that Sf(z) > 0 Vz € H if and

only if there exists a € R and a right-continuous, non-decreasing and bounded function
w(t) : R — R which is constant on R\ [0, 27] and for which

[y =a+if e

(0,27] €9 — 2z

dw(6), = € D(0,1)

Proof.
Equivalence between Theorem 4.8 and Theorem 4.9 follows from the relation do(t) =
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(1+t2)"'du(t), where the multiplication of a function with a measure is to be understood
as in Definition BR.

Equivalence between Theorem 4.9 and Theorem 4.10 follows from a conformal transfor-
mation from D(0, 1) to H.

See [Don74] (Chapter II) or [Tam43] (Chapter II) for more details on the equivalence.
A proof of (one version of) those theorems can be found in [Don74] (Chapter II) and

[AKh77] (Volume 2, Section 59). The proofs rely on results from Fourier Analysis and
the Helly’s Selection Theorem. O]
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Chapter 5

Integration with respect to a spectral family

In this chapter, we finally define the functional calculus for unbounded self-adjoint oper-
ators and prove some of its properties.

Definition 5.1 (Spectral family)
Let (H,(-,-)) be a Hilbert space. A spectral family on H is a family E(t) : R — B(H, H)
satisfying
1. E(t) is an orthogonal projection V¢ € R;
2. E(s) < E(t) Vs <t
3. Vte R,Vx € H :
lim E(t+ ¢)x = E(t)x;

e—0t

4. Vo e H :
lim E(t)x =0, lim E(t)r = .

t——o00 t—+o00

Definition 5.2 (FE-measurability)
Let (H,(-,-)) be a Hilbert space and let (E});cr be a spectral family on H.

For x € H, we define the function

pr - R—=R
tr (o, B(t)a) = || B ()]

The function p, is non-negative, non-decreasing, right-continuous and bounded. Further-
. o . . 2

more, lim p,(t) =0and lim p(t) = ||z[[*

For z € H, p, defines (as in Definition B33) a finite Stieltjes measure such that all Borel

sets of R are measurable.

A function u : R — K is said to be E-measurable if it is p,-measurable for all x € H.

Definition 5.3 (Integral with respect to a spectral family)

Let (H,(-,-)) be a Hilbert space and let (E;);cg be a spectral family on H. The integral
of a step function u : R = R, u = > | a;x,, with respect to the family E is the operator
defined as

/u(t)dE(t) = éaiE(Ji)u
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where

E(b) — E(a) for J = (a, b

) E(®) - E(a—) for J = [a, 0]
B(J) = E(b—) — E(a) for J = (a,b)
E(b—)— E(a—) for J =a,b)

and E(a—) is the strong limit F(t) — E(a—).
t—a~

For a step function u : R — R and an element x € H, we have
1 w(t)dE @)l = zaz an T
= Zlai|2||E )z||? = Z|az 2, E(J)z)
= Z|az| pa(Js) /|u Pdpe

Let uw € L*(p,). Let x € H. Since step functions are dense in £%(p,), we can find a
sequence of step functions (u,)%; C £*(p,) converging to u in £*(p,). In particular, it
is a Cauchy sequence, so

I / wn(OdE () — / () dE(t)z]|2 = / ln(t) — um(t)2dpe  — 0

n,m—-+oo

and [wu,(t)dE(t)x is a Cauchy sequence in H. Thus, we define

/ wWt)dEb)z = Tim [ un()dE()x

n—-+o00

1 [ w@aB @)l = [lu)dp,.

This definition does not depend on the choice of the sequence (uy,).

and we have

Because of this last identity, if (u,)%, C £?(p,) is any sequence converging to u in £%(p,),
then

/ w(t)dEt)z = Tim [ un(O)dE(t)z.

n—-4o00

Proposition 5.1 (Linearity of the integral)
Let (H,(-,-)) be a Hilbert space and let (E;)ier be a spectral family on H. Let x € H,
w,v € L*(p,) and a,b € K. Then

/ (au(t) + bu())dE®)z = a / w(t)dE(t)z + b / V(O dE()x

Remark 5.2 (About finite measures and bounded functions)
Since p, is a finite measure Vx € H, if u is a bounded E-measurable function, then
u € L*(p,) Vz € H.
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Theorem 5.3

Let (H,(-,-)) be a Hilbert space and let (E;)ier be a spectral family on H. Let u: R — K
be an E-measurable function. For any finite set {z1,...,x,} C H, there exists a sequence
of step functions converging to u almost everywhere with respect to p,, Vi = 1,....n.
Furthermore, if u is bounded, the sequence can be chosen bounded.

Proof. [WeiS(] (Theorem 7.13 p.183) O

Definition 5.4
Let (H, (-,-)) be a Hilbert space and let (E;);cr be a spectral family on H. Let u: R — K
be a bounded E-measurable function.

For z,y € H, t — (y, E(t)x) is of bounded variation (this follows from the Polarization
Identity for sesquilinear forms) and we can consider the integral

([ uttdpery ~ [ uttrdp., )
( / w(t)dpasy — / w()dpa_y +i / w(t)dpy_gy — i / u(t)dpm+iy)

respectively if K =R and K = C.
Note that if x = y, we have

/ w(t)d{z, E(t)z) = / w(t)d(E(t)z, B(t)r) = / u(t)dpy

[ )iy, B@t)z) =

N S

Proposition 5.4
For any bounded E-measurable functions u,v : R — K, the following identity holds :

[ vty E@w) = { [ vwaety, [ubdBe)

Proof.
By Theorem b=3 and the Dominated Convergence Theorem, it suffices to prove the identity
for bounded step functions u, v.

We prove the case K = R. The other one is similar. Write v = 7" ; a;x, and similarly
v = Y1, bxy, where Jy, .., J, are disjoint bounded intervals (we can always take the
same intervals for u and v by taking pairwise intersections of the intervals appearing in
u and v’s definition). Then :

1

i </U(t)u(t)dpx+y - /U<t)u(t)dpoc—y> = bi@; (paty(Ji) = po—y(Ji))

-

=1

[ e A

Il
.
3 ..
M= 5

NE

bia; ({x +y, E(Ji)(z +y)) = (z =y, E(J))(z = y)))

—

biaiy, E(J;)x)

1

i=1

I
INGER

@
I
—



=2 (z: biE(Ji)y,éaiE(J)@
= ([ v(t)dE@)y, [ut)dE@)e),

where we used the Polarization Identity for a sesquilinear form in =' and the fact that
E(J;)? = E(J;), E(J;) L E(J;) fori# jin =2 0

Theorem 5.5 (Spectral Calculus, also called Functional Calculus)
Let (H,{(-,-)) be a Hilbert space and let (E;)icr be a spectral family on H. Let u: R — K
be an E-measurable function.

Define the set D(E(u)) = {z € H | u € L*(p,)} C H. Then this set is a subspace of H
and the integral operator of u

E(u) : D(E(u)) =

e

Furthermore, we have the following properties for E(u) :
1. For all x € D(E(u)) :

is well-defined and linear.

1E(z|* = [lu(t)Pdp.;
2. If u is bounded, then D(E(u)) = H, E(u) € B(H,H) and
1E(u)]] < sup{lu(t)| | ¢ € R};

3. Ifu(t) =1Vt €R, then E(u) =1.
If u,v: R — K are E-measurable functions, define

%(t>:{1 iflu(t)lén’ %(t):{liflv(t)lén

0 otherwise 0 otherwise

We have :
4. For allz € D(E(u)), y € D(E(v)) :
(E)y, Bwe) = lim_ [ GaOe@eahub)dly, B(t)z);

5. Forallz € D(E(u)), y€ H :

(v, Bwa) = lim_ [ ga(u(t)dly, E(@e);

n—-+0o

In particular, if x,y € D(E(u)) :



Dj>

6. Ifu:R—R, u(t)>c>0VteR, then for all z € D(E(u)) :

<
~—

(uv) > B(u)E(v), D(E(u)E(
(@) = E(u)* and D(E(w)) = D
Remark 5.6

In the following proof, for E-measurable functions u, (u,), : R — K and an element

z € D(E(u)) N D(E(uy,)) ¥n € N, the notation

Ewz = lim FE(u,)z

n—+oo
means
7 2 _ 1 _ 2
Jim 1B @)(@) — Bl @) = Jim || (@(t) = ua(0)dE @]
= i f100) = a0 dps
=0
Proof.

The operator is well-defined as seen in Definition b23. For a step function wu, it is clear
that D(E(u)) = H and E(u) is linear.

Now, for a bounded E-measurable u : R — K, it is also clear that D(E(u)) = H (c.f.
Remark 62). Let x,y € H. By Theorem B33, there exists a bounded sequence of step
functions (u,)2; converging to u almost everywhere with respect to p,, p, and p,iy.

By the Dominated Convergence Theorem, (u,,)>; converges to u in £2(p,), £*(p,) and
L2(prty). Then

E(u)(w+y) = lim B(u)(z+y) = lim_ E(u,)(x)+ lim E(u)(y)

= E(u)(z) + E(u)(y)

Finally, for an arbitrary E-measurable u : R — K, let 2,y € D(E(u)). Then (u,)

n=1’
un(t) = |@n(t)u(t)], is a non-negative monotone sequence converging to |u(t)| pointwisely

for all ¢ € R. Furthermore, (u,)>; C L%(p,+,) because

1/2 ~
([len®u®Pdpas) " = 1B+ )|
< Gl + 1B )]

= ([iputtut de$) +(floutnoran,)
< (Jupan) " + (fluoran,) " < +oc



By the Monotone Convergence Theorem, u € £2(pp4y), 50 © +y € D(E(u)). Notice that
|onu — ul? < 4|ul?, so by the Dominated Convergence Theorem, ¢, u converges to u in

£2(pz)> EQ(MJ)? £2(px+y) and

A

E(u)(x+y) = lim E(gpnu)(:ﬁ +y) = lim E((pnu)(:v) + lim E’(gpnu)(y)

n—-+o0o n—-+o0o n—-+o0o

= E(u)(z) + E(u)(y)

The scalar multiplication part of the linearity is clear.
1. Proved in Definition B3,
2. D(E(u)) = H is clear. Furthermore,

1B (u)|[* = /IU(t)|2dpx < sup{[u(t)| |t € R}*- p,(R) = sup{Ju(t)] | ¢ € R}*||[|*;

3. Let = € D(E(u)) = H. Notice that u = 1 is the limit of (u,), in £2(p,), where
Uy, is the bounded step function u,(t) = x(—nn(t). Therefore,

A

Ewz = lim FE(X(—pn)r = lim (E(n) — E(—n))z = z;

n——+oo n——+oo

4. This follows by applying Proposition b4 to ¢,u and v¥,v and then by taking the
limit n — oc;

5. The first part follows from 4. for v(t) = 1 and the second part follows from the
Dominated Convergence Theorem.

A

6. For all x € D(E(u)) :

(@, B(u)a) = || E(u)z|]* = /Iu(t)IQd,ox > po(R) =" ||,

7. Tt is clear that D(aFE(u) 4+ bE(v)) := D(E(u)) N D(E(v)) = D(E(|u| + |v])).
Let 2 € D(aE(u)+bE(v)) = D(E(u))ND(E(v)). Then u,v € £2(p,), s0 au+bv €
L2(p,) since L*(p,) is a vector space.

