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Abstract

Analogues of the Sobolev space H! are defined at the level of nuclear operators. These sets
of operators are no longer normed linear spaces but cones equipped with a concept of total
energy that replaces the role of the square of a norm. Using Operator Theory, we obtain
properties similar to those obtained by Mayorga et al. when the pivot space L2(RY) is
replaced by another separable Hilbert space, such as HY(RY), with N > 4.

The work is related to the stability of quantum systems (represented by nuclear op-
erators), and therefore, properties of free energy functionals defined on the operator cone
are also studied. In this context, Gagliardo-Nirenberg type inequalities for operators are
proven.

Keywords:

Sobolev-like cone, free energy functional, nuclear operator.
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Resumen

Se definen analogos del espacio de Sobolev H! a nivel de operadores nucleares. Estos
conjuntos de operadores ya no son espacios lineales normados, sino conos equipados con
un concepto de energia total que reemplaza el papel del cuadrado de una norma. Utilizando
la Teoria de Operadores, obtenemos propiedades similares a las obtenidas por Mayorga et
al. cuando el espacio pivote L2(RY) se reemplaza por otro espacio de Hilbert separable,
como H'(RY), con N > 4.

El trabajo esta relacionado con la estabilidad de sistemas cuanticos (representada por los
operadores nucleares) y por ello, también se estudian propiedades de funcionales de energia
libre definidos sobre el cono de operadores. En este contexto, se prueban desigualdades
tipo Gagliardo-Nirenberg para operadores.

Palabras Clave:

Cono tipo Sobolev, funcional de energia libre, operadores nucleares
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Chapter 1

Introduction

For the development of Quantum Mechanics it was necessary Functional Analysis. In
particular, as they help to describe positive self-adjoint trace class operators systems in
Quantum Mechanics; for example, in the description of a system of gravitating quantum
particles [2]. The set of self-adjoint trace class operators is denoted by ..

The importance of these operators in Quantum Mechanics relies on the Riesz-Schauder
and Hilbert-Schmidt theorems, which for T" € .#; justifies the existence of a sequence of
eigenvalues (v;1)ien C Ry and a sequence of eigenfunctions (¢; 1)ieny € HY(RY) C L%(RY)
of T such that

B={¢ir: 1 €N}

is a Hilbert basis of HY(RY). In the context of Quantum Mechanics provided by [5] and
[14], these v, r are referred to as wave functions and v; 7 as ocupation numbers. Fur-
thermore,every pair (v;r,%;r) is said to be a mixed state. Some stability results and
interpolation inequalities of mixed states were proved in [7] and they were brought to an
operator setting in [8] and [18]. Moreover, in [8] and [18] it’s proved a compactness theorem
(generalized in [17]) for operators and it served as the main tool for the minization of free
energy functionals.

In this work we answer some questions presented in [8] and [17], for the whole domain

with N > 4. We consider a potential V' : R¥ — R with the following properties

« Ve CRY),

e lim V(x)= o0,

|z| =00



e Vo= inf V(z)>0.

zERN

Our operator setting consists of self-adjoint trace class operators T € .#; such that

(Yi7)ien C HE(RY)

where
H2 (RN = {u € HX(RV) : /RN V(2)|u(z)2dz < oo},
and
(v =3 il ([, 186r @ + V@l Pdr) <oo. (L)

i=1
In this case, we say that T belongs to the Sobolev-like cone #4? and define (1.1) as its total
energy. Furthermore, we denote &7, = {T € J47/T > 0}.

We observe that the energy of an operator T' € %VQ + can be written as the sum of the
kinetic and potential energy

H(T) = iz/w /RN |AN () Pde, Py (T) = il/w/ V() |[Yir(z)*dr,
i=1 i=1

RN

respectively. Moreover, we define the density function associated to T € e%”‘? 4 as the

function pr : RN — R given by

pr(z) => vir|tir(z),
i=1

and prove that it belongs to a range of Lebesgue and Sobolev spaces; in particular, to the
space W2HRY) N L¥(RY) with s € [1, N/(N — 4)]. To achieve this, we first prove that
given T' € J47, the operator L = T belongs to W2"(RV) N L3 (RY) for 7 € [1, N(N —1)]
and s € [1, N/(N — 4)] then take r = 1.

We also study two type of functionals acting on ,%”VQ 4 such as the entropy functionals:
Ss=Te(B(T)) =)_Bva), T €A,

=1

where f: R — RU {400} is a convex function such that $(0) = 0 and the second kind of

functionals are the f—free energy functionals,

Fvp(T) = Sp(T) + ((T))va, T €7,



We also show that .#y 5 is bounded from below and that the families (£ (7p))gen,
(S5(To))oen, (1Tol|1)oen, (({(To))v2)een and (Py(Tp)een are also bounded in R. These
facts will be useful if we want to minimize a free energy functional in %‘/2 L

Finally, we prove some Gagliardo-Nirenberg type inequalities for operators explicitly

given [ an entropy seed generated by F' € %,. We assume that the functions 7, G are

such that 7(s) = —(—=G)*(s), s € R, and

Tr(F(A2+V)§/ G(V(2))dx. (1.2)

RN

Then, for every T' € J7

Sy +H (1) = [ 7(por(x))da.

]RN

We give a brief description of this work

Summary of Chapter 2

In this chapter, we present useful definitions and theorems of Functional Analysis which
will help us to develop our work. We begin with some basics as metric, Banach and
Hilbert spaces. In Section 2.3, we introduce Sobolev spaces where we can find some useful
inequalities such as the Poincare’s inequality essential to prove the regularity results of
Section 4.1.

In Section 2.4, we give some details of spectral theory a powerful tool for our work.
We also talk about trace-class operators and compact operators in Section 2.5 this kind
of operators will be the most important for our definitions. Section 2.6 is devoted to
give some generalizations of the spectral theory but using unbounded operators this kind
of operators is very useful for Quantum Mechanics such as the position and momentum
operators. We end the chapter with some spectral theory using self-adjoint operators this
will be important for us since we work with the operator A? + V' which is self-adjoint.

Summary of Chapter 3

In Section 3.1 we give a brief introduction to Quatum Mechanics. Section 3.2 is devoted
to introduce some important operators and the Heisenberg uncertainty principle. We end
the chapter with a short presentation of the Schrédinger equation.

Summary Chapter 4



In Chapter 4 we present the main results of this work. Section 4.1 introduces some
definitions and preliminary results. We define the Sobolev-like cone J#? and the energy
of an operator. We prove some basic properties of J4?. We end this section proving a
regularity result of the density function associated to an operator T' € %’”VQ 4 This results

states that for every T € %”VQ 4 its density function

%’,T(ﬂ?)|27

pr(z) = Z vir
=1

belongs to W7 (RY) N L#(RY) for certain values of r and s.
In Section 4.2, we define the Cassimir class functions that let us define trace-class

operators of the form

F(A*+ V).

We also define the [-free energy functionals acting on ,%”VQ + as the sum of the total energy

and entropy of an operator T' € %’”VQ +- We end the chapter proving that there exists a

lower bound for the free energy and some Gagliardo-Nirenberg type inequalities.
Summary Chapter 5

We present our conclusions and recommendations.



Chapter 2

Mathematical framework

In this chapter we introduce some fundamental concepts of Functional Analysis which will
be used through this work. We start introducing some basic concepts of mathematical
analysis. Then we present some properties of Lebesgue and Sobolev spaces. Finally, we
will study linear operators and their spectral properties.

Most of time we will consider and work with linear spaces over the field R, except in
Subsection 2.4, where C is prefered. The main references are [5], [13], [16],[3], [20], [14]
and [6]

2.1 Some concepts of Functional Analysis

We will review some definitions and theorems of Functional Analysis and Operators Theory,

as they will help us later to our work.

2.1.1 Metric and normed spaces

Let’s introduce metric spaces wich have some good properties to work with.

Definition 2.1. A metric space is a pair (X, d), where X isa set and d: X x X — Ris a
real-valued function on X x X such that for all z,y, 2 € X it follows that:

o d(z,y) >0,
o d(z,y) =0 iff x=y,

o d(z,y) =d(y, ),



o d(z,z) <d(xz,y)+d(y, 2).

In particular, d is refered to be a metric on X. Note that the notion of metric deals in

essence with the distance between the elements of the set X, for more details we refer to
[6].

Remark 2.1. Given a set X we can employ different metrics d to become X into a metric

space, when there is no confussion of the metric used we simply denoted the metric space

(X,d) as X.
Thanks to our notion of metric we can now introduce some other definitions such that
convergence

Definition 2.2. A sequence of elements (x,,),en of a metric space (X,d) is said to converge

to an element z € X if d(x,z,) — 0 as n — oo or

lim z, = x.
n—oo

Definition 2.3. A sequence of elements (z,,),en of a metric space (X,d) is called a Cauchy
sequence if
Ve>0, ANeN: nm >N = d(z,, ) <€

for every n,m € N.
Remark 2.2. Any convergent sequence is a Cauchy sequence.

Proof. In fact given € > 0 and (x,)nen such that z, — x as n — oo. We can find N € N
such that n > N implies d(z,,z) < ¢/2. Then using triangle inequality we have that

n,m > N implies
A, Tm) < d(Tp,z) + d(xm, ) < €/2+€/2 =¢.
O

However, the inverse of this remark is not necessarily true, i.e. it could happen that there
exists a Cauchy sequence which is not convergent. The importance of Cauchy sequences

relies on the following definition

Definition 2.4. A metric space in which all Cauchy sequences converge is called complete.

In a metric spaces we can talk easily of the continuity which is defined as



Definition 2.5. A mapping T from a metric space (X,d) to a metric space (Y,p) is called

continuous at x if and only if x,, — x¢ implies T'(z,,) — T'(xo).

We say that a function is a bijection if it is injective and onto at the same time.
Moreover, a bijection T from a metric space (X,d) to a metric space (Y, p) is called an

isometry if it preserves the metric, i.e.

p(T'(x),T(y)) = d(z,y). (2.1)

Remark 2.3. An isometry is continuous. Moreover, if there exists an isometry between

the metric spaces (X,d) and (Y,p) then they are said to be isometric

Under certain conditions we can always complete an incomplete space, as the following

theorem retrieved from [20] shows

Theorem 2.1. If (X,d) is an incomplete metric space, it is possible to find a complete

metric space X so that X is isometric to a dense subset of X.

To end up with this part, we give a brief description and some properties of open and

closed sets in metric spaces.

Definition 2.6. Let (X,d) be a metric space we have the following:

1. The set B(zo,r) = {z € X : d(z,z0) < r} is called the open ball with center z, and

radius r > 0.
2. A set O C X is called open if Vg € O,3r > 0: B(xg,r) C O.
3. A set N C X is called a neighborhood of zy € N if B(zg,7) C N for some r > 0.
4. Let E C X. A point x is called a limit point of E, if Vr > 0: B(z,r) N E\{z} # 0.
5. A set F C X is called closed if F contains all its limit points.
6. If G C X, z € GG is called an interior point of G, if G is a neighborhood of x.

Theorem 2.2. A function T from a metric space (X,d) to another space (Y,p) is contin-
uous if and only if for all open sets O CY, T~YO) (the inverse image of O) is open.

Similarly to metric spaces we can now introduce normed spaces

Definition 2.7. (Norm and normed space) Let X be a linear space. The mapping || - || :
X — R is called a norm if the following properties hold:

7



l.Vee X: |lz|| >0,

2.Vee X: |lz|]|=0& 2 =0,
3.VaeR, VeeX: |az|l=lalll]
4. Vr,y e Xz +yll < el + [yl

A linear space X on which a norm is defined is called a normed space and is denoted
by (X, || -]]) or simply by X.

Remark 2.4. The norm of a normed space X, defines a metric d on X, that is the concept

of metric space is more general than normed space. In fact, for each x and y in X we define

d(z,y) = [|lz —yll.
This is called the metric induced by the norm. So that, any normed space is a metric space.

Remark 2.5. The norm is a continuous mapping from X into R.

In a normed linear space, we can find more than one norm defined on it so that

Definition 2.8. Let || - ||p and || - ||; be two norms defined on X. We say that || - || and

|| - [l1 are equivalent if there are positive numbers a and b such that

Ve e X+ allxllo < lz]| < bllx]]:.

If two norms are equivalent on X then they define the same topology on X, i.e, the

open subsets of X are the same.

Remark 2.6. In a normed space, we say that a sequence (x,),ey € X is convergent to
x e X iff

Tim ||z, — ]| = 0.

An important property of normed spaces is compacteness which for finite dimensional
normed spaces means that the space is bounded and closed and conversly. Nevertheless,
for the infinite dimensional case we require of more general conditions some of them can
be found in [16, Sec. 2.8] or [10]. Compact sets are important since they behave similarly

to finite sets, so that one of their fundamental properties is the following:

Theorem 2.3. Let X and Y metric spaces and T : X — Y a continuous mapping. If
M C X is compact then T'(M) is compact.



The proof of this result is given in [13, Th 2.5-6].
As a consequence of the previous theorem we have the following result well-known from

Calculus:

Corollary 2.1. Let X be a metric space and M C X compact. If T : M C X — R is a

continuous mapping then T assumes a maximum and a minimum at some points of M.

Proof. By Theorem 2.3 we have that T'(M) C R is compact then closed and bounded since
R is a metric space. So that inf T'(M) € T(M) and supT(M) € T(M), and the inverse
images of these two points are points x and y of M such that one is a point of minimum

and maximum, respectively. O

2.1.2 Banach and Hilbert spaces

Through this work Banach and Hilbert spaces play an important role, so let’s introduce

some defintions.

Definition 2.9. Let X be a complete normed linear space then we say that X is a Banach

space.

Remark 2.7. In a Banach space every Cauchy sequence has a limit.

Let’s give some examples of Banach spaces

Example 2.1. (Space C[a,b])
The space of continuous functions from [a,b] to R is a Banach space with the norm

given by

= t)|.
lall = maxa(t)

Note that a sequence of elements (z,,)nen in a normed linear space X is called summable

if the series
N
> Ta
n=1

converges as N — oo to an x € X and it is absolutely summable if

o
Z ||| < oo.
n=1

Thanks to this we have the following criterion to determine if a normed linear space X

is complete and can be found in [20. Th. IIL.3].