Furthermore, we have
Elau + )z = aB(u)z 4+ bE(v)x

by Proposition 61, so a£(u) + bE(v) C E(au + bv);
8. If u, v are bounded E-measurable functions, then D(E(u)) = D(
H and Vz,y € H :

ey
S
I
>
—
>
—
£
=
<
=
Il



where we used points 3. and 4. extensively.
Thus, (y, (E(u)E(v) — E(uw))z) = 0 Vz,y € H and we conclude by taking = € H,

y = (Ew)E@w) — E(w))z € H.
Now, let z € D(E(u)E(v)) = {z € D(E()) | E(v)z € D(E(u))}. Then ¢,u
converges to u in L'Z(pE(U)x) and ,,v converges to v in L2(p,). For a fixed n € N,

©nu is bounded, so @, ut,,v converges to @,uv in L?(p,). Consequently,

A

EwEW)z = lim E(p,u )( lim E(@DM))IL’)

n——+o00

= lim lim E(g,u)E(hnv)e

n—-+00 m—-+00

= lim lim E(puuppv)z = lim E(p,u)x

n—-+o00 m—-+0oo n—-+o0o

where the third equality follows from the bounded case. Therefore, (E (pnuv)z)se, C
H is a Cauchy sequence, so (¢,uv)>, C L*(p,) is a Cauchy sequence as well (be-
cause of point 1.).

Therefore, we have a converging sequence (p,uv)°,; C L?(p,) that also converges
pointwisely to uv almost everywhere. It follows from Theorem B2 that (p,uv),
converges to uv in £%(p,). In particular, uv € £?(p,) (i.e. * € D(E(uv))) and

EwEw)z = lim E(pyuv)z = E(uw);
We have proved D(E(u)E(v)) € D(E(v)) N D(E(uv)). Now, let & € D(E(v)) N
D(E(uv)). We have to show E(v)z € D(E(u)). We have

E(w)z = lim E(p,uv)r = lim lim E(pauth,v)z

n—-+00 n—H—oo m—r—+00

= lim lim E(gu)E(nv)e

n—+400 m—-+o0o

n—-+o0o

= lim_E(p,u)E(v)z

n—-+o0o

:hmEgon (hm Ewn )
E

where the third equality follows from the bounded case. Therefore (E(p,u)E(v)z)2, C
H is a Cauchy sequence, so (@,u)5, C EQ(pE(v)I) is a Cauchy sequence as well.
We conclude by Theorem B2 that (¢,u)5%; converges to u in L(p f(w)z) @ before.

Thus, u € L2(pp(,,), 1€ E()z € D(E(u)).

. First, we need to show that D(E(u)) is dense. Let # € H. Consider the sequence

(xn)eey C H, x, = E(pn)z. We have ngglool‘” = LHE Elpn)r = E(D)z = x

because ()52, converges to 1 in L%(py).
We show that (z,)2%, C D(E(u)). Let n € N be fixed. Since ¢,,u is bounded, we
have

J1em®udpa, =1 E(@mn) )zl =s. || E(eau)al] < +oo

for all m > n. By the Monotone Convergence Theorem, u € L%(py,), ie. x, €
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Now, D(E(u)) = D(E(u)) because u € L2(p,) if and only if @ € £L2(p,).
Next, we have E(z) C E(u)* because (1) is a formal adjoint of E(u) :

(y, E(u)z) =3 (E(L)y, E(u)z) =4 /U(t)d@/, E(t)x)

_ / u(t)dly, E()z) =4 (E(@)y, B(1)z)

where we used 3. and 4. extensively.
Finally, we need to show E(u )* C E(w). It suffices to show D(E(u)*) ¢ D(E(T)).
Let y € D(E(u)*) and z € D(E(u)). We have

)

(E(u)y,z) = (y, E(u)x)
= lim (y, E’(gonu)x>

n—oo

=30 Jim (E(p,u)y, z) Vo € D(E(w)), Yy € D(E(u)")

by definition of the adjoint.
From this last identity, observe that

(E(pm) E(u)y, x) =54 (E(u)"y, E(pm)z)
= lim (E(p, )y,E(<pm)x>

=3.,4. nhm <E(90m)E<90nﬂ)y7 $>
=8. lim <EA(§0m90nﬂ)y7 JI>

n—oo

— (E(pmu)y, z) Ym € N, Yz € H, Yy € D(E(u)*).

where we used the fact E(p,,)z € D(E(u)) as seen previously.
Therefore, we have proved

(E(pm)Ew)" — E(pnm)) y, ) =0Ym €N, ¥z € H, Yy € D(E(u)").
Take y € D(E(u)*), z = (E(g@m)E(u)* — E(gpmﬂ)) y € H to conclude that
E(pm)E(u)"y = E(pmu)y ¥m € N, Vy € D(E(u)")

By taking the limit m — 400, we get

E(u)'y = lim_E(pnu)y Yy € D(E(u)’)

Therefore, for a fixed y € D(E(u)*), (E(emu)y)_, C H is a Cauchy sequence, so
(emu)2e_, C L*(K, p,) is a Cauchy sequence as well (because of point 1.).
Therefore, we have a converging sequence (¢,,u)>_; C L*(p,) that also converges
pointwisely to u almost everywhere. It follows from Theorem B2 that (¢,,7)5°
converges to @ in £2(p,). In particular, @ € £2(p,) (i.e. y € D(E(1))).

m=1
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Corollary 5.7
Let (H,(-,-)) be a Hilbert space and let (E;)icr be a spectral family on H. Let u: R — R
be an E-measurable function. Then E(u) is self-adjoint.

Theorem 5.8 (Change of variables for spectral integration)
Let (H,(-,-)) be a Hilbert space and let (E;)icr be a spectral family on H.

Let ¢ : R — R be an increasing function such that ¢ is an homeomorphism.
The pushforward (Fy)ier, F(t) = E(¢~1(t)), defines a spectral family on H.
Furthermore, if u(t) : R — R is a F'-measurable function, then uo ¢ is E-measurable and

/ w(t)dF(t) = / wo p(t)dE(1).

Proof.
It is easy to check that (F}).cr defines a spectral family on H.

Let u(t) : R — R be a F-measurable function. For z € H, the measure d||F (t)z||? is the
pushforward measure by ¢ of the measure d||E(t)x||* and conversely, d||E(t)z||? is the
pushforward measure by ¢! of d||F(¢)z||?. Tt follows from Theorem B that

D(F(u)) = {z € H | u(t) € L2(||F(t)x[[*)}
={z € H|uog(t) € L2(|EWt)z|]*)} = D(E(uo¢))

(. F(w)a) = Tim [ e, (Ou(t)dly. F(t)a)

n—-+00

= lim [ g (@)ulo(®)dly, E(t)e)

n—-+o0o

= Jlim_ [ n(Ou(o(t)dly, E(t)z) = (y, E(uo 6)2) ¥y € H,Ya € D(F(u))

n— 0o
where we used point 4. of Theorem B3 and where

n(t) = {1 f = Lif [u(¢(t)] < n

0 otherwise 0 otherwise

on(6(8)) = vn(t) = {

Thus, F(u) = E(uo ). O
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Chapter 6

The Spectral Theorem

Definition 6.1 (Complexification of a real Hilbert space)
Let (H,(-,-)) be a real Hilbert space. The complexification of H is the complex Hilbert
space He = H X H defined as follows :

1. Addition : (z1,v1) + (22, y2) = (@1 + T2, Y1 + T2)
2. Scalar multiplication : (a + b)(x,y) = (ax — by, ay + bx)
3. Scalar product : ((21,y1), (T2, y2)) = (T1, 2) + i{T1,y2) — ©(y1, ¥2) + (Y1, Y2)
4. Induced norm : [[(z,y)|* = ((z,y), (z,y)) = l|z[]* + [|yI]”
For a linear operator T': D(T) C H — H, the complexification of 7" is the operator

Tc : D(Tc) = D(T) x D(T) C Hc — He, (z,y) — (Tx,Ty)

It is easy to check that
1. Tt is bounded if and only if 7" is bounded. In that case, ||T¢|| = ||T].
T¢ is densely defined if and only if 7" is densely defined.
If T is densely defined, (T¢)* = (T*-,T*) = (T%)c.
Tt is self-adjoint if and only if 7' is self-adjoint.

AR N

If D(T) = H, Tt is symmetric if and only if 7" is symmetric.

Theorem 6.1 (Spectral Theorem for Self-Adjoint operators)
Let (H,(-,-)) be a Hilbert space on K. For every self-adjoint operator T : D(T) — H,
there exists a unique spectral family (Ey)ier on H such that T = E(id) = [tdE(t).

Furthermore, in the complex case, this spectral family satisfies

_1 b+
(y, (B(b) — E(a))z) = lim lim —~ / (y, (R(t —ie,T) — R(t + ie, T)) 2)dt (%)

=0t e=0t 270 Jats

forall z,y € H and a < b C R.
This spectral family is called the spectral resolution of T

Proof. First, we assume K = C.

Uniqueness :

If T = E(id) for some spectral family (E,)er, then z — T = E(z — id) for all constant
z € C by point 7. of Theorem BA (Spectral Calculus). For all z € C with 3z # 0,
u(t) = (z — t)~" is bounded, so E(u.) is defined on the whole H.
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A A

For such a z, we have (21 =T)E(u.) = E((z—t)u.) = E(1) =Ton H and E(u,)(2I-T) =
E(u.(z —t)) = E(1) = I on D(T) by point 8. of Theorem bA. Thus, (2I — 7)1 =
R(z,T) = E(u,).

Consequently,

A

(x, R(z, T)z) = (x, B(u,)z) = / (2 — 1) Yd(z, E(t)z) = / (2 —t)"\dp, Vo € H

by point 5. of Theorem bBA.

Since F,(z) = (z, R(z,T)x) is holomorphic on {z € C | Sz # 0} (by Theorem PZ3R)
and p,(t) = (z, E(t)x) = ||E(t)x||* is right-continuous and bounded, we can apply the
Stieltjes Inversion Formula (Theorem B4) to get

_1 qt4o

(z, E(t)z) = lim lim — / Sz, R(s + ie, T)z)ds Vt € R.
=0t e—=0t T J—0o

Since T is self-adjoint, for z with Sz # 0, we have (z —T)* =Z — T and so R(z,T)* =

R(z,T) by Theorem P7I8. This implies

(x, R(z,T)x) = (R(Z,T)x,x) = (x, R(Z,T)x).

Therefore,

(z, E(t)z) — lim lim —© / " (B(s — i, T) — R(s + ie, T)) 2)ds.

50+ e=0t 271 J—xo

We recover (x) using the Polarization Identity on the sesquilinear forms (y, E(t)z) and
(y, (R(s —ie, T) — R(s + i€, T)) x).

We have proved that any spectral family such that T = FE(id) satisfies (x). Thus,
(y, (En(t) — Ex(t))r) = 0Vt € R, Vo,y € H for any two spectral families such that
T = Ey(id) = Ey(id) (set a =0 or b= 0 in (x)). Consequently, By = Es.