9



Theorem 2.4. A normed linear space is complete if and only if every absolutely summable

sequence is summable.
Now, we introduce a special kind of metric spaces known as inner product spaces wich
have some nice geometric properties

Definition 2.10. Let X be a linear space. An inner product is a mapping of X x X
into the scalar field K of X, i.e., (+,-) : X x X — K. Let x and y € X we denoted the inner
product of x and y by

(2,9) (2.2)

and it is such that for all « € K and z,y and 2z € X we have
L (z4y,2) = (x,2) + (y,2),
2. (ax,y) = alz,y),

3. (z,y) = (y,2),

4. (z,x) >0,

5. (z,2) =0 < x=0.

A linear space X with an inner product defined on it is said to be an inner product

space or pre-Hilbert space.

Remark 2.8. In condition 3 of the previous definition the bar denotes the complex con-

jugate.

An inner product on a linear space X defines a norm and a metric on X given by

respectively.

Definition 2.11. (Hilbert space) Let X be an inner product space. If X is complete in
the metric defined by (2.3), then X is called a Hilbert space.

If we have that a norm is induced by an inner product then it satifies the parallelogram
equality
llz +ylI? + llz = ylI* = 2(] |21 + |yl (2.4)

Two elements x and y of an inner product space are said to be orthogonal if

10



(z,y) = 0.

Moreover, a collection of elements (z;);en of H (a Hilbert space) is called an orthonormal
set if

(i, ;) =1, ifi=j,

(i, ) =0, ifi#j.

In an inner product space we have two important inequalities

Lemma 2.1. (Schwartz inequality, triangle inequaility) Any inner product space with their

corresponding norm satisfy the Schwartz inequality

(@, )| < [l=[lllyl]

and the triangle inequality
4+ yll <[]l + [lyl]-

The proof of this inequalities are given in [13, Lem. 3.2-1].

Remark 2.9. As a result of the previous lemma we get that the inner product is a con-

tinuous mapping.

As with Banach spaces we have that there exists a Hilbert space H and an isomorphism
A from X onto a dense subspace W C H for any inner product space X. In this case H is
the completion of X and is unique except for isomorphisms. For the proof and more details

about this fact we can refer to [13, Th. 3.2-3].

Definition 2.12. (Direct sum) A linear space is said to be a the direct sum of two subspaces
Y and Z of X, and it is denoted by

X=Ya&7z

if every x € X can be represented in a unique way as x =y +z2, y €Y,z € Z. Here
7 is called an algebraic complement of Y in X and vice versa. Moreover, Y and Z are the

complementary pair of subspaces in X.

In particular, for a general Hilbert space H we define its orthogonal complement as

Yt ={z€ H|zLlY}

11



the set of all elements of H which are orthogonal to Y. Furthermore, if Y is closed so is
YL,
Then for any Hilbert space H the following holds

Theorem 2.5. (Direct sum) Let H be a Hilbert space and Y a closed subspace of H. Then
H=Ya&Z

where Z =Y. Furthermore, each element x € H can be uniquely written as v = y+ 2,
yeEY andze€ Z=Y" .

A proof of this fact is given in [13, Th. 3.3-4].

For finite dimensional inner product spaces, the idea of orthonormal sets is interesting
since allows us to approximate or represent every element in the space by the use of them,
in this case it is enough to use an othonormal set set of n elements. But for the infinite

dimensional case we need to understand the idea of total orthonormal set or Hilbert basis.

Definition 2.13. (Total orthonormal set) Let X be a normeed space and M C X. If
the span of M is dense in X, then M is called a total set in X. Accordingly, if M is an

orthonormal set in an inner product sapce X, and it is total in X, i.e.,

(M) = X

then M is called a total orthonormal set in X.

Remark 2.10. Every non trivial Hilbert space H has a total orthonormal set.

In Hilbert spaces we have another criterion for totality, namely
Theorem 2.6. (Totality) Let H be a Hilbert space and M C H be an orthonormal set in
H. Then M is total in H iff for all x € H the Parseval relation holds:

z|[> =Y |(z,eq)>, e, € M for each n in N. (2.5)

neN

FEven more every x € H can be represented as

r=> (ex,e,)en

neN

where the coefficients (x,e,) are called Fourier coefficcients of x with respect to the total
set M.

12



2.2 Bounded linear operators

In this subsection, we explore properties of linear operators such that boundedness and
continuity which are useful in Functional Analysis and will have a great impact on our
further work. Recall that a linear operator T is a mapping which goes from a linear space

X into a linear space Y such that the following holds
T(ax + py) = oTx + Ty

for any z,y € D(T) C X and scalars «, § (Along this section we will use the notation of
[13] to write the image of an element in X through T).
Now, we recall the concepts of norm and normed spaces given before to introduce some

new properties.

2.2.1 Definition and properties

A linear operator defined on a normed space X into a normed space Y is said to be bounded
if and only if the norm of the image of an element x € X through T is controlled by the

norm of that element. Formally, we have the following definition

Definition 2.14. Let X and Y be normed spaces and 7' : D(T) € X — Y a linear
operator. We say that T is bounded iff

dee RV e D(T) : ||Tz||ly < cllz||x- (2.6)

Remark 2.11. From (2.6) we note that a bounded linear operator maps bounded sets

onto bounded sets.

From Definition 2.14 we state the norm of an operator as

Tx
7= sup 121 27)
zen(r) ||7]|
with = # 0.
In particular, if ||z|| = 1 then (2.7) is equivalent to

T = sup [[T|]
z€D(T)

13



Lemma 2.2. If T is a bounded linear operator as defined in (2.14), then the norm of T
defined by (2.7) satisfies the properties of a norm.

The proof of this lemma can be found in [13, Lem. 2.7-2].
As we mentioned before, operators are mappings so that we can define continuity on
them. Generally, we say that an operator T': D(T') C X — Y, where X and Y are normed

spaces, is continuous at zo € D(T) if
Ve>0, 30 >0: ||z —xol| <0 = ||Tx — Txol| <e.

T is continuous if T is continuous at every x on the Domain. This is a usual definition
of continuity, but note that it is for a general operator; in contrast, when we work with

linear operators continuity and boundedness become the same

Theorem 2.7. (Continuity and boundedness) Let X and Y be normed spaces and T :
D(T) C X =Y a linear operator. Then T is bounded iff T continuous. Moreover, if T is

continuous at one point then it is continuous.

A very detail proof can be found in [13, Th. 2.7-9].
Let X, Y and Z normed spaces. Then for any bounded linear operator 7" : X — X | we

have the following useful inequality
|| < [[T]}", neN.
In addition, for 77 : X - Y and Ty : Y — Z
[TV Ta|| < [ITh|[| T2
Let any two normed spaces X and Y, we define
Z(X)Y)

as the set of all bounded linear operators from X into Y when X = Y we simply
put Z(X). This set becomes a normed space endowed with the norm defined in (2.7).

Moreover, we have the following result

Theorem 2.8. If Y is a Banach space, then £ (X,Y) is also Banach.

14



Proof. Let’s consider a Cauchy sequence (7},),en in B(X,Y), generic. Then
Ve >0,IN eN: nym> N = ||T,, — T,,|| <e. (2.8)
Let x € X, we have that
T = Ton|| = [[(Tn = T )| | < ([T = T[] |, (2.9)

i.e., (T,2)nen is Cauchy in Y by (2.8). But Y is a Banach space so that there exists Tx € Y
such that T, — Tz as n — oo. This defines an linear operator 7' : X — Y. So that,
letting m — oo in (2.9) and for n > N and x € X

[(Tn = T[] < ell]]. (2.10)

By the arbitrariness of x, the last implies that 7" € B(X,Y’). Finally, we also have that
e € O(T, — T) so that
n>N=||T,-T|| <e (2.11)

Hence, (T},)nen is convergent to an element of B(X,Y") and since it was chosen arbi-
trarily we are done.

]

Remark 2.12. To this point, we have mentioned properties of operators in general defined
from a normed space X into a normed space Y. In particular, when Y = R the operator is

called a functional.

The Dual space of a normed space X is the set of all bounded linear functionals on X

and it is denoted X', it is a normed space whenever it is endowed with the norm given by

/()]
[lz]]

Theorem 2.9. Let X be a normed space. Then its dual X' is a Banach space.

VieX': ||f||=81€1)13 x#0.

To end this subsection we state a characterization theorem for bounded linear func-

tionals namely it is known as the Riesz’s representation theorem

Theorem 2.10. (Riesz’s theorem) Let H be a Hilbert space and f € H' a bounded linear

functional. Then f can be represented in terms of the inner product as

f(x) = (z,2)

15



for every x € H and where z depends on f. In addition ||f|| = ||zf||-

The proof of this theorem is given in [13, Th. 3.8-1].

2.2.2 Closed graph theorem

In practice not all operators are bounded, in work some of them are just closed linear oper-
ators. Some examples in Quatum mechanics are unbounded operators. In this subsection,
we define closed linear operators on normed spaces and state some of their properties, in
particular thanks to the closed graph theorem (state below) we can give sufficient condi-
tions under which a closed linear operator on a Banach space is bounded.

Definition 2.15. (Closed linear operator) Let X and Y be normed spaces and 7' : D(T) —

Y a linear operator with domain D(7') C X. Then T is said to be a closed linear operator

if its graph
G(T) ={(z,y)| © € D(T), y = T'x}

is closed in the normed spcae X x Y which norm is defined by
|, )| =l + [ly]]. (2.12)

The closedness of a linear operator is an important property which can also be expressed
using the following criterion
Theorem 2.11. (Closed linear operator) Let X and Y be normed spaces. A linear operator

T: D(T)CX —Y is said to be closed if and only if a sequence x,, € D(T) is such that
xn, — ¢ and Tx, — y then x € D(T) and Tx = y.

Theorem 2.12. (Closed graph theorem) Let X and Y be Banach spaces andT : D(T) — Y
a closed linear operator, where D(T) C X. Then if the domain of T is closed in X, the

operator is bounded.

Remark 2.13. If a linear operator is closed it does not imply that it is bounded, and

conversely if a linear operator is bounded it does not imply that it is closed.

Despite the last remark, we can play with the domain of the operator and obtain a

useful result

Lemma 2.3. (Closed operator) Let X and Y be normed spaces. Let T : D(T) C X —» Y

be a bounded linear operator, then:

16



1. If D(T) is a closed subset of X, then T is closed.

2. If T is closed and Y is complete, then D(T) is a closed subset of X.

Proof. (1) If (x,) is in D(T) and converges, say, x, — x and is such that (Tx,) also
converges, then x € D(T) = D(T) since D(T) is closed, and Tz, — Tz since T is

continuous. Hence T is closed by Theorem 2.11.

(2) Let’s take x € D(T) there is a sequence (x,,) in D(T') such that x,, — x. Since T is
bounded we have that

T2 = Tm|| = [IT(@m — x)|| < [Tl — 2m]]-

This shows that (Tx,)nen is Cauchy. Since Y is complete we have that this sequence
converges, say, Tz, — y € Y. As T is closed the last assertions implies that z € D(T') by

Theorem 2.11. Since x was arbitrary we are done. O]

2.3 Lebesgue and Sobolev spaces

In Analysis, some of the most known spaces are Lebesgue and Sobolev spaces. In this
subsection, we introduce them and give some of their properties.
2.3.1 Lebesgue spaces

Let’s start with some definitions

Definition 2.16. Let f: 2 — R be a continuos functional, the set given by

supp(f) = {z € Q/ f(z) # 0}.

is called the support of f, and is the smallest closed subset of €2 where the function does

not vanish.

We denote by C(€2) the space of functions f € C* such that they have compact

support. This space is a normed space whenever is equipped with the norm given by

[/ | zoo () = sup| f(z)]
z€Q

For 1 < p < o0, we have that the functional || - || : C*(R) — R given by

17



i = ([ 1)

1S a norm.

Let’s consider the following space

Lr(R) = (Co(), | fllris) (2.13)

it is not complete. However, by the Completion Theorem [16, Th 3.11] there exists a
Banach space which we will denoted by L?(Q) and it is the completion of LP(Q), i.e.,

and it is called the Lebesque space LP(S)). Note that a function of LP(2) can be approxi-

mated as much as we want by continuous functions with compact support.

Remark 2.14. The space LP(Q2) is the set of equivalence classes determined by the fol-

lowing equivalence relation
f~g<|f=9glle =0. (2.14)

It’s is important to recall the following integration results since they are useful and

must be known for a mathematician.

Theorem 2.13. (Monotone convergence theorem-Beppo Levi) Let (fn)nen C LY(Q) such
that f,(z) < for1(x) a.e. for every n € N. Assume that

sup | fu(z)dz < oo.
neN J/Q

Then f.(x) converges a.e. on Q) to a finite limit in L'(Q), say, f(z) and

|fo = fllzr@) — 0.

Theorem 2.14. (Dominated convergence theorem-Lebesgue) Let (fyn)nen C LY(Q2) such
that it converges almost everywhere to a function f. If there exists g € L*(Q) such that

|fu(@)| < g(x) a.e for each n € N,

then f € LY(Q) and
[fo = Fllzr@) = 0.
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Lemma 2.4. (Fatou’s Lemma) Let (fn)nen be a sequence in LY(Q2) such that for every

neN, f, >0 ae and sup/fn(x) dx < oo. Then
neN

n—oo n—oo

/ liminf f,(z) do < liminf/ fn(x) de. (2.15)
Q Q

These three are the principal theorems on convergence of integrable functions their detail
demostrations and other results such that Fubbini and Tonelli theorems can be found in

[5, Sec. 4.1] and [6, Sec. 2.8]. Now, we state some important inequalities.

Remark 2.15. Let 1 < p < oo, we say that p’ is the conjugate exponent of p if

1 1
p p
Theorem 2.15. (Hoélder’s inequality) Let 1 < p < oo and p' its conjugate exponent.
Assume that f € LP(Q) and g € LP(Q), then fg € LY(Q) and

| 1 @g(@)ldr < 11f @9l o (2.16)

For a proof of Theorem 2.15 see [5, Th. 4.6].

As a result of Holder’s inequality, we have the following interpolation inequality.
Corollary 2.2. Let 1 < p < ¢ < o0 and f € LP(Q) N LY(Q), then f € L"(Q), for any r
such that p <r < q, and

£ ller@) < 100 I 1 zatey

Where% 7+— 0<a<l.