Existence :

We have already proved above that if T = E(id) for some spectral family (E,);eg, then
the family satisfies (x). Therefore, we just need to prove the existence of a spectral family
with 7' = E(id).

For xz € H, define F,(z) = (z, R(z,T)z) on H= {z € C| 3z > 0}. Then

SF,(2) = Sz, R(2, T)z) = (2 — T)R(z, T)x, R(2,T)x) = S(2) - ||R(2, T)||* <0 and
1

|Fa(2)S2] < Sz - [[R(2, D) - o] [* < [92] - 2] “Il

el = [l
using the bound on ||R(z,T)|| from Proposition 2233.

By the Herglotz Representation Theorem (Theorem BR), for every z € H, there ex-
ists a unique right-continuous and non-decreasing function w(z,t) : R — R for which
Jim w(z,t) =0 and

Fu(z) = /+°°(z ) dw(x,t) Vz € H.

—00
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Furthermore, w(x,t) satisfies w(z,t) < ||z||* Vt € R and

1 [t+s
w(x,t) = lim lim —/ SF,(s +i€)ds

=0t e—0t T J—c0o

1 gt+s
= lim lim —/ (x,(R(s —i¢,T) — R(s +1i¢e,T)) x)ds Vt € R.
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Notice that if we extend the domain of F,(z) = (z, R(z,T)z) to C\ R, the equality
F.(2) = [T2(2 — ) 'dw(z, t) still holds.
Next, for x,y € H, we define

1
w(y,x,t) = Z(w(x +y,t) —w(x —y,t) +iw(r —iy, t) —iw(x + iy, t))
1 t+s
— lim lim —~ / (y, (R(s — ie,T) — R(s + i, T)) z)ds Vt € R.
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and it follows from the Polarization Identity for sesquilinear forms that for z € C\ R :

(o, Bz, T)) = (-4 9 R T +) — (@ — 9, RO ) )
+ilz — iy, R(z,T) (@ — iy)) — i(z + iy, R(z,T)(x + iy)))
= /;Oo(z —t) tduw(y, x,t).

Then for all t € R, w(y,x,t) is a semi-scalar product on H. By the Cauchy-Schwarz
Inequality,

w(y, z,8)] < w(y.y,t) - wlz,z,t) < [Jy|* - [|=]]*.
Consequently, for all ¢ € R, z € H fixed, the map y — w(y, z,t) defines a continuous
linear functional on H. By the Riesz Representation Theorem, there exists a unique
element § = gy(x,t) = E(t)f € H such that w(y,z,t) = (y,9) = (y, E(t)z). The family
of maps E(t) : H — H defines a spectral family on H such that T = E(id).

1. E(t) : H — H is linear by unicity of the element of Riesz Representation Theorem
and linearity of (y, -).

2. E(t) is self-adjoint because (E(t)y,z) = (z,E(t)y) = w(x,y,t) = w(y,z,t) =
(y, E(t)x) by definition of E(t).
3. E(t) > 0 because (x, E(t)z) = w(z,z,t) > 0.
4. E(s)E(t) = E(min{s,t}) : Note that Vz,2’ € C\ R, z # 2/, Va,y € H, we have
[~ (R, Ty, Blt)) = (R Ty, Bz T)a) = (g, R T)R(,T))
= (' —2) Yy, (R(z',T) = R(2,T))a)
== [T -0 = =0ty B

-/ :O<z — )7 — 1) dly, B(t)z)

where we used the first Resolvent Identity. By Proposition B=3, we have

[ = B = [ 070, 0 = [ (=) il Bls)a)

— 00 — 00
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and it follows from Theorem B—3 that
(RE. Ty, B(t)) = 2(t) = | ('~ ) dly, Bls)r) ¥t € R
—o00,t

But we also have
(R, Ty, B(t)a) = {y, R T)E@)) = [ (2~ 5)dly, Bls) B(t)).

By Proposition B=3,

o(t) = /(_Ooﬂ(z/ —s5) Yy, E(s)x) = /+oo(z’ — 5)"'dW,(s), where

—00

Wls) = [ Xewadly B@)ry= [ dly, B)e) = {y, E(min{s,t})a)

where we used tLiI}l w(y,x,t) = 0 Ve, y € H for the last equality.

We conclude by Theorem B3 that (y, E(s)E(t)x) = W(s).

. In particular, E(t)*> = E(t), so E(t) is an orthogonal projection and E(s) <
E(t) Vs <t (see Section 2.3).

w(z,t) = w(z, z,t) = (z, Et)r) = (z, E(t)*z) = (E(t)z, E(t)z) = [|E(t)z|[*.

|Et)x —0|]* = w(z, 2,t) = w(z,t) — 0.

t——o0

I(E(t +€) — E@®)al|* = |[E(t+ e)z||” + [|E@)a* — 2(E(t + €), E(t)x)
= 1Bt + e)zl* = [|1E(t)x|?
=w(z,z,t+¢) —w(z,x,t) =w(x,t+¢e) —w(x,t) — 0

e—0t
because w(z,t) is right-continuous.
. E(t) t% I : Since (E};);~_o is an increasing sequence of orthogonal projections,
—+00

E (t) converges strongly to an orthogonal projection E(co) as t — 400 (by Theorem
R applied to the sequence of operators (I — E(n))>2,).

Because of properties 4. and 5. of E(t), F(c0)? = E(c0), E(t) < E(c0) and
E(t)E(c0) = E(c0)E(t) = E(t) Vt € R. Finally,

(v, Rz, T)(I = E(00))a) = [ (z = 1) duy, (I = E(o0))z, )

= [(:= ) dly. E®)(I - B(oo))x)
—/z—t ) 'd(y,0) = 0Vz,y € H, Vz€ C\R.

This implies R(z,T)(I — E(o0)) =0 Vz € C\ R. Since R(z,T) is injective for any
z € C\ R, it follows that [ = E(00).
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This proves that (E};)icr is a spectral family.

Finally, (y, R(z, T)z) = [(z — t)"'d{y, E(t)z) = (y, E(u.)x) Yz € C\R, Vz,y € H by
point 5. of Theorem B3 (Spectral Calculus), so it follows that R(z,T) = E(u.), which
implies £(z —id) = z — T and E(id) = T by points 7. and 8. of Theorem EA.

Real Case :

Let Hc be the complexification of H and E¢ be the spectral resolution of the com-
plexification T¢ of T. Let U : H¢c — He,U(z,y) = (x,—y) be the complex conju-
gation map. Then TcU(z,y) = UTc(z,y) Y(z,y) € D(Tc). Indeed, U o U = I and
UlcU(z,y) =UTc(z,—y) =U(Tx,—Ty) = Tc(z,y).

Define F'(t) = UEc(t)U. Then F(t) defines a spectral family. Most properties follow from
the properties of F¢(t). The only possible problematic points are the symmetry and the
property F(t) < F(s) Vt < s. Note that (U(z1,v1), (2,42)) = ((—21,91), — (22, y2)) and
((@1,51), U2, 52)) = (= (21,31), (=2, 32)), s0

(F(t)(z,y), (x,y)) = (UEc@)U (z,y), (x,y)) = (Ec(t)(x,y), (x,y)) and
((@,9), F(t)(z,y)) = ((z,y), UEc()U(2,y)) = ((z,y), Ec(t)(z, y))
)

and both properties follow. In particular, notice that p( ) (¢t) = |[F(t)(z,y)|]* = || Ec(t)(z, y)]||,
so Fc-measurability is equivalent to F-measurability.

For a real-valued step function g : R — R, it is clear that

/g £dF(t </g VdEc(t )

and this is also true for an arbitrary real-valued F-measurable function g by taking, for a
fixed (z,y) € {(z,y) € Hc | g € L2 (p(ay))}, a sequence g,,(t) € L*(p(s,y)) of step functions
converging to g.
In particular,

T = UTLU = U (/ tdE@(t)) U= /tdF(t)
so we must have F'(t) = Ec(t) by unicity of the spectral resolution of T¢, i.e. Ec(t)U =
UEc(t).
In particular, Ec(t)(x,0) = Ec(t)U(x,0) = UEc(t)(x,0) Vo € H, which implies Ec(t)(x,0) =
(E(t)z,0) for some E(t) : H — H. It follows from the properties of E¢(t) that E(t) is a
spectral family.

Finally, for a real-valued step function ¢ : R — R, we have

/g VdEe(t)(x,0) = /g 1)dE(t)z,0) Vo € H

and this is also true for an arbitrary real-valued Ec-measurable function g and x € H
such that g € £%(p,). Therefore,

(T,0) = Tz, 0) = /tdE@ )(z,0) = /tdE )z,0) Vo € D(T),

which proves the existence of a spectral resolution in the real case.

The uniqueness follows from the fact that if E(¢) and F(t) are two spectral resolutions
of T, then their complexification E¢(t) and Fr(t) are two spectral resolutions of T¢, so
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they must be the same. To see that Ec¢(t) is a spectral resolution of T¢, note that for a
real-valued step function g : R — R,

/g YdEc(t)(x,y) /g t)dE(t /g t)dE(t)y) V(z,y) € He
so this must also hold in the case g(t) = t and (z,y) € D(T¢), where we recover
(Tz,Tz) = Tc(x,y) on the right-hand side. O

Proposition 6.2 (An operator commutes with its spectral resolution)
Let (H,(-,-)) be a Hilbert space, T : D(T') — H be a self-adjoint operator and let (E;)ier
be its spectral resolution.

Then E(t)(D(T)) C D(T) Vt € R and E(t)Tx = TE(t)x Vt € R,Vx € D(T).

Proof.
Without loss of generality, we can assume we work on a complex Hilbert space (otherwise,
just take the complexification of H, T and F).

By Spectral Calculus, for z € p(T'), z ¢ R, we have

“+00

{y. R(z, T)E(t)x) = {y, E((= — 5) ") E(t)z) = / (= = 5)"'d{y, E(s)E(t)x)

— o0

= [ o amay, B

= (E(t)y, E((z = s)™")z) = (E(t)y. R(z, T)z)
= (y, E(t)R(z,T)x) Y,y € H,

so E(t)R(z,T) = R(z,T)E(t). In particular, E(t)(D(T)) C D(T). Indeed, for x €
D(T), we can write © = R(z,T)y for some y € H, so that E(t)r = E(t)R(z,T)y =
R(z, T)E(t)y € D(T).

Now, since (z/ — T)R(z,T) = I, we have TR(2,T) = zR(z,T) — 1.

For x € D(T), we write x = R(z,T)y for some y € H. We get

E()Tz = E)TR(2,T)y = zE(t)R(z, T)y — E(t)y = 2R(z, T)E(t)y — E(t)y

and
TE(t)x =TE@)R(z,T)y =TR(2,T)E(t)y = zR(2, T)E(t)y — E(t)y.

Proposition 6.3 (Spectral Calculus can be done on the spectrum)
Let (H,(-,-)) be a Hilbert space, T : D(T') — H be a self-adjoint operator and let (E;)ier
be its spectral resolution.

Then E(t) is locally constant on p(T) NR.

In particular, for any E-measurable function u : R — K, we have

Blu) = [[u(aB() = [ a()aB@) = Bl xow).
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Proof.

Assume E(t) is not locally constant in a neighbourhood of t* € R. Then we can find
a sequence (fn)pZ; C R such that t, # ¢* Vn, lim ¢, = " and E(t,) # E(t") Vn. In
particular, since E(t,) and E(t*) are continuous and D(T') C H is dense, E(t,)pr) #
E(t*),p(ry and for all n € N, we can find y, € D(T') such that E(t,)y, # E(t*)yn.

We define
Fn = (BE(max{t,, t'}) — E(min{t,,t'}) )yn, T = @n/||Tnl|, n € N.

Note that x,, € D(T) since E(t)(D(T)) C D(T) ¥t € R. Then t* € o(T). Indeed, if t* is
an eigenvalue of T', we are done. Otherwise, t*I — T is invertible with inverse defined on
the whole H. We show that its inverse is unbounded.

Note that nlgxg()“(t*] —T)xy,|| = 0. If we write t*I — T = (t* — t,)] +t,I — T, we only
need to check that lim [[(,] — T')xy|| = 0. This is true since
1(tn] = T)zal|* = /R|tn — t|*d|| E(t)z,]|”
_ / [t — t2d|| E(t) (E(max{t,, t*}) — E(min{t,, t'}) )|
R
< [tn — || E(t)2n]?
[min{t,,t* },max{t,,t*}]

< max{[t, —t|* | t € [min{t,,t*}, max{t,, t*}]}

Therefore, if we set y, = (t*I — T)x,, we found a sequence in H such that ||(t*] —

T) Yy,|| = 1 ¥n and l—1>I-P ||| = 0. Therefore, (t*I — T)~! is not continuous at 0 and
so it is unbounded. O
Notation

Let (H,(-,-)) be a Hilbert space on K, T': D(T') — H be a self-adjoint operator and let
(Ey)ier be its spectral resolution. For a E-measurable function u(t) : R = K, we write

u(T) = E(u) = [,y u(t)dE().

Corollary 6.4 (Spectrum is non-empty)
Let (H,(-,-)) be a Hilbert space and T : D(T') — H be a self-adjoint operator.

The spectrum of T is non-empty.

Proof.
Let (E;)er be the spectral resolution of T. If o(T) = (), we would have

T = /U oy HE(D) = /@ tdE(t) = 0.

But 0 is an eigenvalue for the trivial operator T'= 0, so o(T') # (. A contradiction. [

Proposition 6.5 (Norm of the resolvent in the bounded case)
Let (H,(-,-)) be an Hilbert space and T : H — H be a bounded self-adjoint operator.

For any zy € p(T), we have d(zo,c(T)) = ||R(z0, T)|| 7.
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Proof.

Let (E;)ier be the spectral resolution of 7'. Note that since o(T") is compact (Proposition
37), for any continuous function u : o(T) — K, E(u) = (1) W(t)dE(t) is a bounded
operator defined on the whole H. Let zy € p(T'). Since zy ¢ o(T), the function u(t) =
(20 —t)7', t € o(T), is well-defined and continuous.

Furthermore, R(z,T) = E((z0 — t)™") and ||R(z,T)|| < sup{|zo —t|"' | t € o(T)} =
d(zo,0(T))~" by Spectral Calculus.
The other inequality follows from Corollary 2Z=38. [

Proposition 6.6
Let (H,(-,-)) be an Hilbert space and T : H — H be a bounded self-adjoint operator.

Then ||T|| < sup{|A| | A € o(T)}.

Remark 6.7
In fact, this is an equality, but we do not need this result.

Proof.
Let (E;)iwer be the spectral resolution of 7.

Then T = E(t) and ||T|| < sup{|t| | t € o(T)}. O

Corollary 6.8 (Norm of the resolvent)
Let (H,(-,-)) be an Hilbert space and T : D(T) — H be a self-adjoint operator.

For any 2z € p(T), we have d(zo,0(T)) = ||R(z0, T)|| ™"

Proof.

For zy € p(T)NC (if K = C), we have that u(t) = (29 — )" is well-defined and bounded
on o(T) C R, R(20,T) = E((z0 — t)™") and ||R(z,T)|| < sup{|z0 —t|™* | t € o(T)} =
d(z0,0(T))~! by Spectral Calculus.

For zp € p(T) N R, we have that R(zp,T) is a bounded self-adjoint operator, so

1 R(20, T)I| < sup{|t| | t € o(R(20,T))} = sup{lzo — 1|~ |t € o(T)} = d(2,0(T)) ™"

by the previous Proposition and Corollary 2Z32.
The other inequality follows from Corollary 2Z=38. ]
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Chapter 7

The Hamburger Moment Problem

Definition 7.1 (n-th moment)
Let (R, B, i) be a measure space, where BB denotes the Borel o-algebra of R. Let n € Nxo.
If z" € L'(u), the real number

an :/Rx"d,u(x)

is called the n-th moment of the measure p.

The Hamburger Moment Problem asks whether given a sequence (a,)%2, C R, there
exists a Borel measure p on R for which a,, is the n-th moment of the measure p for all
n.

The above problem can be solved using the Spectral Theorem. Before this, we need to
introduce the notion of (densely defined) symmetric operators and ask whether such an
operator can be extended into a self-adjoint operator.

7.1 Extension of symmetric operators

Definition 7.2 (Symmetric operator)
Let (H,(-,-)) be a Hilbert space and let T': D(T) C H — H be a linear operator. We
say that 1" is symmetric if it is densely defined and

(Tz,y) = (z,Ty) Yx,y € D(T).

In other words, T" is symmetric if it is densely defined and if it is a formal adjoint of itself.
In particular, 7" C T™.

Definition 7.3 (Essentially self-adjoint operator)
Let (H,(-,-)) be a Hilbert space and let T': D(T') C H — H be a symmetric operator.
We say that T is essentially self-adjoint if T* is self-adjoint.

Proposition 7.1
Let (H,(-,-)) be a Hilbert space and let T : D(T) C H — H be a symmetric operator.
Then T is essentially self-adjoint if and only if T™ is symmetric.

Proof.
If T* is self-adjoint, then 7™ is symmetric. Conversely, if T* is symmetric, we have
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T C T** and since T' is symmetric, 7' C T* and 7™ D T™** by Proposition 213, which
proves 1™ = T™*. O

Proposition 7.2
Let (H,(-,-)) be a Hilbert space and let T : D(T) C H — H be a symmetric operator.
Then T** is symmetric.

Proof.
T is densely defined since T" C T, and so T™* is well-defined. Furthermore, 7% is densely
defined as 1" C T™*.

By Proposition 219, G(T') = G(T**). Let z,y € D(T**) and let ((x, T2,)) 1, ((Yn, TYn) )0y

n=1»
C G(T') be two sequences converging respectively to (xz, T**x), (y, T**y) in H x H. Since
T is symmetric,

<T**$>y> = lim <Txnvyn> = lim <xn7Tyn> = <x,T**y>.

n—-+o0o n—-+o0o

Proposition 7.3
Let (H,(-,-)) be a complex Hilbert space and let T : D(T') — H be a symmetric operator.

The following are equivalent :
1. T is self-adjoint;
2. Forallze C\R : R(zI =T)=R(z*I -T)=H;
3. There ezists z € C\ R such that R(zI —T) = R(z*] —T) = H.

Proof.

(1) :j: (2) : If T is self-adjoint, by Proposition 2233, any z € C\R is in p(7") and therefore
satisfies R(zI —T) = H.

(2) = (3) : Trivial.

(3) = (1) : It suffices to prove that D(T*) C D(T).

Let y € D(T%), i.e. (y,Tz) = (I'"y,x) Vo € D(T). By hypothesis, there exists v € D(T)
such that (2*I — T)y = (2" — T*)y, where we recall that (zI — T)* = 2*I — T* by
Propositions 218 and 21@. Therefore,

(Y, (21 = T)x) = ((z"] = T")y, ) = ((z*"] = T)y,)
= (v,(zI = T)x) Ve € D(T)
where the last equality follows from the fact that 7" is symmetric. Since R(zI —T) = H,
we can choose x € D(T') such that (2 —T)x =y — 7 to deduce that y =~ € D(T). O

Definition 7.4 (Unitary operator)
Let (H,(-,-)) be a Hilbert space. A wnitary operator is a bounded linear operator U :
H — H such that U*U = UU* = I.

Proposition 7.4
Let (H,(-,-)) be a Hilbert space. A linear operator U : H — H is unitary if and only if it
is surjective and (Ux,Uy) = (z,y) Yo,y € H.
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Proposition 7.5 (On the spectrum of a symmetric operator)
Let (H,(-,-)) be a complex Hilbert space and T : D(T') — H be a symmetric operator.
If z€ C, Sz #0, we have ||(z] —T)x|| > |3z - ||z]] > 0 Vz € H.

1
In particular, zI — T is injective and ||(2I — T)7!|| < —.
32|

Proof.
Since T' is symmetric, we have (z,Tz) = (Tz,z) = (z,Tx) € R Vo € D(T).
By the Cauchy-Schwarz inequality, we have

1z = T)al| - ||2]] > (@, (2] = T)z)| > [z, (I — T)z)| = 32| - [|[* V& € D(T).
This implies ||(zI — T)x|| > |Sz]| - ||z]| Y& € D(T') and so the proposition follows. O

Definition 7.5 (Cayley Transform)
Let (H, (-, -)) be a complex Hilbert space and let T': D(T') — H be a symmetric operator.

The Cayley Transform of T at z € C \ R is the surjective linear operator
V(z,T): R(T —zI) = R(T — 2I), V(z,T)= (T — 2I)(T —zI)"".

Proposition 7.6
The Cayley transform V (z,T) preserves the scalar product, i.e.

(V(z,T)x,V(2,T)y) = (x,y) Yo,y € R(T — zI).

Proof.
For u,v € D(T), using the fact that 7" is symmetric, we have

(T — zD)u, (T — zI)v) = (Tu, Tv) — 2R(2)(u, Tv) + |z|*(u, v)
= (Tu, Tv) — 2R(2)(u, Tv) + [Z]*(u, v)
= (T —zI)u, (T —zI)v)

Setting u = (T — zI) 'z, v= (T —zI) "'y for z,y € R(T — zI), we get the result. [

Remark 7.7

It follows from the Polarization Identity that a linear operator V : D(V) C H — H on
(H, (-, -)) preserves the scalar product of H if and only if it preserves its norm, i.e. if and
only if V' is isometric.

Corollary 7.8
The Cayley transform V(z,T) is unitary if and only if R(T —ZzI) = R(T — zI) = H if
and only if T is self-adjoint.

Proposition 7.9
The Cayley transform V(z,T) is an operator such that R(I — V(z,T)) is dense. More
precisely, R(I —V(z,T)) = D(T).

62



Proof.
Notice that

I-V(z,T)=1~(T—=2I)(T—-zI)"
=(T —zI) (T —zI)™" — (T — 2I)(T —zI)!
= (z—2)(T —zI)~".