Proof. Let f € LP(Q)NLY(Q) and let r, p < r < g, such that

1 -
S=2y2 (2.17)
rp g

with 0 < @ < 1. From (2.17) we have that

1 1

L= e Yy
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so that using Theorem 2.15 we get that

1wy = [ 1@l de
f (@)l do

- f @)1 )l _
< ([ 1sere#) " (f isyt-opmta)
= (L) ([ 1 >rq)

1 «
= 1155 I o)

Since f was chosen arbitrarily, we have proved the interpolation inequality. O]

The LP spaces enjoy some good properties when 1 < p < oo, such that separability,
reflexivity even more the dual of LP(£2) can be identified as L (). This last is thanks to
the Riesz representation theorem which say that any continuous functional on LP(€2) can

be represented in a unique way as an integral, i.e.,

Theorem 2.16. (Riesz representation theorem) Let 1 < p < oo and ¢ € (LP(2))®. Then

there exists one and only one function u € LY (Q) such that

(p, f) = /Qu(:c)f(x)daf for all f € LP(Q). (2.18)

Moreover,
[ull L) = llellzrye-

A detail proof of Theorem 2.16 can be found in [5, Th. 4.11].

Remark 2.16. Thanks to Riesz theorem we can identify (L?(Q))® with L”" since the

mapping ¢ — u is a surjective isometry, that is we have that

/

(LP())" = L7 ().

As we mentioned before, the conditions of separability and reflexivity are both present
when 1 < p < co. Is that so that in the case p=1 we have only separability of the space;

however, we still can made the identification

(L'(Q2))" = L*(Q).
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this is a result of the Theorem 2.16 which say

Corollary 2.3. Let p € (L'(2))®. Then there exists one and only one function u € L>(£2)
such that

(o, f) = /Q w(@)f(@)de  for all f € LY(Q). (2.19)

Moreover,

1l o) = [lellzr()e-

Remark 2.17. For p = oo, the space is not separable nor reflexive, even more the dual
space (L>®(0))® contains L'(2) so that the identification with L'(€) is not true.

Now, we shall present the space of locally integrable functions wich will be useful in

the introduction of the next section about Sobolev spaces

Definition 2.17. Let A be a set, we define the characteristic function of A as

1, if xe€A,

Al =10 aea

We say that a functional f : 2 — R belongs to the space of locally integrable functions
Lp

loc

(Q) if fxa € LP(Q) for any compact set A contained in €.

To end this subsection we make a little comment on Measure Theory. Let’s consider

M:RY - R

a measurable function such that
Vo € RN : M(x) >0
and let & C P(RY) the o-algebra of Lebesgue’s measurable sets. We define a measure

pid — RU{+o0}
Al—)/L(A):/AM(x)dx:/AdM.

If we consider the set
[2RN:dM) — {f RV 5 R/[ s measurable and [ |f(x) %M < +oo}
R
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then by the completion theorem we have that
L2(RY;dM) = L2(RN; dM)

is a Hilbert space with an inner product (-,-) : L2(RY;dM) x L2(RY;dM) — R given
by
(u,v) = /N u(z)v(x)dM = u(z)v(x) M (z)dx
R

RN

and its corresponding norm

|[ul |2 @ysanny = 4/ (1, ). (2.20)

If the reader is not concerned with some of the definitions just presented or needs to

remember some of them we recommend the references [6] and [20].

2.3.2 Sobolev spaces and Sobolev embeddings

In Functional Analysis, there exists certain Banach and Hilbert spaces such that W' and
H! as important as L? spaces and these are called Sobolev spaces. These spaces have some
applications in physics for example in the study of partial differential equations (PDE) since
the problem to find a strong or classical solution is not a trivial work. Thus we require
from Sobolev spaces to define the notion of weak solution of a PDE, this is important since
in the case of this solution to be C?, then we have that is is actually a classical solution of
the PDE.

Let’s start with the definitions. Let I = (a, b) be an open interval, bounded or not, and

let p e R with 1 <p < o0.

Definition 2.18. (The Sobolev space W?(I)) We define the set
WhP(T) = {u € LP(I): dg € L*(I) such that /ugp’ = —/ggo, Vo € Cé(Q)}
I I

and call it the Sobolev space W'(I). For an element u € W' we denote g = v’

Moreover, if p=2 then we set

H'(I) = WY(I)
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We equipped the space WP with the norm given by

ullwiry = llullLeay + |4 o),

and the space H! with the scalar product

b
(u, V) = (W, V)2 + (U, V)20 = / (uv + u'v')

a

with the associated norm

1/2
lalliny = (lallZa + 11 lan) (2.21)

Proposition 2.1. For 1 < p < oo, the space W'P(I) is a Banach space and H'(I) is a
separable Hilbert space. In addition, if 1 < p < oo then WYP(I) is reflexive and separable
if 1 <p<oo.

A proof of this proposition can be found in [5].

Remark 2.18. Formally the elements of W' are the primitives of the L? functions.

As in Lebesgue space we can define the Sobolev spaces with a property of density, the

following is one of several theorems of density in Sobolev spaces.

Theorem 2.17. Let 1 < p < co and u € WHP(I). Then
(U )nen € CP(R) : uyp [1— u in WP(I), as m — oco. (2.22)

Remark 2.19. In general, there not exists a sequence (uy,)neny € C°(I) such that u,, — u
in Whe (7).

The following theorem presents the Sobolev’s inequality and a embedding of W'?(T)
into the the Lebesgue space L>°(I)

Theorem 2.18. Let 1 < p < co. Then there exists a constant C which depend on |I|oco
such that
Yu € Wl’p(l), |w||oe(ry < Cllul|wre(n, (2.23)

1.€.,

W (I) € L(1)
with continuous injection.
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A proof of this result can be found in [5, Th. 8.8].

To this point we have reviewed some definitions and properties of the Sobolev space
WmP(]), m=1. However, this space can be generalized for any integer m > 2 and a real
number 1 < p < oo so that we get the space W™P(I), but even though this space is a
one-dimensional one. So now we will state some results for a Sobolev space WP ({2) where
Q) is an open subset of R with p natural and following that 1 < p < co. To do this let’s

start with some preliminaries

Definition 2.19. (Multiindex) A vector of the form a = (ay,- - , @, ) where each compo-

nent is such that «; > 0 is called a multiindex of order
la| = Z ;.
k=1

Let  a multiindex of order k and u € C*(€2) then we define

ololu(x)

D~ = ——"—
u(x) Oxi* - - 0xon

Finally, we define the Sobolev space W™?((2) as

wrr(@) = {u e ()| Vil <m.3g, € Q) : [ D% = (<) [ g.0, Vo € Co(@)}.
(2.24)
If p=2, we write

HA(Q) = W™2(Q)

where m is a non-negative integer. We set D*u = g,. The space WP () is equipped with

the norm

ullwmr)y = D 1D%||r() (2.25)

0<|a|<m

Theorem 2.19. Forn € N and p € R such that 1 < p < oo the Sobolev space W™P(Q) is
a Banach space. And the space H™ () is a Hilbert space with the inner product

(U, V) = > (D%, D).

0<|a|<m
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Similarly to (2.25), we can define the norm of an element u € W™ () as
lullwnoo@) = > ID%ullr)-

0<a|<k

The space of infinitely many differentiable functions with compact support C3°(2) is

not complete endowed with the norm above. So that, the completion of this space is

denoted as Wy""(Q), i.e.,
F(tn)nen € CFP(2) © up, — u € WiP(Q), as n — 0.
Again, for the case p=2 we write
HE(Q) = Wg'*(Q).
While we are studying Sobolev spaces, we state the definition of the Sobolev critical

exponent

Definition 2.20. Let N > 2 be the dimension of 2 and 1 < p < N, we say that px is the

Sobolev critical exponent of p and it is given by

1

. 1
PN

The last definition allows us to state some inequalities and more embedding results on

Sobolev spaces, for this part we will assume that Q = RY and depending on the value of

p we have the following:

Theorem 2.20. (Sobolev, Gagliardo, Nirenberg) Let 1 < p < N. Then there exists a
constant C which depens on p and d such that

[ull o= @yy < Cl[Vul| o) (2.26)

and

WP (RY) C LP*(RY).

A proof of this inequality is given in [5, Th.9.9]. As a consequence of Theorem 2.20 we
have the following Corolllary
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Corollary 2.4. Let 1 <p < N. Then
WP (RY) € LY(RY)

for every q € [p, px] with continuous injection.

Proof. Let q € [p, p#] , such that

1_@ 11—«

e (2.27)
for some « € [0,1]. From (2.2) and Young’s inequality we have that
Jull oy < ||u||%P(RN)||uH1L;g(RN) < lull oy + Jull oe @y
Finally, using Theorem 2.20 we conclude that for every u in Wy ,(R"Y)
1wl Loy < Cllullwre@yy-
0

We have a similar result for the case p = N

Corollary 2.5. Let p= N and q € [N,400). Then we have that
WhH(RY) ¢ LYRY).

The proof of this result can be found in [5, Cor. 9.11]. And finally we have the case
where p > d, which is called the Morrey’s theorem

Theorem 2.21. (Morrey) Let p > N. Then
WH(RY) € L*(RY)

with continuous injection.

A very detail proof of this fact can be found in [5, Th. 9.12]. To this point we have
assumed that Q0 = RY; however, we can state some embeddings also for @ C RY. In
order, to do this, let’s consider the following extension operator P like in [5, Th. 9.7], this

operator works from WP(Q) to WHP(RY), where

u(z), ifxeQ,

t(x) = Pu(z) =
0, if z € RVM\Q.
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Now, let’s assume that € is an open bounded set of class C'. Then we have the following

embeddings

Corollary 2.6. Let 1 < p < oo and px be the Sobolev critical exponent. Then
o ifp< N, WP(Q) C LP*(Q),
e if p=N, then for every q € [p,>0) we have W'P(Q) C LI(R),
o ifp> N, WP(Q) C L>(9Q),

with continuous injection.

For the case p > N in the previous Corollary, we can see that
Vu € W) : Ju(z) — u(y)] < Cllullwroel — 9l°

for almost everywhere x,y€ 2, where « =1 — (N/p) and C(€2, p, N).

Remark 2.20. WH?(Q) C C(Q).

The next result gives compact embeddings similarly to Corollary 2.6, the results are

similar; however, we state only the remarkable changes

Theorem 2.22. (Rellich-Kondrachov) Let Q be bounded and of class C'. Then
o if p < N, then for all ¢ € [1, px) we have that W'?(Q2) C L(Q),
e ifp>N, W(Q) Cc C(Q),
with compact injection. Moreover, for all p and d, W?(Q2) C LP(Q) with compact injection.

This proof is given in [5, Th. 9.16].

Corollary 2.7. (Poincaré’s inequality) Let 2 be a bounded open set and 1 < p < oo. Then
there is a constant C' which depends on €2 and p such that

[ull o) < ClVullLo@) (2.28)
for each u in Wy ().

The proof of this fact appears on [5, Cor. 9.19]. A last remark about the previous

inequality is that ||Vu| 1) is a norm on WP () equivalent to the norm ||ul|wir(q)-
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2.3.3 L’—type Sobolev spaces in R

In this subsection we introduce some basic concepts about the space H¥(Q2), @ ¢ RY and
s € R. We just have presented the multi-index notation in the previous section then we

have

Definition 2.21. (Schwartz space) The Schwartz space .#(RY) is the set of all f €
C°°(RY) such that
1 fllag = sup [%0° f(x)| < oo (2.29)

zeRN

for each o, B € N This space is also known as the space of rapidly decreasing C>

functions.

Remark 2.21. Since CP(RY) C Z(RY), we have that .#(RY) is dense in L2(RY) for
1<p<oo.

The dual space of the Schwartz space . (RY) is called the set of all temperate distri-
butions and is denoted by .#/(RY).

Definition 2.22. Let s € R. The (L?-type) Sobolev space H*(R”) is given by
HYRY) = {f € Z/(RY): (1+[¢)**f e L(RY, dg)},
where f is the usual Fourier transform of f.

By Definition 2.22 we have that f € /(RN) belongs to H*(RY) if and only if f €
L2(RY) and
1712 = [ (1+167) " 1f(©)Pde < oo. (2:30)

Let f € /(RY). We define
(1= A)f =2 [(1+ ¢
and then we can rewrite (2.30) as
A1 = 11 = A2 115,
Note that
F [P®RY)] = L (RY, (1 + [¢f)°dg) = LIRY),
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and we will call this space as weighted L? space. As in any Sobolev space this have some

important embeddings as mentioned in the next theorem:

Theorem 2.23. Let s € R. Then H*(RY) is a Hilbert space with respect to the inner
product

(£.9)e= [+ 167 (©)aE)de (231)

Moreover, the following properties hold.

1.

Let s,r € R such that s > r then H*(RY) C H"(RY) with a continuous and dense

injection.
The dual space (H*(RN)) is isometrically isomorphic to H=*(RY) for every s € R.

Let m € N, then f € H*(RY) if and only if 0°f € L*RY) for each o such that
la| <m and then (2.30) is equivalent to

. 1/2
|||f||’s = (Z Haainz(RN)> .
=0

. For all s > £, it holds that H*(RY) C C,(RY), where Coo(RY) is the set of all

927
continuous functions that tend to zero at infinity.

A proof of this result can be found in [12, Th. 7.75].

Remark 2.22. If s > 0 then H*(RY) — L2(RY), ie., with a continuous and dense
embedding.

2.4 Basics on Spectral Theory

This section introduces some basics about the spectrum of operators, in order to ease the

study of their properties.

Let X be any non-trivial complex space and T : D(T) € X — X a linear operator.

Given A € C, we associate the operator

Tn=T—-\

with T. In case that T has an inverse, we write

Tt = (T — M)t = R\(T) (2.32)
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for the resolvent of T. The study of the resolvent operator of T is useful for a better

understanding of the operator T itself.

Remark 2.23. If it exists R)(7") then it is a linear operator.

Spectral theory is concerned with the properties of the resolvent operator of T such
that existence, boundedness and density which depends on the value of .
Definition 2.23. Let X # {0} be a complex normed space and 7 : D(T) C X — X. We

say that A € C is a regular value of T iff R)(7") exists, is bounded and is defined on a set

which is dense in X.

The set of all regular values A of T is called the resolvent set of T denoted by p(T"), and
its complement o(T') = C — p(T) is called the spectrum of T so that if A € o(T") then A is
called a spectral value of T. The spectrum o(7") is partitioned into three disjoint sets the
point spectrum, the residual spectrum and the continuous spectrum. This is important
since plenty of information about an operator can be studied from the analysis of its point

spectrum.