Thus, R(I —V(2,T)) = D(T) and R(I —V(z,T)) is dense. O

Lemma 7.10
Let (H,(-,-)) be a Hilbert space and V : D(V) C H — H be an isometric linear operator
such that R(I — V') is dense in H. Then N(I —V) = {0}.

Proof.
Let z € N(I — V). We show that z € R(I — V)* = {0} (by density). We have

(z, (I =V)y) = (Va,(I =V)y) = (z,y) — (Va,Vy) = (2,y) — (z,y) =0 Vy € D(V)
0

Definition 7.6 (Inverse Cayley Transform)
Let (H,(-,-)) be a complex Hilbert space and V : D(V) C H — H be an isometric linear
operator such that R(I — V') is dense in H. By the previous lemma, I — V' is injective.

The Inverse Cayley Transform of V' at z € C\R is the operator T'(z,V): R(I-V) — H,
T(z,V)= (I —zV)(I -V)"L.

Proposition 7.11

The inverse Cayley transform T'(z, V') is a densely defined symmetric operator with Cayley
transform V (z,T(z,V)) = V.

Proof.

By definition, 7'(z,V) is densely defined. For xy,25 € D(T(2,V)) = R(I — V'), we write
x; = (I — V)y; for some y; € D(I — V), ¢ = 1,2. Using the fact that V(z,T') preserves
the scalar product, we have

(T'(2,V)z1,29) = (2L =2V )1, (I = V)ya2) = Z(y1,42) — Z(W1, Vy2) — 2(Vy1,42) + 2(y1, y2)
and
(21, T(2,V)x2) = (I = V)yr, (21 =2V )y2) = 2(y1,y2) — Z(y1, Vy2) — 2(Vy1, y2) + Z(y1,42),

which proves that T'(z, V') is symmetric.
Finally, D(V(2,T(z,V))) =% R(T(2,V) — zI) = D(V) since

T(z,V) =2z = (21 —2V)I - V) ' —zI
=(I-ZV) I -V) =z -V)I -V)!
= (z—2)(I V)L
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Furthermore,

V(z,T(2, V)T (2, V) =zI) = (T(2,V) — 2I)(T(2,V) = 21) " (T'(2,V) — ZI)
=T(z,V)—=zI
= (2 -2Z2V) I -V) ' —2(I V)T - V)!
=V(iz-2)I-V)"!
= V(T(2,V) —zI)

ie. V(2,T(z,V)) =V on R(T(2,V)—2I)=D(V)=DV(z,T(2,V))). O

Proposition 7.12
The Cayley transform V(z,T) has inverse Cayley transform T'(z,V(z,T)) =T.

Proof.
By Proposition 79, D(T(z,V(z,V))) =% R(I — V(2,T)) = D(T).

Furthermore, we have

T(z,V(z, T)I—-V(z,T)) = (2l =2V (z,T))
=21 —2Z(T — 2I)(T —zI)!
=2(T —zI)(T -z —2(T — 20)(T —zI)™*
=T(z—2)(T—zI)"!
=T —-V(z,T))

ie. T(z,V(z,T) =T on R(I -V (z,T)) = D(T).
Note that we used the fact that [ —V(z,T) = (2 —2)(T — zI)~" for the last equality, as
seen in the proof of Proposition 9. O]

Theorem 7.13

Let (H,(-,-)) be a complex Hilbert space and let z € C\ R be fized.

The Cayley transform T +— V(z,T) is a bijective mapping between symmetric operators
T : D(T) C H— H and isometric linear operators V : D(V) C H — H for which
R(I-V) is dense in H. Its inverse is given by the inverse Cayley transform V — T(z, V).

In the following, the Cayley transform of T will always be taken at z = ¢ and will be
denoted bv V.

Lemma 7.14
Let (H,(-,-)) be a Hilbert space and let X, Y C H be two closed subspaces. There exists
a linear isometry between X and Y if and only if they have the same dimension.

Remark 7.15

Here, the dimension of a Hilbert space H is defined as the cardinality of a maximal
orthonormal basis of H and the dimension of a subspace M is defined as the dimension
of the associated Hilbert space M. See [Akh77] (Volume 1, pp.27-32) for more details.

Definition 7.7 (Deficiency spaces, Defect indices)
Let (H, (-, -)) be a complex Hilbert space and let T': D(T') — H be a symmetric operator.
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The spaces Ky = N(T* Fil) = R(T £ il)* are called the deficiency spaces of T' and
their dimension dy the defect indices.

Theorem 7.16
Let (H,(-,-)) be a complex Hilbert space. Let T : D(T) — H be a symmetric operator.
The following are equivalent :

1. T admits a self-adjoint extension,
2. The deficiency spaces K. and K_ are linearly isometric;

3. The defect indices are equal.

Proof.

First, we observe that we always have a particular decomposition for H. Since T* is a
closed operator, T* F il is a closed operator as well, and so N (7™ F iI) must be closed.
By Theorem 22, Proposition 223 and Proposition 2224, we have

H=N(T*Fil)> @ N(T*Fil) = R(T +4I) ® N(T* Fil)
= R(T* +il)® N(T* Fil) (%)

(1) = (2) : Assume that T has a self-adjoint extension 7' C Tj. Observe that since T} is
a self-adjoint extension of 7', we have the tower of extensions 7' C T** C T} C T*. Let
V and V;j be the Cayley transform of T** and T} respectively. Since T* C 17, Vi is an
extension of V. In particular, Vy(R(T** +il)) = R(T** —il).

As T is self-adjoint, V; is unitary. Therefore, V; restricts to an isometry between
N(T* —I) and N(T* +iI) using the decomposition () of H.

(2) = (1) : By replacing T with 7**, we can assume without loss of generality that 7'
is closed. Indeed, we have T' C T™*, T** is closed and symmetric, and by Corollary 223,
T* = (T7)*, so the deficiency spaces of T** are equal to the deficiency spaces of T

Let V be the Cayley transform of 7. Let U : N(T* —iI) — N(T* +il) be a linear
isometry. Then the linear operator

Vi:D(V)Y® NT* —il) — R(V)® N(T* +1il)
r+y—Vr+Uy

is a well-defined isometric extension of V', which is unitary. The sums are direct since
D(V)=R(T+1il)=R(T* +il), R(V) = R(T —il) = R(T"™* —iI) (which are closed by
Proposition 224) and we have the decomposition () of H. In particular, H = D(V}) =
R(V1). It remains to prove that V' is isometric. This follows from the fact that U and V/
are isometric and the direct sum in the decomposition (x) of H is orthogonal.

The inverse Cayley transform 77 of V; is therefore a self-adjoint extension of T

(2) <= (3) : Follows from Lemma 4. O
Definition 7.8 (Conjugation)

Let (H, (-, -)) be a complex Hilbert space. An anti-linear map C': H — H, C(Ax + py) =
AC(z) + 1C (y), is called a conjugation if it is isometric and C* = I.
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Remark 7.17
It follows from the Polarization Identity that an anti-linear operator C': D(C') C H — H
on (H,(-,-)) is isometric if and only if (Cz,Cy) = (z,y) Vx,y € D(C).

Theorem 7.18 (von Neumann’s Theorem)

Let (H,(-,-)) be a complex Hilbert space and let T : D(T) — H be a symmetric operator.
Assume there exists a conjugation C' : H — H such that C(D(T')) C D(T) and CT =TC.
Then the deficiency spaces of T are (anti-linearly) isometric and T admits a self-adjoint
extension.

Proof.
Since C? = I, we have C(D(T)) = D(T). Let x € N(T* —il).
We show that Cz € N(T* +4l) = R(T —il)*, ie. C(N(T* —il)) C N(T* +il). Indeed,

(Cx, (T —1I)Cy) = (Cx,C(T + il )y)
= (z,(T+il)y) =0Vy =Cy € D(T)=D(T —il)

Similarly, C'(N(T* + 4I)) C N(T* — iI) and since C? = I, the inclusions are equality.
Therefore, C' restricts to a bijective, isometric, anti-linear map C' : N(T* —il) — N(T* +
il), which ensures that the dimensions of N(7* —il) and N(T* + il) are the same. [

7.2 The Hamburger Moment Problem

Theorem 7.19
Given a sequence (a,)°, C R, there exists a Borel measure ji on R for which x™ € L£'()
and

a, = / z"dp(x) Yn € Nxg
R
if and only if for all N € N>q and all By, ..., By € C,

N
Z Bnﬁman—km Z O (*)

n,m=0
Proof.
= : Assume that p is a Borel measure with n-th moment a,,. Then
N N
> BuButin = [ 30 Bubma™ " du(x)
n,m=0 R n,m=0

- /| éﬁnx"fdﬂ(l‘) >0

for all N € N5¢ and all Sy, ..., By € C.

< : Conversely, assume that (x) holds. Let C[z] be the set of polynomial with complex
coefficients. We define the following semi-scalar product on C[z] :

N M N M
<Z Bna™, Z ’mem>(c[x] = Z Z Bn’}/man-i-m
n=0 m=0

n=0m=0
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Let Q = {p(x) € Clz] | (p(x),p())cw = 0}. It follows from the Parallelogram law that
@ is a subspace of C[z] and it follows from the Polarization identity that (p(z), ¢())cp) =
0Vp,qe€Q.

Consider the quotient space P = Clz]/Q (i.e. p(x) and ¢(x) € Clz| are identified if
p(z) — q(z) € Q) with the following well-defined scalar product :

N M N M N M
<Z 5nxn + Q: Z ,mem + Q>P = <Z anna Z ’ymxm>(C[:c] = Z Z Bn’}/man-‘,-m
n=0 m=0 n=0 m=0 n=0m=0

Consider the completion (H, (-,-)) of the Pre-Hilbert space (P, (-,-)p). The space P can
be seen as a dense subset of H and the scalar product (-, )p as the restriction of (-, -) to
PxP.

Consider the shift operator S on Clz] :
S : Clz] — Clz]

N N
D B = D Bua !
n=0 n=0

Then T is a symmetric operator on (C[z], (-, )c[y). Indeed,

N+1

N N—H

- Z Z ’Ynﬁm 18n+m

N+1 N

= Z Zmﬁnam+n

m=1n=0

= (Sq(z), p(x))cr) Vp(2) € Cla]
Furthermore, it follows from the Cauchy-Schwarz inequality that S(Q) C @ :

(Sp(x), Sp(x)) ) = (S°p(x), p(2))clay
< (S%p(x), $*p(@)) e - (p(), p(@)) ey ¥p(x) € Cla]
Therefore, the shift operator
T:PcH—PCH

N N
Y B+ Q> B+ Q
n=0 n=0

is a well-defined symmetric operator on a dense subset of H.

Consider the conjugation operator C': P — P, C(p(x) + Q) = p(r) r) + @, which extends
to a conjugation C' on the whole H (it is defined as C': H — H, C([(pn(z) + Q)22,]) =
[(pn(z) + Q)] for an equivalence class of Cauchy sequences in P).
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Clearly, CT = TC. Therefore, T admits a self-adjoint extension T : H — H.

Let (E;)ier be its spectral resolution. Let p be the Stieltjes measure associated to t +—
|E(t)(1 + Q)||?, where 1 is to be interpreted as the constant polynomial p(z) = 1. By
Spectral Calculus, we have

= (1+Q,2" + Q) = (1+Q), T"(1+Q))
= ((1+Q), B@)(1+Q) = [ a"dp.
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Chapter 8

Operator Monotone Functions

In this chapter, our goal will be to characterize functions f : (0, +00) — [0, 400) that are
monotone on symmetric positive definite matrices, i.e. functions f : (0,400) — [0, +00)
such that if 0 < A < B, then 0 < f(A) < f(B) (where A < B is to be understood as
'B — A is positive definite" and f(A) is defined via the functional/spectral calculus of A).
This will be made more precise a bit later.

8.1 Dissipative operators

Definition 8.1 (Complete Bernstein Function)
A monotone function f : (0,+00) — [0,+00) is called complete Bernstein if f can be
written as

fA) =a+bA+ do(t), A >0

(0,400) A +t
where a,b > 0 and o is a sigma-finite Borel measure on (0, +00) such that

1
——do(t) < 40
/(0,+oo) 14+t o(t)

Remark 8.1

1. The last condition on the measure ensures that o is finite on bounded measurable
sets because

1 1
0, :/ ldo(t) < est [ ——do(t) < st = do(t) <
o((0,m)) (0,n) o(t) < es (on) 1+ o) s s (0,400) 1 +1 o(t) < Foo

A
N1 is monotone in A > 0, it follows
from the Monotone Convergence Theorem that a complete Bernstein function is
continuous.

2. Since for a fixed t > 0, the function A\ —

3. In what follows, a monotone function f on (0,400) is always implicitly prolonged
by continuity at 0 by setting f(0) = /\lirgl+ f(A).
ﬁ

For the sake of completeness, we state without proof the following theorem about complete
Bernstein functions. We will not make use of it in this chapter.
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Theorem 8.2
A function f : (0,4+00) — [0,+00) is complete Bernstein if and only if f is continuous
on (0,400), f has a continuous continuation to HU (0, +00) such that f is analytic on
H, Sf(z) >0 Vz € H, and the limit }\ié% f(X) exists and is real.

A—0T
Proof.
See [SonT(] (Theorem 6.2 and Remark 6.4). The direction < is similar to the proof of
Theorem B8 (Herglotz) : integrate on a contour and use Helly’s Selection Theorem. [

Definition 8.2 (Dissipative Operator)
Let (H,(-,-)) be a Hilbert space on K and let T': D(T') — H be a self-adjoint operator.
T is said to be dissipative if

(x,Tz) <0Vx e D(T).
We say that a self-adjoint operator T is positive if =T is dissipative.

Proposition 8.3
Let (H,(-,-)) be a Hilbert space and let T : D(T) — H be a self-adjoint operator. The
following are equivalent :

1. T is dissipative;

2.9A>0: ||[(M =T)z|| > X ||z|| Yz € H;

3. VA>0:Xep(T) and ||R(z, T)x|| < X7t -||z|| Vo € H;

4. o(T) C (~00,0).
Proof.
It is clear that (2) <= (3) and (3) = (4).
(4) = (3) : If o(T) C (—00,0], then for all fixed A > 0, u(t) = (A —t)~" is well-defined
and bounded on ¢ (T), so we get R(A\,T) = (M —T)~!' = E((A —¢)~') by usual spectral
calculus.

(1) = (2) : Since T is self-adjoint, we have

[|(M = T)z||> = N?||z||* — 2\, Tx) + ||Tx||* Vo € D(T), YA >0
with (Tz, ) < 0. Therefore, ||[(A — T)z||* > N?||z||* Vo € D(T), VA > 0.
(2) = (1) : Since T is self-adjoint, we have

[|M = T)z||> = N?||z||* — 2\, Tx) + ||Tx||* Yu € D(T), YA >0

with [|[(A — T)z||> > N?||z||* Vz € D(T), YA > 0. Therefore, —2X\(z, Tz) + ||Tz|* >
0 Vx € D(T), YA > 0. This is only possible for (x,Tz) < 0, since A\ can be chosen
arbitrarily large. O

Proposition 8.4 (Square root of a positive operator)

Let (H,(-,-)) be a Hilbert space and let T : D(T) — H be a positive operator. Then there
exists a unique positive self-adjoint operator Sy, D(T) C D(St), D((S1)?) = D(T), such
that (St)? = T. The operator St is called the square root of T.
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Proof.
Let (E}).cr be the spectral resolution of T'. Since o(T) C [0, +00), u(t) = vVt : o(T) — R
is a well-defined E-measurable function.

Define Sy = E(vV/t) = Loy VtdE(t). The inclusion

D(T) = D(E(t)) = {x € H| t € L2(K.p,)}
C {o € H| Vi€ L2(K, p.)} = D(E(VE) = D(Sr)

follows from the elementary inequality v/t < t for ¢ > 1 and the fact that the Stieltjes mea-
sures p, are Borel and finite. We also have {x € D(Sy) | Sz € D(St)} = D(SrSr) =
D(Sr) N D(T) = D(T) by point 8. of Theorem 5.

By Spectral Calculus, (S7)? = E(V)E(VT) = E(t) = T on D(T) and Sy is self-adjoint
since /1 is real-valued.

The operator St is positive since

(x, Sz) = /[0 . Vid||E(t)z|]? > 0 Yz € D(Sy).

Finally, we verify unicity. Assume that S is a positive self-adjoint square root of T,
D(T) c D(S), D(S%) = D(T). Let F(t) be its spectral resolution.

By Spectral Calculus, T = 52 = F(t)F(t) ¢ F(?), so T = Jio ooy t°dF(t) on D(T).
Therefore, by Theorem G8

T = t2dF(t) = /

[0,400) [0,400)

t2dF(t) + / —t*dF(t) / tdG(t) on D(T),
00,0)

where G(t) = F(¢1(t)), ¢(t) = t* for t > 0, ¢(t) = —t* for t < 0.
By unicity of the spectral resolution of T'; E(t) = G(t) Vt. Therefore, F(t) = E(t*) for
t >0, F(t) = E(—t?) for t <0, i.e. F is precisely determined by E. O

Proposition 8.5

Let (H,(-,-)) be a Hilbert space and let T : D(T) — H be a dissipative operator. Then
for any x € H, f(z) = (z,2R(2,T)z),z € K\ (00,0] is (the extension) of a complete
Bernstein function.

Furthermore, AhIJP (x, \R(\, T)y) = (z,y) Yo,y € H.

Proof.
Let (E:)iwer be the spectral resolution of —7'.

For A € (0, +00), we have

(@ AR T)a) = (o B ok (0) ) = [ Sdl (el
= 1I(E(©) - E(O—))xH? - / e



=a+ do,(t),

(0,400) A+t

where o, is the bounded Stieltjes measure induced by the function

(1) = [|E(t)z||* if t >0
e\ = ||E(0)z|* otherwise

Finally,
, L A 2 _ 2 )2
Jim (2, AR(A T)a) = lim 0o o AE@] —/[O#OO) Ld||E()z||” = ||«][" Ve € H

using the Dominated Convergence Theorem (the measure is finite) and we conclude using
the Polarization Identity for sesquilinear forms. O

8.2 Operator Monotone Functions

Let (H,(-,-)) be a Hilbert space and let T,S : H — H be two bounded self-adjoint
operators. Recall that we write 7' < S if S — T is positive, i.e. if

(x,Tx) < (x,Sx) Vo € H

We wish to extend this notion to dissipative self-adjoint operators T', S. Since D(S—T) =
D(S) N D(T) is not necessarily dense, we cannot talk about S — T being self-adjoint or
even dissipative.

Definition 8.3 (Quadratic form associated to a dissipative operator)
Let (H,(-,-)) be a Hilbert space and let T': D(T') — H be a dissipative operator. We
define the following quadratic form on H :

((=1)"2,(~T)"?x) if « € D(Qr) = D((-T)"?)

400 otherwise

QT(xv .I) - {
If (Ey)ier is the spectral resolution of T, this can be written as

Qr(z, ) = /( -t d||E(@)a|]* Vo € H
—00,0

Finally, notice that if x € D(T) C D((~T)"?), we have Qr(z,x) = —(z, Tx).
Definition 8.4 (Domination in quadratic form)

Let (H, (-,-)) be a Hilbert space and let T': D(T") — H, S : D(S) — H be two dissipative
operators. We say that —1" dominates —S in quadratic form, and write =S <,; =T, if
Qs(z,x) < Qr(x,z) Vo € H

Notice that if =S <,y —T', we necessarily have D(Qr) C D(Qgs).
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Definition 8.5 (Matrix Monotone Operator of order n)
A monotone function f : (0,400) — [0, +00) is called matriz monotone of order n if for
any symmetric matrices A, B € R™"*", we have

0<B<A=0< f(B)< f(A).

We denote by P, the set of functions which are matrix monotone of order n.

A monotone function f : (0,400) — [0,+00) is called matriz monotone (or operator
monotone) if it is matrix monotone of order n for all n € N.

Definition 8.6 (Monotone Operator in quadratic sense)

A monotone function f : (0,+00) — [0,+00) is called monotone in the quadratic sense
if for any pair of dissipative operators T': D(T') — H, S : D(S) — H on a Hilbert space
(H,(-,-)), we have :

0 <af -5 <af —I'=0 <af f(_S) <af f(_T)-

Remark 8.6
Clearly, {f : monotone in the quadratic sense} C {f : matrix monotone}. Our goal will
be to prove that those two notions are equivalent and that we, in fact, have

{f : complete Bernstein} = {f : monotone in the quadratic sense} = {f : matrix monotone}.
This result is known as Lowner’s Theorem.

Lemma 8.7
Let (H,(-,-)) be a Hilbert space and let T : D(T) — H be a dissipative operator. Then
for all X\ e RN p(T'), TR(A,T) is a bounded operator.

Proof.
Let A€ RN p(T) and € H. Then

—1

dl|Et)x]|? < 2,
O At |E(t)z|[" < ||z]]

ITRODa = [ [ ldlEwalP = |

el

Proposition 8.8
Let (H,(-,-)) be a Hilbert space and let T : D(T) — H, S : D(S) — H be two dissipative
operators. The following are equivalent :

1. 0 Sqf -5 Sqf —T,'

2. 0< RINT) < R(AS)VA>0;

3. 0< (=9)R\,S) < (=T)R\,T) YA > 0.
Proof. A
() = (i) : Let A > 0 be fixed. The operators (Al —T) = ET(\ —t) and R\, T) =
ET((A—1t)7!) are positive, since they can be defined via the Spectral Calculus of T" with
some real-valued and non-negative functions on (—oo,0]. In particular, the square root
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(M —T)Y2, D(T) € D((\ — T)"?) = D((-=T)"?) = D(Qr), is well-defined. This
remains unchanged if we replace T" by S.
For x € H, define

We then have

(x, RO\, T)x)* = (M — S)¢p, R(\, T)x)?
= (M — S)Y2¢, (M — S)Y2R(\, T)x)*
< (N = 8)2¢, (N = S)Y2¢) - (M — S)Y2R(\, T)z, (M — S)2R(\, T)x)
= (M = 5)¢,0) - (AT = )24, (AT — 8)'/2)
< (A= 8)¢,¢) - (A = T)'¢, (X = T) %)
= (AT = 8)¢,0) - (A = T)b, )
= (z

R\, S)x) - (x, RO\, T)x)

where we used the Cauchy-Schwarz Inequality for the first inequality and the hypothesis
(M —S) <,¢ (M —T) for the last inequality.