Definition 2.24. Let X be a normed space and T' € .Z(X), we have that:

« The point spectrum or discrete spectrum o,(7") is the set of all A € ¢(7") for which
R\ (T) does not exist. A A € 0,(T) is called an eigenvalue of T.

» The continuous spectrum o.(7") is the set of all A € o(T") for which R,(T) exists and

is defined on a dense set in X, but it is not bounded.

o The residual spectrum o,(7) is the set of all A € o(7T") for which R,(T) exists and
may be bounded or not, but the domain of R)(7") is not dense in X.

Remark 2.24. o(T) = 0,(T) U o (T) Uo,.(T)

From the open mapping theorem [13, Th. 4.12-2] we have that if X is a Banach space
and T': X — X is a bounded linear operator, and if for some A the resolvent R, (7') exists
and is defined on the whole space X, then for that A the resolvent is bounded. Moreover,
we have the following lemma
Lemma 2.5. Domain of Ry Let X be a complex Banach space, T : X — X a linear

operator, and A € p(T). If T is closed or bounded then the domain of Rx(T') is D(R\(T)) =
X and bounded.
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A proof of this lemma can be found in [13, Lem. 7.2-3].
Remark 2.25. The resolvent set of a bounded linear operator on a complex Banach space
X is open which implies that the spectrum is closed.

The following invertibility result gives us a way to prove some other properties of the
resolvent and the spectrum

Theorem 2.24. Let X be a Banach space and T € £ (X, X) such that ||T|| < 1. Then

(I-—I)*lzzfiir". (2.33)

Proof. By 2.2.1 we have that the geometric series » _ 7" converges for ||T'|| < 1, even more,

n=0
it converges absolutely. Since .Z(X) is a Banach space (see 2.8) absolute converge implies
convergence. That is the series is convergent in .Z(X). Let’s denote the partial sum up to

n of the series by S, then we have
(I =T)(Sn) = (Sp)(I =T)=1-T"

Taking n — oo shows us that 7" — 0 since ||T'|| < 1. Then the previous part implies
that
(I-T)S=SI-T)=1,

ie, S= (I —T)"! and we are done. O

As an application of this theorem we have that a useful representation of the resolvent.

For a Banach space X and T' € Z(X, X) and every Ay € p(T') we have that

[e.9]

Ry=> (A— AO)”Rﬁjl

n=0

this series is absolutely convergent for every A such that

A= Aol < i

[1Rxo 11
Furthermore, we have that the spectrum of T on a complex Banach space X is compact
and |A| < ||7’||. This fact leads us to the following definition.
Definition 2.25. Let X be a complex Banach space. The spectral radius r,(7") of and
operator T' € B(X) is the smallest closed disk center at the origin ofthe complex A-plane

containing o (7") written

ro(T) = sup |\l
Xeo(T)
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In practice the spectral radius can be computed as

ro(T) = lim ||T"||V". (2.34)

n—oo

We end this section introducing the spectral mapping theorem. For this let’s consider
an eigenvalue A of a square matrix A then Ax = Ax for some = # 0.Repeated applications
of A gives

ATy = "z

that is A™ is an eigenvalue of A™ if ) is an eigenvalue of A. This idea can be generalized

to a polinomial where we have that
P(A) = ap N+ ap AT+ g
is an eigenvalue of the matrix
p(A) = ap A" + ap A"l

As we can see this fact works for finite dimensional spaces, but it can be generalized

for spaces of any dimension. Form [13] we have that
Theorem 2.25. Let X be a complex Banach space, T a bounded linear operator in X and
PN = N\ + ap A"+ ag, (o, #0).

Then
o(p(T)) = p(a(T)); (2.35)

that is, the spectrum o(p(T')) of the operator
p(T) = a, T + T 1 4 -+ apl

consists precisely of all those values which the polynomial p assumes on the spectrum o(T)
of T.

Remark 2.26. In the previous theorem we have that p(o(7)) is the set of all complex
numbers p such that p = p(\) for some A € o(7T), i.e.

p(a(T) ={peC/lp=pA), Aea(T)}.
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The proof of Theorem 2.25 can be found in [13, Th. 7.4-2].

2.5 Adjoint, compact and trace-class operators

This section introduces some definitions and theorems about a useful kind of operators such
that adjoint operators, compact operators which allows us to retrieve similar characteristics

of operators on finite dimension and trace-class operators.

2.5.1 Adjoint operators

Using bounded linear operators we can define operators which are called adjoint or Hilbert-
adjoint operators, these kind of operators was suggested by problems with matrices, linear

differential or integral equations.

Definition 2.26. (Hilbert-adjoint operator 7%)
Let Hy, Hy be Hilbert spaces and T': H; — H, be a bounded linear operator. Then
the Hilbert-adjoint operator T™* of T is the operator

T H2 — Hl
such that for all z € H; and y € Hs,

(Tz,y) = (z, T"y). (2.36)

The definition above makes sense thanks to the following theorem

Theorem 2.26. (Ezistence) The Hilbert-adjoint operator T* of T in (2.26) exists, is unique

and is a bounded linear operator with norm given by
T[] = [IT1]. (2.37)

A proof of (2.26) is given in [13, th.3.9-2.]

We have to keep in mind the following lemma which will be a great tool to demostrate
some important properties of Hilbert-adjoint operators
Lemma 2.6. (Zero operator) Let X and Y be inner product spaces and C' : X — Y a

bounded linear operator. We say that R = 0 iff (Rx,y) = 0 for everyx € X andy € Y.
Even more, if X =Y = C and (Rx,x) =0 for all x in X then R=0.
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The following are some general properties of Hilbert-adjoint operators

Theorem 2.27. Let Hy, H, be Hilbert spaces, S : Hy — Hy and T : Hy — Hy bounded

linear operators and o any scalar. Then we have
1. (Try,x) = (y,Tx),

2. (S+T) =8 +T,

3. (aT)* = aT*,
4. (T =T,
5. |IT*T|| = [|ITT*|| = |||,

6. T"T =0 < T =0,
7. (ST)* = T*S".
Proof. We just proof items (4) and (5).
4) Let x € Hy and y € H,, generic. Using (1) and (2.26) we have

(T7)z,y) = (2, T"y) = (Tx,y)
(1) 2,y) — (Tx,y) = 0
(1) = Tz, y) = 0
by the arbitrariness of x and y taking R = (7T*)* — T in Lemma 2.6 we conclude that

(T*)* =T.

5) Let x # 0 € Hy. From Schwarz inequality we have that

|Tz|]* = (Tx,Tz) = (T"Tx,z) < ||T*T||||=|]?
[|T||? < 17|

[l[?

taking the supremum on the right hand side of the last inequality gives us ||T|]> <
|| T*T||. By (2.2.1) the last implies that

171 < 17T < 1T HIIT1 = |77,

ie., ||T*T|| = ||T||>. Using T = T* and repeating the proccess gives us the othe

inequality and then we have

|7°T|| = [|TT"|| = ||T[|*
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Thanks to Hilbert-adjoint operators we can define some other operators which will has
practical importance for us.
Definition 2.27. Let H be a Hilbert space and T': H — H a bounded linear operator

then if T* = T we say that t is self-adjoint or Hermitian, if T is bijective and T* = T~}
we say that T is unitary and normal if 77 = T*T.

A useful criterion which gives sufficient conditions to determine if a bounded linear

operator T' : H — H on a Hilbert space H is self-adjoint is given considering the inner

product as follows

Theorem 2.28. If T is self-adjoint then (T'x,x) is real for each x in H. Moreover, if H is
complex and (Tx,x) is real for every x in H then T is self-adjoint.

The proof of this fact is easy and is provided in [13, Th. 3.10-3].

To end this section we prove that any sequence of bounded self-adjoint linear operators

converge to a bounded self-adjoint linear operator, i.e.

Theorem 2.29. Let H be a Hilbert space and (T,,)nen a sequence of bounded self-adjoint
linear operators on H. If (T,)nen converges to and operator T, then T is a bounded self-

adjoint linear operator on H.

Proof. Let (T,,)nen € Z(H, H), generic. Assume that
T, —T, n— oo, (2.38)

we have to prove that 7% = T'. Note that by (2.26) and (2) we have that

T =Tl < [IT = Tall + [|T0 = T3 + [T = T7]]
T = Tol[ + [[(To = T)"]]
= 2T, = T|

taking n — oo in the last inequality gives us that ||T"—T*|| = 0 as in consequence 7% = T
By the arbitrainess of (7},),en we are done.
0

2.5.2 Compact linear operators

Another important property for linear operators such as boundedness is compactness.
Compact linear operators are essential in applications since they behave such as operators

working on a finite dimensional space.
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Definition 2.28. (Compact linear operator) Let X and Y be normed spaces. A linear
operator T': X — Y is said to be compact if for every bounded set M C X, the image
of M through T is relatively compact, i.e., the closure of T(M) is compact.

Remark 2.27. An operator 7' € Z(X,Y’) whose range has finite dimension is known as

an operator of finite rank.

Compact linear operators was also known by completely continuous linear operators
this term was motivated for the following lemma which gives a characterization of the
continuity on these operators.

Lemma 2.7. Let X and Y be normed spaces. Then every compact linear operator T is

bounded this implies that T is continuos. Furthermore, if dim(X)=occ, then the identity

operator is not compact.

A proof of this result is given in [13, Lem. 8.1-2].

Remark 2.28. The last part of the lemma gives an example of a continuous linear operator

which is not compact, so that continuity is not a sufficient condition.

From [13, Sec. 2.5] we retrive the definition of a compact set that states that a set A is
compact if every sequence of elements of A has convergent subsequence to an element on
A from this definition, we get easily a criterion for operators such as:

Theorem 2.30. (Compactness criterion) Let X and Y be normed spaces and T : X —Y

a compact linear operator. Then T is compact iff for every (z,)nen € X we have that

(T'zp)nen has a convergent subsequence.

One interesting fact about compact linear operators is the fact about the convergence
of a sequence of them which say that the limit is a compact linear operator if the sequence
converges uniformly, i.e.,

Theorem 2.31. Let X be a normed space and Y be a Banach space. If (T,,)nen, a Sequence

of compact linear operators from X to Y, is uniformly convergent to a limit say it T, then

T is also a compact linear operator.

The proof of this result can be found in [13, Th. 8.1-5] and [20, Th. VI.12].
A compact linear operator 7' : X — Y defined on a normed space X and Y a Banach
space has an extension 7' defined on a X we is the completion of X and this operator is

also compact and linear.
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The relevance of compact linear operators in the solvability of operator equations is
of great interest, and it has an important connection with adjoint-operators for example
we have that the adjoint of a compact linear operator T is itself adjoint. If X and Y are
normed spaces and T : X — Y is a linear opeartor then its adjoint is defined on the dual of
X and Y that is 7% : Y’ — X’. In addition to the spectral theory, compact linear operators
make a simple generalization of this theory for finite dimensional spaces.

As a first property of the spectral study of compact linear operators, we have the

following result about the eigenvalues

Theorem 2.32. Let T : X — Y be a compact linear operator then o,(T") is countable.

In addition, if T": X — X is a compact linear operator on a normed space X then
for every A # 0 € C the Null space Ker(7)) of T\ = (7' — AI) has finite dimension. This
is the reason why the spectral theory of compact linear operators is considered similar
to eigenvalue theory of finite matrices. This affirmation is characterized by the following

theorem.

Theorem 2.33. Let T : X — X be a compact linear operator defined on a Banach space
X. Then every A # 0 € o(T) is an eigenvalue of T.

Proof. 1f Ker(Ty) # {0}, then Thax = 0 for = # 0, i.e.,
(T—X)x=0, x#0

which implies that A € 0,,(T"). Now, suppose that Ker(T)) = {0}, where A 0 then T\z = 0
implies that # = 0. Since T} is injective T ! exists and {0} = Ker(I) = Ker(T?) = Ker(T)),
we have that the minimum r of the range is 7 = 0, so that X = TY(X) = T\(X). By the
open mapping theorem and since X is complete we have that 75 ' is bounded; hence,
A e p(T). O

2.5.3 Trace-class and Hilbert-Schmidt operators

In the previous subsection we have introduced compact operators and stablish some of
their properties. Here, we will deal with the trace which is a generalization of the usual
sum of the diagonal elements of a matrix, this will be an important tool for stablish a new

compactness criterion and a special kind of operators. Let’s give some definitions

37



Definition 2.29. Let H be a Hilbert space. An operator 7' € Z(H) is called positive if
(Tx,z) >0 for all z € H. We write T'> 0 if T is positive and T < Rif R—T > 0.

Thanks to square root lemma [20, Th. VI.9] we have that
Definition 2.30. Let 7' € Z(H). Then |T| = vT*T. T* is the adjoint operator of T.

Now, let’s first introduce the trace for positive operators

Definition 2.31. Let H be a separable Hilbert space and (¢,)%, a Hilbert basis of H.
Then for any positive operator A € Z(H) we define the trace of A as

Z ©n, Apn),

and it is independent of the Hilbert basis chosen.
Theorem 2.34. The trace has the following properties:
1. Tr(A+ B) = Tr(A) + Tr(B),
2. Tr(AA) = X Tr(A), for all A >0,
3. Tr(UAUY) = Tr(A) for any unitary operator U,

4. If 0 < A< B, then Tr(A) < Tr(B).

Proof. Let H be a Hilbert separable space and (¢,,)22 ; a total orthonormal set of H.
Let’s prove point (1). Let A and B be two positive bounded linear operators on H,

generic. Then

r(A+ B) :Z ©n, (A+ B)oy)

—Z (¢n, Apn) + (@n, Ben)]

= Z SO’mASOn + Z @n»BSDn)

= n=1

(A) + tr(B).
We conclude by the arbitrariness of A and B.

o Let’s prove point (2). Let A be positive bounded linear operator on H and A > 0,

generic. Then
[e.e]

Tr(AA) = > (¢n, Mey)

n=1

=A Z(‘Pm Apy)

n=1

=\ Tr(A).
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We conclude by the arbitrariness of A and .

o Let’s prove point (3). Let A be positive bounded linear operator on H and U a
unitary operator, generic. Then by definition of adjoint operator and noticing that

(Uepy,) is also a total orthonormal set of H we have that

(¢n, UAU_IQDn)

I
NE

Tr(A\UAUY)

1

3
Il

I
M]3

1

3
Il

I
K

(U Uepn, A@n)

1

3
I

I
M]3

((Pn’ A90n>
r(A)

3
Il

We conclude by the arbitrariness of A and U.

o Let’s prove point (4). Let A and B be two positive bounded linear operators such
that 0 < A < B. Then

i(%pm Apn)

1

Tr(A)

3
Il

IA
hE

(¢n, Bon)
B).