(17) = (i1i) : Let A > 0 be fixed. Let z € H. We have

(x, =SR(X,S)x) = (x, A — S)R(X, S)x — AR(A, S)x)
= (z,x) — (x, \R(\, S)x)
< (z,z) — (&, AR\, T)x)
=(z, M —T)R\,T)x — AR\, T)x)
=

x,—TR(\,T)x)
(1ii) = (i) : By Proposition B3, we have
(=S)V2z, (=S)2z) = lim ((—9)Y%z, AR(), S)(—9)"%z) Vx € D(Qs)

A—+o00

The right-hand side is equal to
lim Az, (=S)R(X, S)x)

A——+o00
using the Spectral Calculus. We get the result by doing the same with 7. Il
Example 8.1
A
Consider the function f : (0,+00) — [0,400), f(A) = SRR
Then f is a complete Bernstein function. Indeed, take a = b = 0 and o the Stieltjes

lift>1

measure given by o(t) = {0 therwise”
otherwise

We check that f is matrix monotone. Let A, B € R™*" be symmetric matrices for which
0<B<A(ie. A, B,and A — B are semi-positive definite).
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We have

FA) = [ 55dBAO = BA7) = BY B (D+EA0) ! = AT+A) = (~A)R(-1,4)
and similarly

f(B)=B( + B)™' = (-B)R(-1,B).

It follows directly from Proposition BR that 0 < f(A) < f(B). We have the more general
theorem :

Theorem 8.9

Let f: (0,+00) — [0,4+00) be a complete Bernstein function. Then f is monotone in the
quadratic sense.

Proof.
Write

fA) =a+bX+ do(t), A>0

(0,400) A +t
as in Definition K.

Let T: D(T) — H, S : D(S) — H be a pair of dissipative operators on a Hilbert space
(H,{-,-)) and let (El)icr, (E7)ier be their respective spectral resolution.

Observe that for all x € H, we have

Qesy(e.a) = [ FENAIES P

'\ 9
_ /(_ooo] (arb0+ [ = da(t))dHES(A)xll

— al|z||? + bQs(, +/ (/HOO = (t))dHE’S()\):L’HQ

= allall* +Qs(x. )+ [ (/ Ll ES (N)al ) do (1

00,0] t —

:a]|x||2+bQS(x,x)—1—/(0’%0)((—5)]%(15, Sz, z)o(t) ()

where we can separate the first integral into three parts since all the integrands are non-
negative and where we can switch the order of integration of the third integral by Tonelli’s
Theorem since, again, the integrand is non-negative.

But 0 <, —5 <,r —T isequivalent to Qg(x, ) < Qr(z,z) Vo € H and ((—S)R(t, )z, z) <
((=T)R(t,T)z,z) Yx € H, Vt > 0 by Proposition BR. Since integration is monotone, we
have

0 < Qs—s)(@, ) < Qp—ry(w,2) Vo € H

by comparison of each term in (%) for S and T. O

Proposition 8.10
Let f: (0,400) — [0, 4+00) be a monotone function. Then f is matriz monotone of order
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n if and only if for all ay, ..., an, B, ..., Bn = 0, for all orthogonal matrices Q) € R™*"™ :

> (@ <Zxa]Vx€R”:>ZQx (B5) §Z ) Vo € R"

7j=1 7=1 7j=1

Proof.

The above condition can be rewritten as : f is matrix monotone of order n if and only if
for all aq, ..., ay, B1, ..., B, = 0, for all orthogonal matrices @) € R™"™ :

QD(6:)Q" < D(a;) Vz € R" = QD(f(5:))Q" < D(f(w)) Vz € R"

where D(a;) denotes a diagonal matrix with coefficient D;; = a;.
Recall that f is matrix monotone of order n if and only if for all symmetric matrices
A, B e R"™™:

0<B<A=0< f(B) < f(A)

A symmetric positive semi-definite matrix M € R™*™ has real non-negative eigenvalues
my,...,m, > 0 and is diagonalizable over R with an orthogonal change of basis matrix,
i.e. there exists an orthogonal matrix P € R™ " such that PTMP = D(m;) is diag-
onal. Then it is easy to check that f(M) = PD(f(m;))PT by approximating f(z) in
(M) C [0, max;{m;} + 1] with a sequence of polynomials (using Weierstrass Approxima-
tion Theorem). Therefore, the direction = is clear.

For the other direction, fix A, B € R™" two symmetric positive semi-definite matrices
and write PTAP, = D(«y;), PYBP, = D(5;), oy, B; > 0, P, P, € R™" orthogonal. Then

0<B<A <= 0<as"(B-AxVzeR" +<— 0< 2" (B—-A)xrVzecR"
— 0<y"PI(B—A)PyVycR" < 0<QD(B)Q" < D(w)

where QT = P{ P,.

Notation
Let R be a ring. We denote by R[z| the ring of polynomials with coefficients in R and
by Ry[x] C R[x] the subset of polynomials of degree less than or equal to k.

Lemma 8.11
Let p(x) € R,[x], n > 0. Then p(z) is uniquely determined by its values at n+ 1 distinct
points Ay, ..., \ni1 € R.

Furthermore, p(x) can be recovered in the following way :

n+1 T — )\z
p(z) = p(Aj)
j=1 ’ 13};&1 /\j =\
1#£]

Lemma 8.12
Let n > 1. Let Ay, ..., Aan € R\ {0} be fized distinct points. Define w(x) = [[72 (x + ;).
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Then the map

gb : Rgn_l[l'] — RQn

p(z) = <m> 1<j<2n

is a linear bijection from R, 1[x] to R* such that

ig;:id)(mj( & ) vz €R.

j ill'—i-)\j

Furthermore, p(x) € Rop_1[z], p(0) = 0, if and only if >3, ¢(p); = 0.

Proof.

The linearity of ¢ is clear. The injectivity follows from the fact that a polynomial p(z) €
Ry, _1[x] is uniquely determined by its values at 2n distinct points. Since ¢ is a linear
map between two R-vector spaces of the same dimension, it follows from the Rank-Nullity
Theorem that ¢ is surjective.

Now, notice that
(=N = I (v=N).
1<i<2n
i#j

By Lemma BT, for a given p(x) € Ry, _1[z]|, we have

p(x) :jz::l p(_>\j) 1<17;_<[2n_x)\]_"_‘|_)\;\i = ]z::lp(_)\]) 1<1i_<[2n(x + )‘z) ﬂ_/(_>\j)_1
Tii S5
v m@) & A
e w ek P ( T Aj)

Definition 8.7
Let n > 1. We say that a function f : (0,400) — [0,+00) is in the set M, if for all
distinct Ay, ..., Ay, > 0, for all ay, ..., az, € R such that 37, a; =0:

2n 2n
Aj
; >0Ve >0= f(X;) > 0.
jzlafxﬂj— ’ jzf”f( )=

Observe that M, ., C M,, Vn > 1.

Proposition 8.13
A function f : (0,400) — [0,400) is in the set M, if and only if for all distinct
Ay oy Aop >0, for all aq, ..., as, € R such that 2”1 a; =0 :

1=

SNl v s 0 S a, () 2 0
a; Xz a; i .
U T 2@l ) =

7



Proof.
Notice that
i —1

2
Z aj ’
j=1

J]+/\j

J=1

on IANPY 1
ZOVx>O<:>Zaj<(x+> ’ —>ZOW>0
1
Y

= > a;—L—>0Vz>0
j=1 Tzt Aj
J_
where we used the fact that ?21 a; = 0 to get the second equivalence. O]

Proposition 8.14
A function f : (0,400) — [0,400) is in the set M, if and only if for all distinct
Aly ooy Aoy > 0, for all p(z) € Rop—1[x] with p(0) =0 :

2n

p(x) 20 Ve >0=> 6(p);f(N) 20 (%)

=1

where ¢ is defined as in Lemma BI3.

Proof.
This follows from Lemma BT2 and its proof. O]

Remark 8.15

Let f : (0,4+00) — [0,+00) be any function and let A, ..., Ay, > 0 be distinct. If (%)
holds for some p(x),q(z) € Ro,_1[x] such that p(0) = ¢(0) = 0, p(z),¢(x) > 0 VY > 0,
then by linearity of ¢, (%) also holds for p(z) + ¢(x).

Theorem 8.16
Let m > 0. Any polynomial p(x) € R,,[z] such that p(z) > 0 Yz > 0 can be written as
p(x) = 2¢3(x) + ¢3(x) for some qi(z), 2(x) € R[z].

Remark 8.17
It follows from degree comparison that ¢i(x), g2(z) € Ry 0[]

Proof.
Observe that for all Va, b, ¢, d € R[z], the following identity holds :

[za®(x) + b*(2)][zc?(2) + d*(2)] = z[a(x)d(x) — b(z)c(x)]? + [a(z)c(z)x + b(x)d(x)]?

Therefore, the set P = {xa?(x)+b*(z) | a,b € R[z]} is closed by multiplication. It is also
closed by positive scalar multiplication. Thus, it suffices to prove that p(z) is a product
of a positive constant and elements of P.

Let

px)=A-T[(x +a)*  T[(x + bz + c;)”
be the decomposition into irreducible factors (over R) of p(z). We study each factor
independently :
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1. Since p(z) > 0 Vz > 0, by taking z — +o0, it follows that A > 0.
2. If a; >0, then z + a; = x - 1> + (\/a;)? is an element of P.

3. Since (22 4 b;x + ¢;) is irreducible, we have
(B +biz+c) = (z—w)(2—T) = 22 =2R(w;)z+|w;i|* = (v—|wi])?+2(Jwi = R(w) ) >

for some w; € C\ R. Since |w|? — R(w;)? > 0, this polynomial is in P.

4. Finally, if a; < 0, then (z + a;) must have even multiplicity. Assume not. Order
the negative roots in increasing order a; < ... < a; < ag = 0. Consider the smallest
a; < 0 with odd multiplicity. Then for z € (—a;_1, —a;), we have p(x) < 0, which
is a contradiction. Therefore, (x 4 a;)* is in P.

O

Theorem 8.18
P,y CM,Vn>1.