1

3
=i
—~ =

]

Definition 2.32. We say that an operator A € Z(H) is trace class iff Tr(|A]) < oco. We

denote by .#; the family of all trace class operators.

We define a norm on .#; by
[[A[ler = tr(JA]). (2.39)

Theorem 2.35. %, endowed with the norm (2.39) is a Banach space and ||Al| < ||A||n

In connection with the canonical form of compact operators [20, Th. VI.17] we have

the following characterization

Theorem 2.36. Let A € %, then A is compact. Moreover, a compact operator A is in %,
iff Z An < 00 where (\,)nen are the singular values of A.

n=1
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Proof. We just prove the first part. Let {¢,}22; be a total orthonormal set, generic. Since
A is a trace class, |A]* € ;. Then

Te(|APP) = Y [[Apnl]? < oo
n=1

Suppose that n € [¢1, ..., on]* for some fixed N and ||n|| = 1, then

[1An][* < tr(JA]%) Z 1 Agall*,

hence [p1,...,on]" 2 ||An|ln — 0 as N — oo. This last is particularly true for the

supremum, so that
N
Z Pns ) An (2.40)

converges in norm to A. Therefore A is compact. O]

Note that

Theorem 2.37. If A € % and (¢y)nen is any Hilbert space, then » (¢, Ag,) converges
n=1
absolutely and the limit is independent of the choice basis.

The proof of this theorem can be found in [20, Th VI.24].

Now, we are ready to define the trace on .#;

Definition 2.33. The map tr : .4 — C given by tr(A4) = >0° (¢n, Apn) where (¢p)nen

is any Hilbert basis is called the trace.

Given A € .4 it holds that Tr(A*) = Tr(A) and i B € Z(H) then
tr(AB) = tr(BA),

i.e., it is symmetric.
The proof of this properties are given in [20, TH. VI.25].
We end this subsection with other class of operators known as Hilbert-Schmidt opera-

tors.

Definition 2.34. let H be a separable Hilbert space. We say that A € Z(H) is a Hilbert-
Schmidt operator iff Tr(A*A) < co. The family of all Hilbert-Schmidt operators is denoted
by fg.
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Remark 2.29. The space .%, is a Hilbert space endowed with the inner product of L2.
Whenever H = L*(M,du) the Hilbert-Schmidt operators have a concrete realization
[20, Th. VI.23]

Theorem 2.38. Let (M, i) be a measure space and H = L*(M,du). Then A € B(H) is
Hilbert-Schmidt iff there is a function K(x,y) € L*(M x M) with

(Au)(@) = | K(zy)uly)duty).

A proof of this result can be found in [20, Th. VI.23].

2.6 Unbounded linear operators

As we mentioned before not all linear operators are bounded, such operators are called
unbounded operators and appear on problems of differential equations and Quatum me-
chanics. The theory of them is a little more complicated than that bounded operators so
that along this section we will consider only Hilbert spaces.

Let’s consider a linear operator T': D(T) — H where D(T') C H and H is a complex

Hilbert space. This operator may or not be bounded.

Theorem 2.39. (Boundedness) Let T € £ (H) defined on all of the Hilbert space H which
is self-adjoint then T is bounded.

The proof of this theorem can be found in [13, Th.10.1-1].
The conclusion of this theorem implies that D(T') = H cannot hold for unbounded
operators which are self-adjoint. Therefore, we have to find suitable domains and this will

also lead us to extension problems. We shall denote
SCT
to mean that T is an extension of the operator S; then
D(S) CD(T) and S =T|pgs). (2.41)

If D(S) is a proper subset of D(T') then T is a proper extension of S, i.e., D(T')—D(S) #

(). As with bounded operators, the Hilbert-adjoint operators plays an important role for
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the spectral theory. In this case to define them we need operators densely defined that is

if D(T') is dense in H

Definition 2.35. Let T' : D(T) — H a densely defined linear operator in a complex
Hilbert space H. We define the Hilbert-adjoint operator 7 : D(T*) — H of T as follows

D(T*)={ye H| Iy* € H: (Tx,y) = (z,y*) Vo € D(T)}

the Hilbert-adjoint operator 7™ is defined in terms of y* by

To end this section we state some extension properties and the definition of self-adjoint

operator

Proposition 2.2. Let two linear operators T and S densely defined in H, we have that if
S C T then T* C S*; moreover, if D(T*) is dense in H then T' C T**.

The proof of this proposition is found in [13, Th. 10.2-1].
Theorem 2.40. We say that a linear operator T densely defined in H is symmetric if
Ve,y e D(T): (Tx,y) = (x,Ty).
this is true in particular if T C T™.
Proof. Let T be a densely defined operator in H, by Def. 2.35 we have that
(Tz,y) = (2, T"y),

for all x € D(T') and y € D(T*). Assume that T* is an extension of T then the last is
true also for y € D(T) that is T*y = Ty so that

(Tz,y) = (2, ty).
Therefore, T is symmetric. O

Remark 2.30. Conversely, if 7" extends T then it is symmetric.

Definition 2.36. A linear operator T densely defined in a complex Hilbert space H is

called a self-adjoint linear operator if 7% =T
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From (2.40) we have that every self-adjoint linear operator is symmetric. Moreover, a
densely defined linear operator T in a complex Hilbert space H is symmetric iff (T'z, z) € R

for all x € D(T).

2.7 Spectral properties of self-adjoint operators

We have already talk about of bounded self-adjoint linear operators on Hilbert spaces
in Section 2.5. In this section, we will study their spectral theory such as the spectral
representation and the spectrum.

Let’s recalll that a self adjoint operator T is such that
T=T".

If in addition, it is bounded and linear then its spectrum has several properties which
are useful in practice. Let’s remark that a bounded sel-fadjoint operator T': H — H on a

Hilbert space H may not have eigenvalues that is 0,(7) = 0.

Theorem 2.41. If the eigenvalues of T exists then we have that they are real and its

corresponding eigenvectors for different eigenvalues are orthogonal.

Proof. Let’s first prove that given any eigenvalue of T it is real. Let A € 0,(7) and x its
corresponding eigenvector, i.e., x # 0 and Tx = Az. Then by Definition 2.26 and since T

is self-adjoint we have that

Mz, z) = (Az,x) = (Tz,x)

z,Tz) = (z,\r) = Mz, ). (2:42)

|
—

Since z # 0, the inner product of x in the last equality is not zero, hence A = \ that is
A is real.
For the second part, we consider two different eigenvalues and again apply the definition

of self-adjoint. Let A and v two different eigenvalues of T. By part a) we have that v € R,

SO
Mz, y) = (Az,y) = (Tz,y)
= (z,Ty) = (z,vz) = v(z,y).
The last implies that (A — v)(z,y) = 0 since the eigenvalues are different we have that
(z,y) = 0, i.e.the eigenvectors associated to A and v respectively, are orthogonal. O]
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This result can be extend to the whole spectrum thanks to the following proposition

Proposition 2.3. Let H be a Hilbert space and T € £ (H) self-adjoint. We say that A € C
belongs to p(T) iff there exists a constant ¢ > 0 such that

Ve e H: ||[Thz|| > d||z|].

A proof of this proposition is given in [13, Th.9.1-2].

Theorem 2.42. Let H be a complex Hilbert space and T € £ (H) a self-adjoint operator.
Then o(T) is real.

Proof. Let x #0 € H and A € C, generic. Then we have
(Thz,z) = (T — N)x,z) = (Tz,x) — Nz, x) (2.43)

Since T is self adjoint (T'x,x) is real and so

(Thz,z) = (T — N)x,z) = (Tz,x) — Nz, x) (2.44)

where A = a — ib (a,b € R). Substracting (2.43) with (2.44) give us

—2i - Im(Thx,x) = (T,\a:,:”c) — (Thx,x)
= (A=XN(z,2)
= 2ib||z||?

Taking absolute value both sides and diving by 2 we obtain
pllzl* = [Im(Thx, z)]

< (T, o)
< [Tl
Since x # 0 the last implies
[blf[z]] < [ITxl] (2.45)

then if b # 0 by the Proposition 2.3 we have that A € p(T"). Hence, if b = 0 then
A€ o(T)and X € R. O

As we have mentioned in Section 2.4, the spectrum o(7") of a bounded linear operator T
is compact; however, thanks to the last result it implies more things such as the spectrum

of T lies in a closed interval [m, M] C R where m and M are given by

m = inf (Tx,z), M = sup (Tx,x)

[Jz]|=1 [|z||=1
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and are spectral values of T. Moreover, we have that

|IT']] = max(|m/, [M]) = sup [(T'z,z)|.

||| |=1

Remark 2.31. Remember that o(7) is the union of the point, the continuous and the

residual spectrum but this last is empty for bounded self-adjoint linear operators.

We say that a bounded self-adjoint linear operator T is positive if T" > 0, i.e.

Vee H: (Tz,z) >0

In particular, if T is self-adjoint then we have that T2 is positive because (T%r,z) =
(Tz,Tx) > 0. Let T be a positive bounded self-adjoint operator on a complex Hilbert
space H we call A the square root of T if A2 = T', furthermore, if A is positive then we call
it the positive square root of T, which exists and is unique and is denoted by A = T/2.

For our purpose of getting a spectral representation of bounded self-adjoint operators we
need of projection operators. We already know that any Hilbert space H can be represented

as a direct sum

H=YaYt
r=y+=z

y € Y and z € Y+ where Y is closed and Y is its orthogonal complement. By the

uniqueness of y given x € H we define the projection of H onto Y as

P:H—H

r+— Pr=y

In the other hand, we can rewrite the representation as x = y + z = Pz + (I — P)z,
showing that the projection of H onto Y+ is (I-P). Alternatively, a bounded linear operator
P : H — H on a Hilbert space is a projection iff P is self-adjoint and P? = P. The study
of the spectrum gives us tools to get a representation of T using projections as they are
simpler operators. This representation of T is easy to get for finite Hilbert spaces since it
reduces to a sum over the projections associated to an eigenvalue. For the infinite case we
have to consider spectral families which are families of one-parameter family of projections

defined on a Hilbert space H.
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Roughly speaking, we have that for H a complex Hilbert space and A € R, we defined
the operator F\ : H — H by

Eyx= > P,

A <A
and is called a one-parameter family of projection. This operator is the projection of

H onto the subspace V) sppaned by all eigenvectors for which A; < A.

Definition 2.37. A spectral family is a one-parameter family & = (E))aer of projections
E)\ defined on H such that for every x € H it follows

for A < pp we have By < E,

lim)\_>_oo E)\I =0

limy ., Ehx =2

E)\_H)Qf = limu_>,\+0 E,u.%' = E)\JZ.
this definition suggests a mapping R > A — E, € Z(H, H).

To get our spectral representation of a bounded self-adjoint linear operator T': H — H
on a complex Hilbert space H we have to associate a suitable spectral family £ to T. In

order to do this, we have to define the positive and negative part of T, respectively
THt=iB+T)and T~ = (B -T)
where B = |T| = (T?)'/2.
Remark 2.32. Note that T =TT —T~ and B=T" +T".

Here, we state a few properties of these operators but more about them is find in [13].

Lemma 2.8. The operators jus introduced follows the following properties
e B, TT, T~ are bounded and self-adjoint,
o TTT-=0and T*, T~ > 0.

These are true using T\ =T — A\l instead of T.

A very detail proof of this lemma can be find in [13, Lem. 9.8-1 |.
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Theorem 2.43. Let H be a complexr Hilbert space and a self-adjoint linear operator T €
Z(H,H). And let A € R such that E) is the projection of H onto the null space Ker(Th+) =
Y\ of the positive part of Tx. Then & = (E))xer 5 a spectral family on the interval
[m, M] C R, where m and M are defined such in 2.7.

The proof of this result can be found in [13, Th. 9.8-3].
Thanks to this result we can associate a spectral family € = (E))er to any self-adjoint
linear operator T' € £ (H, H), so that we can get a spectral representation of T with the

Riemman-Stieltjes integral

Theorem 2.44. (Spectral theorem V1) Let H be a complex Hilbert space and a self-adjoint
linear operator T' € £ (H,H). Then T has a spectral representation

M
T = / AE, (2.46)
m—0
where € = (E)) is the spectral family associated with T. Even more,

(Tey)= | J: Adw(\) (2.47)

where w(\) = (Exz,y).

In particular this theorem can be used to makes sense evaluation of operators into

polynomials as follows

Lemma 2.9. Let p be a polynomial with real coefficients, i.e,
P(N) = ap A\ + ap A - a,
then the operator p(T) defined by
p(T) =, T" + T+ -+ apl,

has a sprectral representation

o) = [ (2.48)
and
Vey € H: (pT)e.y) = [ Ai) POV dw(N). (2.49)



A proof of these results can be found in [13, Th. 9.9-2].

Remark 2.33. We have used m-0 previously to denote
M M M
/ AE) = / AEy = mE,, + / AdE,
a m—0 m

for m # 0, E,, # 0 and a < m.

The last lemma is of great practical importance since allows us to makes sense f(T')
where f is a continuous function and 7' € Z(H, H) a self-adjoint operator defined on a
Hilbert space H. Recall that thanks to Weierstrass theorem the space of polynomials is
dense in the space of continuous functions.

To end this section we introduce another formulation of spectral theorem so as the one
introduced before. It is just one of its several formulations and they are equivalent in some

sense.

Theorem 2.45. (Spectral theorem V2) Let H be a Hilbert space and A : D(A) C H — H
a bounded self-adjoint linear operator. Then there exists a measure space (M, B, ), a

unitary operator

U:H— L*(M,dp)

and a function a : M — R finite a.e., such that
® € D(A) iffa-Ub € L*(M,dp), (2.50)

and

AD = UM, U®, (2.51)
where M, is the operator of multiplication by a, i.e.
D(M,) = {f € L*(M,du) : af € L*(M,du)},

(Maf)(m) = a(m)f(m), p—a.e.

This formulation is something more concerning to measure theory but gives us a pow-
erful representation of a self-adjoint linear operator T defined on a Hilbert space since it
transforms T into an algebraic multiplication which of course simplify things such as the

previous formulation. Moreover, this provides a functional calculus such as the result of
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Lemma 2.9 but a little bit more general. In fact, let F' : R — C measurable then

F(A):D(F(A)CH—H

is defined by

D(F(A)) = {¢ € H| F(a(-))(U)(-) € L*(M, dp)},
F(A)¢ = UT'F(a(-))Ug,
UF(A)p = Fl(a())-Ug.

where a(-) is a function which depends on A.

Remark 2.34. If F' € L*(R) then F(A) € B(H) and

1F(A)ollr < [|F ool -
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Chapter 3

A brief introduction to Quantum

Mechanics

The results we present in this work are linked to Quantum Mechanics. Therefore, in
this chapter we provide a very short introduction to it. We will not go deep, but just
concern ourselves to some main topics in connection with operators. Our point of start
will be a brief explanation of how was conceived Quantum Mechanics, then we shall see
how operators appear in the formulation of Quantum Mechanics. Finally we state the
Heinsenberg uncertainty principle. The main references in this chapter are [3], [13] and

14].

3.1 Where does it come from?

The experiments described by [3] and [14] try to explain the nature of Quatum Mechanics
and the first attempts to use mathematical objects such as probabilities intrepet the strange
exprimental results. In [13] it is mentioned that the concept of quantum given by Max
Planck was revolutionary and rised a new research area known as Quantum Mechanics. It
is believed that this event caused the division between classical and modern physics, which
was the most important tool for that time to explain the majority of physical phenomena,
in this period many discoveries were conceived such as X rays and radioactivity concepts
that rose contradictions when classical principles were applied.

Since Quantum Mechanics works in regions of small dimensions, the constant h found by

Planck in his research about the properties of thermal radiation in 1900 helped Schrédinger
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and many others to the development of the field and its better understanding.

3.2 Operators in Quantum Mechanics

Hilbert space theory is important to give sense to many quantum concepts, so in this sec-
tion we shall see how Hilbert spaces, self-adjoint operators and Quantum Mechanics work
together. First, we explain some basic definitions of Quantum Mechanics using a single
particle system in one dimesion. Then, we present two self-adjoint linear operators which
are important in the study of Quantum Mechanics: the position and momentum operators.
Additionally, we give two fundamental postulates for Quatum mechanics. Finally, we state
the Heisenberg uncertainty principle and a brief introduction to the Schrodinger equation.

We refer the reader to [5] and [13] for more details.

3.2.1 Basic concepts. The position and momentum operator

We consider a single particle system in R and fixed at some instant in time. In Classical
Mechanics the state of our system can be described using the position and the velocity of
the particle but in Quantum Mechanics it is not possible to give such a description because
of the uncertainty principle.

Thus for Quantum Mechanics we describe the state of the system by a function W :
R — C which is not-time dependent because of the definition of the system. Let’s assume

that ¢ € L2(R) then for A C R we have that

J 1) da (3.)

defines the probability to find the particle in A. If we want to extend this idea to the whole

real line we have to impose the following normalizing condition

Il = [ (@ dg = 1.

This allows us to replace the deterministic description of a state given in the classical

sense by a probabilistic one for Quantum Mechanics. Thus we define a state by

Definition 3.1. We say that 1 is a state of the physical system at some instant if and
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only if ¢ € L2(R) and ||¢|| = 1. From this we can define an equivalence relation by
P~y & =y, o] =1

It’s important to note that + in the last definition generates a subspace Y of L*(R) where

Y={p: o=py, geC},

hence we can define a probability distribution for a particle in our system as in (3.1) using
¢ € Y such that ¢ has unit norm.
It’s clear by (3.1) that |1(-)|* represents a probability density function on R. Then we

can define the mean value and the variance of the distribution by

fp = /RQIWJ)F dg and vary = /R<q—u¢>2|w<q>|2 dq (3.2)

respectively. We can also get the standard deviation by sd, = ,/vary. As usual, the mean
represents the central location and the variance the spread of the distribution. Thus given
a state 1 the mean p,, characterizes the average position of a particle for the state ¢. It is

worth to see that the mean value (3.2) can be written as

pol@) = (Qu.v) = [~ Qula)ila)dg
where Q : D(Q) — L?(R) is given by
Q¥](g) = q¥(q) (3.3)

and this is known as the position operator.

Remark 3.1. Note that D(Q) is the set of all ¢ € L2(R) such that Q¢ € L*(R).

Using the position operator, the variance (3.2) now becomes

vary (Q) = (@ = ul),) = [ (@ = u)*(@)(a) dg

The position operator is a linear unbounded self-adjoint operator whose domain is dense

in L?(R).
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In general, a state i provides theoretical information of our system, in the other hand,
the information which is observed experimentally from v is called an observable as examples
we have position, momentum and energy. Such as above we can use suitable self-adjoint

operators to solve problems of Quantum mechanics then we define

Definition 3.2. An observable is a self-adjoint linear operator T': D(T) — L*(R), where
D(T) is dense in the space L?(R).

The mean and the variance of T is defined by

ol T) = (T, ) = [ To(@)d(a)dg (3.4)

and
vary(T) = (T = ), ) = [ (T = D) (q)b(a)dg (3.5)
To end this section we give a brief definition of another useful operator. The momentum
operator D : D(D) — L*(R) is given by

_ hody
Dly] = 21 dg

where h is Planck’s constant.

Remark 3.2. Note that D(D) C L*(R) is formed by all absolutely continuous functions
1 € L%(R) defined on a compact interval on R such that Dy € L*(R).

3.2.2 Heisenberg uncertainty principle

As it is shown by [5, Intro.] and [14, Ch. 1] in Quantum Mechanics there is no such a thing
as the path of a particle, that is, we cannot determine the position and momentum of a
particle simultaneously as in Classical Mechanics where we can give a complete description
of a state given its coordinates and velocity at any instant and thus determing its behaviour
in a subsequent instant. Even if we had the state of an electron completely described in
Quantum Mechanics we could not know the behaviour at a subsequence instant because
it is uncertain, however, it is possible to do in a range of possible values. This is what is

called the uncertainty principle of Heisenberg.
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Definition 3.3. (Conmutator) Let S and T be self-adjoint linear operators defined on the

same complex Hilbert space. We define
C=ST-TS
which is called the conmutator operator of S and T with D(C') = D(ST) N D(TS).

By differentiation, we can easily find the conmutator of the position and momentum

operator. In fact,

DQ[vV](q) = D(q¥(q)) = Dq-v(q) +q- D[¢](q)

d
= 2U(g) + g5 Y

= 5=(q) + QD[Y](q)

hence we have that

(DQ = QD)[¥](q) = 55¢(a)

and it follows that Cp,, = DQ — QD = ;-1 where I is the identity operator on D(Cj,).

In our way to get the Heisenberg uncertainty principle, we first prove the following:

Theorem 3.1. (Conmutator) Let S and T be self-adjoint linear operators with domain

and range in L>(R). Then the conmutator operator of S and T satisfies
10(O)] < 25d,(S) sdy(T) (3.6)

for every ¢ € D(C).

Proof. Let ¢ € D(C), generic. Let’s denote p; = 1(S) and po = py(7") and consider
A=S—wul, B=T— sl

it is easy to see with a simple calculation that
C=AB—-BA=ST-TS

By (3.4) we have that p;, us are real and since S and T are self-adjoint we have that A
and B are self-adjoint as well. Then by definition
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py(C) = ((AB = BA)Y, )
= (ABY,¢) — (BAY,¢)

— [ ABu(q)i(a)d — [ BAU(a)d(a)da
:f Y(9)Av(g)dg f%ﬂ)@b(qm
= (Bu, AV) — (Av, By).

Since A and B are self-adjoint, they are symmetric and |(Bv, AY)| = |(Ay, Bi)|. Then
by the triangle and Cauchy-Schwartz inequality we have that

|1 (C)] < (B, AY)| + [(Av, B)| = 2 (B, Av)| < 2|[ By || Ad]|

which by (3.5) gives us

1/2
1BY[| = (T = p2D*,00) = yJvary (T) = sdy(T)
and the same for ||Av||. Since ¢ was taken arbitrarily, we have proved (3.6). O

h
Note that |y (Cpm)| = gy since |[1)||L2@) = 1, so that the last theorem implies that
m

Corollary 3.1. (Heisenberg uncertainty principle) For the position operator Q) and the

momentum operator D,

(3.7)

sy (D)3dy(Q) > 1=

This last implies that we cannot measure position and momentum simultaneously, not
only by the imperfection in the precision of the measurement methods but this precision

is in principle limited.

3.3 The Schrodinger equation

In this section we give a brief description of the time-independent Schrodinger equation.
In our way to deduce the equation we use the famous wave equation, which is used in some
optical phenomenons, given by

U, = 2AY (3.8)
where Uy, = 0?0 /0t?, v € R and AV is the Laplacian operator applied to ¥, i.e.,

0*W 8\11 0*W

Ay =2, 9% Y97
o2 "o T T o

56



for every x € RV,

Let’s assume a simple and periodic time dependance of the form
\Ij(wla L2, ,TN; t) = ¢($1, Loy 7xN)€_iwt'
Replacing it into (3.8), we get

\I/tt — ’}/ZA\I[ =0
_w26—iwtw _ ’}/26_ith¢ =0

—wp — Ay =0 (3.10)
Ay (3)e =0
Ay + k¥ = 0.

This last is known as the Helmhotz equation, where

and v is the frecuency.

Considering A = % the de Broglie wave length of matter waves (3.10) becomes

2,12,,2

A A2y — Ay 4 ST miy, — g,

mu2

2

Since the total energy E of the system is the sum of the kinetic energy and the

potential energy V, we have that

and then

A+ BT (B V)eh = 0.

This last is called the time-independent Schrddinger equation which can be rewritten

as

( e A+V>¢:Ez/z, (3.11)

&m2m
so that the possible energy levels of the system are associated to the spectrum of the
left-hand side operator of (3.11). This is why that equation is fundamental in quantum

mechanics.
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Chapter 4

Results

In this chapter we answer a question proposed in [8], [17] and [18] about defining and
working with partially the kind of cones presented in those works, but using a Hilbert
separable space other than of L2(RY™), as our pivote space. In particular, we will use

H=H!(R") with N > 4.

4.1 Preliminaries

In this section, we set definitions. We denote by ¥ = Z(H) the set of linear bounded
operators acting on H = H'(RY). By %, and . we denote, respectively, the spaces of
compact operators and bounded self-adjoint operators on H. We also write ., = Z,,N.7.
Thanks to the Riesz-Schauder and Hilbert-Schmidt theorems (see e.g. [20]), for a given
T € .Y there exists (vir)ien € R, a sequence of eigenvalues of T, and B = {¢; /i €
N} € H\{0}, a Hilbert basis of H, such that for each i € N,

TYir = virtir, (4.1)

and that is why we say that B is an eigenbasis of T.

Remark 4.1. Given k € N, let’s define the k-trace of an operator T' € .Z as

Trk(T) = Z(wLT, Twi7T)Hk(RN) (42)

i=1
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for each i € N, ¢, » € H¥(RY). We denote

[ee]

Te(T) = Tro(T) = D> _ (Vi Thir )2 @)

i=1

From Definition 2.32 and Remark 4.2 we have that the trace of an operator T is given
by
Tri(T) = (i, Thir)u @y (4.3)
i=1

and it is basis-independent thanks to Theorem 2.37.

Moreover, we shall assume that the sequence (v;71);eny C R is ordered, that is
lvir| > |vjr|, foralli,jeN, i <j;

and if both v; 7 and —v; ¢ are eigenvalues, —|v; 7| comes first.
We define the space of nuclear operators as .1 = % N %Ls C .., which is a Banach

space [20, Th. VI.20] whenever it is endowed with the trace norm

1Ty = T (IT]) =Y Jvir| < 0. (4.4)

4.2 Sobolev-like cones

Now, we shall introduce our cone of operators. Let’s consider a potential V : RY — R

verifying the following conditions:
(V1) V e C(RY);

(V2) lim V(z) = o0;

|z| =00

(V3) Vo= inf V(x)>0.

zeRN

Remark 4.2. From now on, we shall assume that V verifies (V1)-(V3).

Proposition 4.1. Let’s consider the functional (-,-)ys : C(RY) x C®(RY) — R given

by
(4, w)ys = /R [Bu(@) dw(@) + V(@)u()u()] dr. (4.5)

Then (-, )y is an inner product.

60



Proof. We have to show that (-, )y, verifies the points of (2.2). Points (1)-(3) are easy by
the linearity of A. So, let’s prove that

Vu € CP(RY) 1 (u,u)ys >0

and that
(U,U)VQ =0&u=0.

Let u € C°(RY), generic. By definition we have that
(u, )y = /RN |Au(x) + V(@)|u(@)? dz > 0.
and

o If u =0, it immediately follows that (u,u)y2 = 0.

o If (u,u)y2 = 0, we have that
(4, w)vs = /RN |Au(x)|? d + /RN V(@)|u@)]? de =0, (4.6)

whence

||u| | 2@ .av) = 0. (4.7)

By (2.20) the last implies that u = 0. Since u was chosen arbitrarily, we are done.

[

Thanks to Proposition 4.1 we can define a norm on C5°(R”Y) by

1/2
lullva = ([ 160@P + V@lu@)? d) (1)

The completion of C3°(RY) in the norm ||u||y2 is the Hilbert space
H2 = {u € H*(RY) : /RN V(z)|u(z)]? de < oo} : (4.9)
Remark 4.3. The embedding

H2, C LYRY) (4.10)

is continuous and compact (see e.g. [4]) for all ¢ € [2,2**] where

2N

2**: .
N —4
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The embedding HZ C L2 (RY) is continuous.

Now, we are ready to introduce our cone of operators

Definition 4.1. An operator T' € .#; is in the Sobolev-like cone J4? iff the sequence of

eigenvectors of T, (¥, 1)ien, belongs to HZ (RY) and

(TYve = il [Wirllyy < oo

i=1
We call ((T'))v2 the total energy of the operator T.

We give and prove some properties of this cone.