Proof.
From Remark RT3 and Theorem B8, it suffices to prove that :

If f € P,.q, then for all distinct Aq, ..., A9, > 0, for all p(x) € Ry,_1[z] with p(0) = 0 of
the form xq?(z) or ¢*(x), q(z) € R,_1[x] :

2n

> o);if(N) =0 (%)

J=1

L Write {1, .., Ao} = {0 < 1 < o1 < ... < B < ap} and w(z) = [[2(z + ))),
' (=p;) > 0, 7'(—a;) <0 for all j. For any ¢(z) € R,,—1[z], we have

=S ot (25) - 3 (220 ()

Jj=1

_i( (- B)))<+ﬁ>+z( - )an)Z(xia])”V”O

The mappings

o R,_q[zx] = R", YR, q[z] = R"

e (280D e [ 2)
Ao} ( m(ﬁj))lq@’ i) ( 7T/<aj))1<j<n

are linear bijections (since a polynomial of degree < n—1 is uniquely determined by
its values at n distinct points and R,,_;[z], R™ have the same dimension). Therefore,

W(‘T) j=1 j=1 T+
_ ¥ B; - a
vy <x+]ﬁj> + 2l <x+]aj> > 0¥ >0



for some matrix () € R"*". Evaluating at x = 0, we get

-3 (@uaE + 3 vla; =0

j=1

Since ¢(x) € R,,_1[x] was arbitrary and ¢ is a linear bijection, we have

—>(Q2)7+> 2=0VzeR"

and

—i@%(ﬁ%>+2£<6”>>OW>ow€w

The left-hand side of the first equation is exactly 27(I — Q7 Q)z, so the matrix Q
must be orthogonal.

Multiplying by x the second equation and letting z — 400, we get

n

Z Qz) B] Zz?aj >0VzeR"

J=1

If f € P,, we then have

Z £(55) +sza] )>0VzeR",

— Y@ () + X vl () = Dbl (@) f () 2 0 Va(a) € Ryl

which is precisely (%) for polynomials of the form z¢*(z), q(x) € R,_1[z]. Since
P,.1 C P,, this also holds if f € P, ;.

Remark : We have proved that for any m € N, if f € P,,, then (%) holds for all
distinct A1, ..., gy > 0 and all p(x) = 2¢*(x) € Ry,,_1[z]. To prove the case where
p(z) = ¢*(z) € Ry,_1[z],p(0) = 0, we will apply this for m =n + 1.

Observation : If f € P,, it follows from () applied to n = 2, f; = 1, a3 = 2,
P =B, an =28, p(x) = x(x + 2B)* = 2¢*(x), B > 2, that

22:( ))) (B5) +§:(7ﬂ%))) flag) >0

( BJ Jj=1 (_aj
(—1+28)? (=B +28)°
"o n' YW ane-pes g’
b B ) e (o)

~(1-2)(8-2)(26-2) —(1-26)(2-28)(6 - 26)
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Co28-1, B 26— 2
- L) - i)+ R 2 0
Multiplying this last inequality by (8 — 1)(8 — 2)/3°, we get
28 —1)(8 — 2 1 28 —1)?
S0 50y - )+ 2 ) 2 0
i.e.
fB) _ 28-1)(B-2) 2(8 — 1)
0<5" < 5 )+ 5 F@) 5o 0

2. Write {A1,...;don} = {0 < 1 < o < ... < By < an} and w(z) = [I2(x + ),
7' (—p;) > 0, 7’(—a;) <0 for all j. For any ¢(z) € R,,_1[z] with ¢(0) = 0, we have

B S o () = 3 () (ﬁa.)

7=1

- Z( (ﬁﬂjj))ﬂ) <w+ﬁg> Z( (- a)»a) <xij%>
Yy

= <x+5j> _jz":l J <x+aj>

Let 0 < o < 81 and o, < Bp41. Define 7(x) = (2 + ap)m(x)(x + Bnta), 7 (5;) <0,
7'(a;) > 0 for all j. For any ¢(x) € R,,_;[z] with ¢(0) = 0, we consider

= @) b fisple) z Stethad@); (3 )
n+ ? .
g (55 (2
n 2 .
& ( (_:Q)—VZ? ) ( i]a)
= *i ( fjﬁ) _Jio? (w ija)
It follows from the first part that if f € P, 1, then
+7§§J2-f(5j) - jij?f(oq) >0

For j = 1,...,n, we have @ (—q;) = (—a; + ao)7'(—a;) (—aj + Bny1) and 7 (—f3;) =
(=B + o)’ (=5;)(—=5; + Bnt1). Therefore,

lim y;, =vy; lim 2z, =z;
)
0—0 J J 0—0 J J
,Bn+l > 00 ,Bn+l > 100
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where the order of the double limit does not matter.

It remains to study what happens to g2, f(Bn+1) and 5 f(ao) when ap — 0 and
Bns1 — +oo. If both limits are zero, we recover () and we are done.

Since any f € P, is a non-negative and non-decreasing function, f is bounded in
a neighbourhood of 0 and

0(0*)0+ a0~)0+

Bn+1—++00 Brni1—400 774(_0[0)

lm  Zf(ao) = lim (q(‘o‘) Vﬁ) (o)

— lim Cao)bustp)—

a—0"  m(—ao)(—ao + Bni1)
Brn+41——+00

since ¢(0) = 0, w(0) # 0. Again, the order of the double limit does not matter.
Since f € P41 C Py, it follows from the first part ; lim+ f(Bny1)/B241 =0 and
n+1—>1T00

lim 72, f(Bns1) = lim

1 n+1
ap—0T nt ap—07T
Brnt1—+00 Br+1—>+00

(Q(_BnH)\/ Brni1
_%I(_BnJrl)

—  lim (]2(—5n+1)5n+1

an—0+  T(—=Fni1)(Bnt1 — o)
Bn+l_>+00

) f(/BTL+1)

f(ﬁn-i—l) =0

since deg(q?) < 2n — 2 and deg(m) = 2n.

Remark 8.19

We have proved that f : (0,+00) — [0,+00) is complete Bernstein = f is monotone
in the quadratic sense = f € Npen P = f € Nnen M. It remains to prove that if
f € Npen My, then f is Complete Bernstein.

Definition 8.8
Let X be a topological space and M C (Cy(X), ||||c0) be a subspace. A linear functional
A : M — R will be called positive if A(f) > 0 whenever f(X) C [0, +00), f € M.

Lemma 8.20
Let X be a topological space and consider the uniform closure Co(X) of Co(X) C Cp(X).
Any positive linear functional A : Co(X) — R is bounded.

Proof.

Notice that by positivity, if f,g € Co(X) and f(z) < g(z) Vo € X, then A(f) — A(g) =
A(f —g) >0, ie A(f) > Alg).

Assume for a contradiction that there exists a sequence (f,)%2; C Co(X) such that
| full < 1 Vn and A(f,) e 0 By passing to a subsequence, we can assume

A(fn) > 2" VYn. Furthermore, it follows from the reverse triangular inequality that if
fr € Co(X), then |fx] € Co(X) as well, so we can assume that fi(X) C [0,+0o0) by
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replacing fr with its absolute value.
Define

= i 27" fi(x)
k=1

Then f(z) € Co(X). Indeed, let € > 0. Let N € N be large enough so that 332 ., 27 <
€/2. For k =1,..,N, let g, € C.(X) be such that ||gx — 27" fi|lec < €/(2N). Finally,
define g(z) = S0, gr(z) € C.(X). Then

/= g||oo<Z||2 “fi = gilloo + Z 127" filloo < e.

k=N+1

Now, observe that f(z) > 7, 27% fi.(x) Vn € N. By positivity and linearity of A :

A(f) > zn:Q’kA(fk) >n Vn.

k=1

Therefore, A(f) = +o0, which is a contradiction. O

Corollary 8.21
Let X be a compact Hausdorff space and consider the uniform closure Co(X) of Co(X) C
Cy(X). Let A: Cy(X) — R be a positive linear functional.

Then there ezists a complete Borel measure space (X, M, ), where p is a finite Radon
measure, such that

= [ fdu, 1€ Co(xX).
X

Proof.
By the Riesz-Markov-Kakutani Representation Theorem, there exists a complete Borel
measure space (X, M, i), where p is a finite Radon measure, such that

= [ fdu. f e Cux).

Therefore, f +— A(f) and f — [y fdu, f € Co(X), are two bounded linear functional
that coincide on a dense subset (i.e. C.(X)) of Cy(X). Thus, they are equal on the whole
Co(X). O

Theorem 8.22
Let f:(0,400) = [0,+00), f € Npen Mn. Then f is a Complete Bernstein function.

Proof.
Let X = [0, 4+00] be the one-point compactification of the half-line [0, +00).
Define the set

n

G ={g(z),z €[0,+0] | g(x Z x—i—)\ Zaﬂb,\ )nENaJER,)\j>0,Zaj:O}

j=1 Jj=1

which is a subspace of (Cy([0,4+00]), ||:||oc), the set of continuous functions from [0, +o0]
to R vanishing at infinity endowed with the sup norm. Let f € (), ey M,. Define the
following linear functional on G :

A:G—R
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n

> an, = S aif ()

1

Since f € Npen My, Af(g) > 0 whenever g(z) > 0 Va > 0 (see Proposition B13). Let

2:6—1_:6—1) 5(x? + 1)

go(x):5(¢2(93)—¢1(35))=5($+2 v+1) 224342

Then go(x) > 1 VY > 0 since

4 3
which is true since SxQ — 57 + R has no real roots and is strictly positive when |z| is

large.

Therefore, for any g € G, we have g(z) < max{supg,0} - go(z) Yz > 0. By positivity of
Ay,
Af(g) < max{supg,0} - Ar(go) Vg € G.

Observe that g — max{supg,0} - Af(go) is a sublinear functional. Therefore by the
Hahn-Banach Extension Theorem, the linear functional A; can be extended to a linear
functional /N\f : Co([0,+0o¢]) — R in such a way that /Kf(g) < max{supg,0}-As(go) Vg €
Co([0, +o<]).

For any positive h € Cy([0,4+00]), we have
As(—h) < max{sup —h,0} - As(go) = 0

ie. A 7 is a positive linear functional on Cy(]0, +o0]). In particular, it is bounded. By the
Riesz-Markov Representation Theorem, there exists a finite Radon measure p such that

As(h) :/ h(t)du(t) Yh € Co([0, +00]).

[0,400]

For g(t) = 6a(t) — d1(), A > 0, we get &;(g) = As(g) = FN) — F(1), ie.

FN = Rslg) + £(0) = Rylon) = Rylo0) + £ = [ ZE=Edu(t) = Mo+ £(1)
— (=A@ + F) +dulfoeh) + [ S tdn

At —1
Observe that for ¢ > 0, A — .Y is an increasing function (the derivative is given by

(1+t%)/(\ +t)%. By the Monotone Convergence Theorem :

F0+) = Jlim ) = (=A@ +F) = [ autt

A—0+ t

In particular, [j, )t~ du(t) is finite. Yet, we have

1 1 1
+o0 > “du(t) > / “du(t) > u([0,2)) - = > 0 Vo > 0
[0,+00) 1 o) t x

84



Taking the limit x — 07, by continuity of the measure, we get that x({0}) = 0, so

/\t—ld )

f) = (=A(¢1) + f(1)) + Au({oc}) + Oto0) LA

Finally, notice that

M —1 A 1 1 1
dt:/ 7tdt—/ — — —du(t —/ —du(t
/<o,+oo>t+A = oo T At () <<o,+oo>t+A t“”) 0,400y 11D
A 1 1
- o t+>d t—/ ~dult
(o,+oo)t+)\< t H(t) (0,400) t i)
A 1
_ do(t —/ dpt
(0,400) T+ A o(t) (0,400) t i)

1
where do(t) = <t + t) du(t) is defined as in Definition BR.

Therefore,

FO) = F0) + (o) + [ s

do(t).
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