Proposition 4.2. Let T € ;7 and o € R. Then oT € HZ,

{aT))ve = [al((T))ve,

and
((aT))y2=0< (a=0VT =0).

Proof. Note that for any ¢« € N we have that
ol = avirdir

whence

Vie N: vior =avir, Viar = Vi,

so that T € J£?%. Moreover, we have that

((aT))ve =332 ’aVi,THWz‘,TH%/J
= |a| 2 vl [Yirllis

= |a[({T))va-

From (4.12) we see that
(CY =0VvT= 0) = <<OéT>>V72 =0

and

((aT))y2=0= (a=0V {(T))y2=0).

We conclude by proving that

<<T>>V,2 =0=T= O,
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assuming ((T'))v2 = 0 yields
> i, =0
i=1

since this holds for any 7 € N, the above implies

izl [fs = 0.
The ; r’s are eigenvalues, so that 1; 7 # 0 and we get
Vie N: |Vi,T| =0

whence
o

T, = Z lvir| =0=T=0.
i=1

]

Proposition 4.3. Let M > 0 and 8 € C([—M, M]) such that 3(0) = 0. Let T € H? such
that its spectrum is contained in [—M, M]. Assume that there exist dy > 0, o > 1 and
to €]0, M] such that

Vt € [—to, to] = |B(L)] < dqft|”. (4.15)

Then there exists D* > 0 such that
(BT)))va < DUT))va,

whence B(T) € F4?.

Proof. Let t; = min{1,¢y}. Since o(T") € [—M, M|, we have that #{i e N: |, 7| > ;} <

oo and we can choose d > 0 such that

1B(vir)| < CZ|V]',T\,

for each j € {i € N: |y; 7| > t;}. By the Spectral Theorem, [20, Th. VIL.2], and (4.15),

we get

{(BOMve = 1B iy,

i€N
=Y B lallet Y 1Be vl b o
lvi,r|<t1 |vi,r|>t1
<d Y, |wirl*lWirllve+d D virlllvirll,
lvi,r|<t1 |vi,T|>t1
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Since av > 1, by (4.16) we have that

{BTM))via < D" |vizlllbizlls
ieN
= D*((T"))v,
where D* = max{d,, d}. O

Remark 4.4. From Sobolev embeddings we have a useful estimative of the trace norm
of an operator T € J4? by its energy; this is a Poincaré-type inequality but at operators

level: there exists a constant C' > 0 such that
T[]y < CUT))ya, for all T € JA7. (4.17)

Proof. Let T € 24?2, generic. By the Sobolev embbedding H*(RY) C H!(R"), there exists
C' > 0 such that

wirll[sr|[in@yy < Clvarll[¢ir|ly,, forallie N,
whence -
Ty = lvirl < CUT))ve

=1

since (¢;7)ien is a Hilbert basis of HY(R"Y). Since T was chosen arbitrarily, we have
proved (4.17). O

Let’s now introduce the concepts of kinetic and potential energy for operators that

belong to the positive cone
i, ={T e A7 : T >0}
Note that if T' € %”VQ + , then every eigenvalue v; 7 is non-negative and
(o)
IT[|y = Tei(T) = > vir
i=1

Definition 4.2. Let T' € ,%”‘/2 +- The kinetic energy and the potential energy of T are given
by

H(T) = im /R N2 (@) da (4.18)
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and

Zm [ V@) d, (4.19)

respectively.

It is not difficult to see that
(T))ve =X (T)+ Pv(T), forevery T € A7,

Moreover, by (4.2) and integration by parts, we formally have that

Te(A2T) — Z (i, A°Tir) .
:Zw/ i (@) A%y () da

= ;VZGT /RN V@ﬁi’T iL‘ (_sz,T(l’))de’
- ;V@T <_ /RN Awi,t(l’)(—Awi,T(%))dx)
- ;V@T /RN | Ay ()| *dae

= (T)

Remark 4.5. Note that A? = (—A) o (=A) is self-adjoint, so that the previous equality

makes sense. Therefore, the total energy is formally given by
(T))ys = Tr ((A2 +V) T) . (4.20)

It is important to see that given T € . such that T' > 0 we can associate a function
pr - RY — R given by
) = virlYir(@)P, (4.21)
=1

and is called the density function associated to T. Observe that pr does not depend of the
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Hilbert basis chosen (see Definition 2.31). It is easy to see that pr € L'(RY):

Izl = [ prie) do
- zw/ [Yr(@)? da
< ;Vz‘,T Vi1, Vi r) i m)
=Tl
Now, let’s state some regularity properties of pr, for T' € %’”V? +; in particular that
pr € W2 (RM) N L*(RY). First we prove the following
Theorem 4.1. Let N >4 and T € %‘%Jr. Then there exists Z > 0 such that

vre [L,N/(N =] |[Apellr@yy < Z{T))ve ™ (4.22)

where L =T"".
Proof. We have that
Dpr(z) =V - Vpr(a)

v iwmvww(x) (@)

=V iVi,T(V%,T@) “ir(x) + () - V%,T@))}

=V |2 i_o: vir(Yir(x) - V%’,T(fﬁ))]
=2 iVi,T(@/)u (@A%,T(f) + V?Z’i,T(x)V@Z)iaT(x))]
=2 i_o: vi r(| Vb () ]* + %,T(HJ)A%,T(@)]

Now, let’s assume that 7" # 0 and r € [1, N/(N — 1)]. Since r > 1, it follows by
Proposition 4.3 that L = 77 € %1/2,+~ By the Spectral Theorem, v; ;, = VZ-:QT, for each
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1 € N. Then
1200l gy = [ 18p1(a))"da

=2 /RN li:; Vit (Vi (@) P + i (2) Dy ()

T

dx

<z [ 1% ui,L<v¢i,L<x>2+¢f7L<x)Mi’L(‘x»} "

=1

— o /RN iVi,L "V¢1,L($)|2 +¢i,L($)A¢i’L(x)’] dr

SQV/RN ZVJLZZ(

<2zl [

By the convexity of ¢t — t" and Jensen’s inequality, we have that

)HVML )2 4 i (1) A 1 (0 )] de

]1]

( 1 ] )“szL )| ‘|‘¢2L( )szL( )] dz

le

L 12eu@)rde <Ll [ Z(
— LS s L 9@ + viu @) 80, @) de
i=1

)Mww 2)[? + i (@) Ay ()| da

Note that

L 900 @) + @) Avin @) do = 1950 + i Al

whence, using Poincaré and triangle inequalities we have that
[ bomtoras <2 v ([, |sz<a:>|2fdx)
i=1

+ ([ @) dvis@)rdr) )

0 1/r
<L) v <Co (/RN V- |V p(2)] |7"dx>
=1
1/7\"
+ ([ utwsioras)”)
= 2|l Y v (200 (/ V()] | A (w)\rdf’”f/r
1 P i, L 0 i i, L i,L

- </RN |wi,L(fE)A¢i,L(l’)|rd$)1/r>r
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Since r < % it follows that

P=2>2—-—=>1 and P’:%

3N

2
N

then from Hoélder and Poincaré inequalities we have that

/RN [Apr(@)de < 2|L[[ i:; Vit (200 ( /R N \Awim)r”daz)w ( /R N \vwi,L(xWP’dx)
+ ( /IR . IAw,L(x)Vde)UP ( /R i |¢i,L(x)|TP’dx> I/P/>T
= 2"||L[|7 i ViL (200 </]RN |A¢¢,L($)|2d$>r/2 (/]RN Vi z ()| dm)2

. (/RN |A1/J¢,L(13)‘2dx>r/2 (/RN |¢zL($)|22T’“dx> 2;T)T

1/P

2—r

(4.23)

Note that

) 2r/(2—r) (2=r)/2 r ) 2r/(2—r) @2=r)/2
[ @) <o ([ i) dr. (424)

Hence, by (4.23), (4.24) and taking C' = max{2C), C7} we have that

[ 100 < <4O>T||L||’i‘1§ui; (URN IAwi,Lu)Pdas)r/Q ([, IVa(a)do) )

2r

— (40)’“HTH’{2(”)§W,L (( /R N yAwi,L(a:)\?dx)T/z ( /R N !Wi,L(w)P-*dw) )

Since 2 < % < 2** using Poincaré’s inequality and (4.17) we have that

[omras < uor i S ([, ovawie) o ([ peampe)’)

— Oy CENTIE ™ s ([ 180 () P
i=1

< Zl<<T>>r2§r71) i Vi L (/ | A, L(l’)‘Qd.’L')T

[— V7 2:1 ) RN )

= 2N Y (nr [ 18 ()dr)

i=1

2

(4.25)
where Z; = (4C)"C5’. Since T € A7, we have that

ZVLT/ | A p(x)|Pdz < 0o = lim 1/,~7T/ | A () |*dz = 0.
=1 RN 1—00 RN
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Thus the sequence (Vi,THAwiHiZ(RN)>i€N C R is bounded and we can take
J = sup I/LTHA’QZJZ‘H%JQ(RN) < 00
ieN
so that
-1 2 r? -1 2
(T vl A% Beemy) < T vl | A% R

as r > 1. Hence from (4.25) we get

r2

/RN |Apr(z)|"de < Zi(( Q(T Y Z (VZT/N |A77Z}Z-7T(:E)|2dq;>
= Zl<<T>>(/,§r_1 Z <JJ vir /RN |A¢Z-g~(x)|2(1lx)r2

=1
< Zy (TR Zm/N | Ay () Pd
2_ 2 r
=2 «ﬂ@éiﬁw>
< 2"

whence
r2(r—1)+1

(T 7

1Appee i@y < 247 T

7'27
taking Z = Z1/"J

By using the last theorem we can prove the following result.

Theorem 4.2. Let N >4 and T € 747, . Then
N N . 2,r N s N

where L =T" .
Proof. Let’s prove that
Vs € [1, N/(N —4)] : pp € L*(RY).
By interpolation in Lebesgue spaces [5, pg. 93] we just have to prove that

pr € LYRY) n LY/ WN=9(RN),

we get (4.22) and we conclude by the arbitrariness of r.

(4.26)

(4.27)

(4.28)

We already know that p; € LY(RY). So let’s prove that p, € LYOV=9(RN). By

choosing,



from Poincaré’s inequality and Theorem 4.22; we have that

pclli@yy < Dil|Vorllus@y)
< DlD?HApLHLﬁ(RN)

7‘2 rT— r

< DD, Z((T)) Y

where Dy, Dy are the Poincaré’s constants. Hence, we have proved (4.28). Finally, from
Theorem 4.22 and (4.28) we conclude the proof of (4.27). O

We end this section with the following result:

Corollary 4.1. Let N >4 and T € %”V%Jr. Then there exists Z > 0 such that
1Aprl|Lr@yy < Z((T))vas

hence pr € WL(RYN) N L*(RY), for every s € [1, N/(N — 4)].

Proof. Tt follows from taking » = 1 in Theorems 4.1 and 4.2. m

4.3 Free energy functionals

In this section we introduce free energy functionals, but first we give some preliminaries.
Let’s recall that the Legendre-Fenchel transform of f : R — R U {oo}, f # oo, is given
by

f(z) = ilelg[([}/\ —f(N)], xzeR. (4.29)

Definition 4.3. Given T € 7, and a convex function 3 : R — R U {co} such that
£(0) = 0, we shall call the value

o0

Sp(T) = Te(B(T)) = Z: Bvir) (4.30)

the f-entropy of T provided Sg(T') €] — 0o, +00]. In this case we say that § is an entropy

seed.

Remark 4.6. If for some function F, (z) = F*(—z), € R, then we say that the entropy
seed [ is generated by the function F.

Now, given an entropy seed J we define the S-free energy functional by

Fvp(T) = Sp(T) + (T))va- (4.31)
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There is a class of functions which generate entropy seeds namely Cassimir class, so

that we will introduce some results which will help us to define it.

Remark 4.7. (Homogeneous Dirichlet-like problem for the bi-Laplacian) Let © C RY be
an open bounded set. We say that « € H*(Q) is a weak solution of the problem

Au+Vu=f inQ,

(4.32)
u=0 on 02,

it it verifies
/Q [Au(z) Aw(z)de + V(z)u(z)w(z)] de = /Q f@)w(z)dr, Yw e H2(Q).
A classical solution of (4.32) is a function u € C*(Q) satisfying (4.32).

The existence and uniqueness of a weak solution for (4.32) follows from the next theo-

rem.

Theorem 4.3. Given any f € HY(RY), there exists a unique weak solution v € H} of

(4.32).
Proof. Let’s prove that the bilinear form a : H, x H} — R, given by
a(u, w) = / (@) dw(z) + V(@)u(r)w(a) de,
R
is continuous and coercive.

o First the continuity, let u,w € H>(RY), generic. Taking C=2 we have that

la(u, w)| = ‘ [, Sul@)du(e) + V(@)u@)w(a)ds
< [, 1bu(e)| | dw()] + V@) | uw(a) da

<l [wllz, + [lullwg [[w]lm2

< 2f|uf |2, [[w] |z,

we conclude by the arbitrariness of u and w that a is continuous.

e To prove the coercivity of a, let’s consider

Q={zcRY: V()<1}and Q°={z e R : V(z)>1}
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and take o = C'min{1, V;}, so that

a(u,u) = / D)+ V(@)u(z)Pda
> [ 1ou(@)Pde+ [ Volw)u(e)Pda
> [ 18u@)Pdr + [ Vi@lu(e)Pde+ [ fu(o)de
> minL,Vo} [ (|8u(@) + fu(x)?) dr.

RN
Since H2(RY) C HY(RY), the last implies that

a(u,u) > Cmin{l, Vo}|ul |H1(RN)

= a||u||H1(RN)

(note that C is the constant appering in the embedding H?(RY) C H'(R")) hence
a is also coercive. By this two points we conclude that a is a continuous coercive

bilinear form.

Finally, we get the conclusion of Theorem 4.3 applying Lax-Milgram theorem in the

Hilbert space H = H?, with the bilinear form a(u,w) and the linear functional

Q: wﬁ/ﬁf(m)w(x)dx
[l

The following theorem is a result concerning the eigenvalues and eigenvectors of the
operator A% 4+ V.

Theorem 4.4. There exists a Hilbert basis {e, : n € N} of HY(RY) and a sequence
(An)nen €0, +o0[ such that A\, — oo and, for everyn € N,

e, € H2, N C=(RY),
N2, +V(z)e, = \e, in RV,

Proof. By Theorem 4.3 given f € HY(RY) we consider u = T'f as the unique solution
u € H2, of the problem (4.32). We consider T as an operator from H!(R") into H!(RY)
and claim that T is a self-adjoint compact operator. In fact, let’s first prove that it is

compact:

o From the regularity results of [5, Th. 9.25] and [11, Th. 8.10] we have that u €
H3(RYM) and
ullz, < ullus@yy < Ol fllm@y),
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whence

T fllwe, < Cll i ),

ie.,

THYRY)) C HZ.

Since the injection of H2(RY) into H!(RY) is compact, the last implies that T is a
compact operator from H!(RY) into H}(RY).

o Now we show that T is self-adjoint, i.e.,

[@hg= [ 1(Tg). vf.g e H®Y).
Setting u =T f and w = T'g, we have
Nu+Vu=f (4.33)
Nw+Vw=g. (4.34)
Multiplying (4.33) by w and (4.34) by u and then integrating we obtain

/ [Aulw + Vuw] de = / fw dx :/ gu dx
RN RN RN

which is the desired conclusion.

Note that

/RN(Tf)f:/RNuf:/RN Auf? + Va2 >0, VfeH(RY) (4.35)

and also that Ker(7") = {0}, since T'f = 0 implies u = 0 and so f = 0.
Finally, applying [5, Th. 6.11] we have that H!(R") admits a Hilbert basis {e, : n € N}
consisting of eigenvectors of 7" with corresponding eigenvalues (py,)n>1. By (4.35) and the

last remark we have that u, > 0 for every in n € N. Writing that Te,, = u,e,, we obtain

/ Ne,ANw + Ve,w = )\n/ enw, Yw € HY(RY),
RN RN

1
with A, = —, so that we have that u,, — 0. Therefore, e, € H%/ and is a weak solution

of A%e, + Ve, = \e,. By [5, Remark 25| we also have that e, € C*(w) for all w strictly
contained in RV i.e., e, € C®(RY). O
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Thanks to Theorem 4.4, for a positive number a > 0, we consider the following condi-
tion.
(Gy,): The operator a/A? + V, with Dirichlet boundary conditions, has a sequence of
eigenelements (()\%),&2))1-@ C R x H2(RY) such that (¢\*));en is a Hilbert basis of
HY(RY) and A(V‘? — 00, as i — 00.

Definition 4.4. Assume (Gy,). A function F' : R — R U {400} belongs to the Cassimir

class € if it is convex, non-increasing on |0, +oo[ and
Tr [F(al? + V)] = > F(A®) < oc. (4.36)
ieN
When o = 1 we consider condition (Gy,) and we shall simply write Ay, ¢v,; and G
instead of A%,l}, gb%}i and €}, respectively.
The previous background helps us to introduce a result about a lower bound for %y s
which will be very useful to prove some Gagliardo-Nirenberg type inequalities in the context

of the cone %‘%+.

Theorem 4.5. Let 5 be an entropy seed generated by F' € 6y. Then
VI € AP, Fup(T) > —Tr (F(A?+V)) (4.37)
Proof. Let T € 7, and {¢y;): j € N} C H*(RY). Let i € N. We have that

Vir =Y (Ovg, bir)iz@y)dvy, O [(Gvy Yir)rzemy|* = 1.

jEN jeN

Then, as in [8, Lemma 3.1] we have that

/RN (’AMGT(@'Q + V(@Wi,T(J?)!Q) dz
= 3 6vs turhen P ( [, 180, +V(@)lovs (o))

jEN
= S 1(Gvgs trrduem PAv [ vy (@) Pda
JEN R
- Z |<¢V,ja ¢i,T)L2(RN)|2)\V,j(¢V,ja ¢V,j)L2(RN)
jEN

= Z |<¢V7ja ¢i,T)L2(RN)|2/\V,j

jeN
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By the convexity of F and Jensen’s inequality, we get

F A ()] + V(@) |ir(z)?)de) =F dvj, Vi) 2@y P Avy
(L, (8%(@P + V@) da) (Z|< e ) .

jeN

< (@vy i)ty PF (M)

jEN

By the spectral theorem we also have that
VJ eN: F(A2 + V)(bv’j = F(/\V,j)gb\/,j-
Then,

> 1 (@vy i)y P F (Av,y)

jJEN

= > (dvy, Vi) 2@y P F (M) (dvi, dvg)rzes)

jEN

(4.39)
= (Z(¢V,j7 Vi) L2 @M PV D (Ov %,T)L?(RN)F()\V,J‘WVJ)
JEN JEN L2(RN)

= (i, F(A? + V)hir)

L2(RN)

Therefore, by (4.41) and (4.42), adding over 7 € N yields

%F(||¢ZT||%/2) < Tr(F(A% + V). (4.40)

Since 3 is an entropy seed generated by F, we have that
Vv,yeR:  Bv) +vA > —F()\).

Therefore, using (4.43) with v = v;p and y = ||t 1|[{5, and adding over i € N, we get

Fvp(l) =Sp(T) + ((T)ve
= Bir) + Y vir|lvirllys

€N €N
> = F(l[virllia)
jeN

> —Tr(F(A2+V)).
We conclude by the arbitrariness of T. O

In the other hand, if we consider condition (Gy, ) with o > 0 in the previous theorem

we get the following proposition.
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Proposition 4.4. Let a > 0 and assume (Gy, ). Consider an entropy seed generated by
F e %y. Then, for any T € %V%Jr, we have that

S(T) + (a+ D{({T))v2 = —Tr(F(al® +V)).

Proof. Let T € 7, and {¢y; : j € N} C H*(RY). Let i € N. By Theorem 4.4 we know
that {u; 7/ i € N} is a Hilbert basis of H'(R") we consider

%’,T = Z(¢%a¢i,T)L2(RN)¢%a Z |(¢§/%)'7¢i,T)L2(RN)‘2 =1

jEN jeN

As in the proof of the previous theorem, we have

/RN (06|A¢¢7T(x)]2 + V(@W@T(@F) dx
= 2l iz ([, A @F + V@0l )Pr)

jEN

= 3 (64, e PAE) [ 1643 (@) P
jEN

- Z | ¢V]7¢z T)L2 RN) | AV](¢V]>¢V])L2(RN)
JjEN

= (V) Vi@ PAY)
JEN

By the convexity of F and Jensen’s inequality, we get

F aA@TxZ Viz LTxQda: =F (bgf“])-, i T)L2 (RN 2)&;)
([, (alatur@P + V@l ()P) d) (Z\( e

jEN

< ST, e en) PFON)

jEN

From the spectral theorem we also have

Vi eN: FlaA®+ V)¢%)~ = F(A?/)JWE?J)
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Then,

S i)z @ PEON)

JEN
= Z| ¢ng¢zT L2(RN) | F()\VJ>(¢Vga¢v;)L2(RN)
jeN
] (o) (@) (o) (@)y 4 (a) (442)
= Z((bv,ja wi,T)LZ(RN)¢V,j7 Z((ﬁvﬂ‘, wi,T)LQ(RN)F()‘V,j)¢V,j
JeEN jeEN 2(RN)

— (49, Plas? + Vi)

L2RN)

Therefore, by (4.41) and (4.42), adding over i € N yields

S F ( / o Az (@)]? + V(a:)ww(x)ﬁdx) <T(FaA?+V)).  (443)

jEN

Since 3 is an entropy seed generated by F, we have that
Wy ER: BW)+ vy = —Fly).

Hence, using (4.43) with v = v, and y = /N a| A () |* + V(@) | r(7)Pdz, and
R
adding over 7 € N, we get

> Br) + Lvir [ alir(@)? + V(@) (c) Pda

€N i€EN

> -3 F( / o Ay ()P + V(@) i () Pil) (4.44)
> —Tr(F(alA?* +V)).

Finally, since o« > 0, we have that

(o + 1)/ | A ()P + V(@) |thip(z) Pde > / a| Ay (2)? + V()i r ()| *da
RN RN
so that

Sp(T) + (a+ D((Thhve =3 Bvir) + (a+ 1) > virllvir|li.

ieN i€EN

>3 Blvia) + L vir [ alSir(@)? + V(@) (@) P,

€N €N

We conclude from this, (4.44) and the arbitrariness of T. O

Taking V' = 0 in the previous theorem we have that
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Remark 4.8. Let 5 be an entropy seed generated by F' € 6. Then,

Sp(T) + ai (T) > ~Tr (F(al?)).
We end this section with some Gagliardo-Nirenberg type inequalities and give some
previous definitions

Definition 4.5. We say that a potential V is bounded away from zero if there exists
vy > 0 such that
V(z) >y >0, VzeRY

Definition 4.6. Assuming V bounded away from zero and A < vy, we define a generalized

free energy functional ﬂé\vv 7, — RU {400} by
Fov(T) = Foy(T) = ATl = Ss(T) + {(T))viz = Al|T] 1.
The following result states that the generalized free energy functional is bounded from

below

Theorem 4.6. Assume that V is bounded away from zero and that X < ~y. Let 3 be an
entropy seed generated by F € %06/2 for some € €]0,1]. Then, for every T € %ﬁ?ﬂu

Fp(T) > —Tr (F (;&)) + %%(T). (4.45)

Proof. Let T € 4%”‘/2 +, generic. We have

Fiv = Fsv(T) = MT|h
=S5+ A(T) + 2v(T) = AT,
=Sp+ 5 A(T) + 3 4(T)
+H(T) — e (T) + Py (T) — N||T] 1.

Since F' € %06/ 2, by Proposition 4.4 we have that

S5(T) + ggz/(:r) > Ty (F <§N>> ,

whence,

FH(T) > ~Tr (F (;&)) + 5H (1) + (1= (1) + Py (T) = N[l (446)
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We claim that
(1—e)(T)+ 2y(T)— N|T||, >0 (4.47)

which together with (4.46), imply (4.45).
If A <0, (4.47) is immediate. So let’s assume that A > 0. Since V is bounded away

from zero and using |[¢;r|[r 2~y = 1, we have that

Pu(T) = AT Zw(/ ()i (e )|2d$)—/\§wz
= ZVzT (/N ) |[Wir(z) P — /\/RN Wz‘,T(fU)Fdx)

i1 |[Yir|lLe@y)
St ( [, (V) = Wlwir (o)

)

| \/
o

which implies (4.47). Since T was chosen arbitrarily, we are done.

]

As a consequence of Theorem 4.6 we have the following corollary which will be useful

if we want to minimize free energy functionals.

Corollary 4.2. Assume that V is bounded away from zero and that A < ~y. Let 3 be an
entropy seed generated by F € %06/2 for some € €]0,1]. Let’s assume that (Tp)pen C %”V%Jr
is such that (Z50(Tp))eer C R is bounded. Then the families ( (Ty))oen, (Ss(Th))oe.
(N Tol1)oen, (({To))v.2)oen and (Pv(Tp)oca are also bounded in R.

Proof. Since (F3,(Ty))oen is bounded there exists Cy > 0 such that
ﬁg\,o(Tg) = SB(T@) + %(Tg) < (4

for each 0 € A.
By Remark 4.8, we have that

1 1
Ss(T) + 5,%/(T) > —Tr (F(2A2)> . (4.48)
As I’ e %”01/ 2, there exists C5 > 0 such that

Tr <F(;A2)> < Cy, (4.49)
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then by 4.48 and 4.49 we get

—Cy+3H(T)) < —Ta (F(3A%) + L(Ty)
< Sp(Tp) + 5 (Tp) + 5 (Tp)
< Cl

2

which implies
H (Ty) < 2(Cy + Cy).

Then, we have proved that the sequence (£ (Tj))gen is bounded. The boundedness
of (S(Th))pen immediately follows. Moreover, let 6 € A, generic. Then from Poincaré’s

inequality we have that

Tl = viz,
=1
= ;W,Tg /]RN Wi,Tg (93)‘20[37
< Co Yo via, [, [Vt (@) de
=1

< CuC3) Vz',Tg/ | A1, ()] dac
i=1 RN
= CyCs7 (1)

by the arbitrariness of § € A we conclude that (||Ty||1)gen is also bounded. This easily
gives the boundedness of (((Ty))v.2)sea and (P (Th)pea.- O

After we have proved the boundedness from below of our free energy functionals, we

shall obtain some Gagliardo-Nirenberg type inequalities for operators.

Theorem 4.7. Let 5 be an entropy seed generated by F € €. Let’s assume that the
functions T, G are such that 7(s) = —(—G)*(s), s € R, and

Tr (F(A + V) < /R _G(V(2))da, (4.50)

Then, for every T € ,%”V%Jr,

ST)+H (1) 2 [ 7(pr(a))da
Proof. Let T' € J47 ., generic. By Definition 4.29, for z, A € R,

—As —G(A) > —(—G)"(s) = 7(s).
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If we choose A =V (z) and s = pp(x), we get, by (4.50) and Theorem 4.5 that

Ss+ A (T) >—Py(T) - Te(F(A*+V))

—Py(T) — /IR _G(V())de
[V (z)pr(z) — G(V(z))] dx

N

7(pr(z))dx.

N

AVARAY

v
T

Since T was chosen arbitrarily, we are done.
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Chapter 5

Conclusions & recommendations

5.1 Conclusions

Analogues of the Sobolev space H! were defined at the level of nuclear operators. Those
sets of operators were no longer normed linear spaces but cones equipped with a concept
of total energy that replaced the role of the square of a norm. Using Operator Theory,
we obtained properties similar to those obtained by Mayorga et al. when the pivot space
L2(RY) was replaced by another separable Hilbert space, such as H!(RY), with N > 4.
This work is related to the stability of quantum systems (represented by nuclear op-
erators), and therefore, properties of free energy functionals defined on the operator cone
were also studied. In this context, Gagliardo-Nirenberg type inequalities for operators were

proven.

5.2 Recommendations

1. Similar to [17] and [18] we have some compactness results which are useful to mini-
mize the total energy of an operator T, so we recommend to study those results, in
principle, using the cone %VQ , and then trying to generalize them to a cone J", |

m € N.

2. The lower bound for #y can be extended to the context of the cone 47", with
m € N or even for m € R, so that it can be used for future works to prove some

Gagliardo-Nirenberg type inequalities.
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3. I also recommend to the math students at Yachay interested in this area to take a
course of mathematical physics because this kind of courses will set basics which will

help them to understand some definitions related to Quantum Mechanics.
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