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Abstract

The topic of this thesis concern the discrete spectrum of non-selfadjoint operators de-
fined by relatively compact perturbation of selfadjoint operators. These selfadjoint op-
erators are choosen among classical operators of quantum mechanics. These are the
Dirac operator, the Klein-Gordon operator, and the fractional laplacian who generalize
the Schrodinger operator usually studied for such issues. The main method is based on
a theorem of complex analysis which gives Blaschke-type condition on the zeros of a
holomorphic function on the unit disc. This Blaschke condition gives informations on
the behaviour of eigenvalues of the perturbed operator by mean of Lieb-Thirring-type in-
equalities. Another method using functional analysis is also used to obtain these kind of
inequalities and both methods are compared to each other.

Keywords : Discrete spectrum, Lieb-Thirring-type inequalities, conformal mappings,
Dirac operator, Klein-Gordon operator, fractional Schrédinger operator.

Résume

L’objet de cette these est d’obtenir des informations sur le spectre discret d’opérateurs
non auto-adjoints définis par des perturbations relativement compactes d’opérateurs auto-
adjoints. Ces opérateurs auto-adjoints sont choisit parmi les opérateurs classique de mé-
canique quantique. Il s’agit des opérateurs de Dirac, de Klein-Gordon et le laplacien
fractionnaire qui généralise 1’étude de I’opérateur de Schrodinger habituellement con-
sidéré pour de tels problemes. La principale méthode utilisée ici releve d’un théoreme
d’analyse complexe donnant une condition de type Blaschke sur les zéros d’une fonction
holomorphe du disque unité. Cette condition traduit le comportement des valeurs propres
de I’opérateur perturbé sous forme d’inégalités de type Lieb-Thirring. Une autre méthode
venant d’analyse fonctionnelle a été employée pour obtenir de telles inégalités et les deux
méthodes sont comparées entre elles.

Mots-clés : Spectre discret, inégalités de type Lieb-Thirring, transformations conformes,
opérateur de Dirac, opérateur de Klein-Gordon, opérateur de Schrodinger fractionnaire.
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1 Introduction

Table of Contents
1.1 General setting of thethesis . . . . .. ... .............. 1
1.2 Anoverviewofthetopic. .. ... ... ... i 2
1.3 Main results and methods of proofs . . ................ 4
1.4 Possible directions for the futurework . . . . ... ... ... .... 8

1.1 General setting of the thesis

! 'We start briefly presenting the general setting of the problem considered in this work.
Most notation and terms will be given later; a glossary of the notation can be found in the
appendix at the end of the thesis.

Let Hy be a “well known” self-adjoint operator, satisfying 0(Hy) = 0ess(Hp), where
Oess denote the essential spectrum of the operator. For instance, we can choose H to be
the Laplacian

Then, add a potential V' to Hy; recall that the potential acts as a multiplicative operator
by the function V. This perturbed operator is denoted by

H = Hy+ V. (1.1.1)

It acts on some dense subspace of L*(R? C") where n = 1 for the scalar case and n > 1
in the vectorial case.

In the case where Hy = —A, we call H Schrodinger operator.

We also consider the cases where H is either the Dirac operator D,, (Chapter 3), or
the Klein-Gordon operator K,, (same Chapter, last Section), or the fractional Laplacian
(—=A)* s > 0 (Chapter 4).

The choice of the potential V/, taken in a space L”, is made so that the essential spectrum
of the operator H is the same as the essential spectrum of unperturbed operator H, that
is

Uess(H) - Uess(HO)'

I"This version of the manuscript is the updated version of august 2015. The major modifications with
respect to the original manuscript concern the presentation of the results in the introduction and some
misprints.



Since we know the essential spectrum of Hy, the problem we are interested in is to “deter-
minate” the discrete spectrum o4(H) of H, which is the set of eigenvalues of H of finite
algebraic multiplicity.

In this study, we obtain the information on the discrete spectrum of / under the form
of the so called Lieb-Thirring-type inequalities, written as:

d(A UeSS<H))a
> @ C- IV

reralt AL+ (Al

where F is the set of complex number which are the “edges” of o.ss(H) (except for co),
the positive parameters «, (3, bear the information on the distribution of the discrete
spectrum o4(H ), and C' is a constant (to be discussed in more detail later).

Before going to an overview of recent results on the subject, we recall that the classical
Lieb-Thirring inequality is the following one, [LT76]: for real potentials V' such that the
integral below is convergent, we have

> )< Lyg / V(x) " dx (1.12)
. Rd
j
where L, 4 is the sharp constant in (1.1.2), z_ = max{0; —z}, and either v > % for

d=1,0ory > 0ford = 2,ory > 0ford > 3. The quest for the sharp constant L, 4
is a interesting subject on its own, see [LWO0O0], Theorem 12.4 in [LLO1] and the remarks
therein. This issue will not be discussed here.

Originally, the Lieb-Thirring inequalities were obtained in articles [LT76] and [LT75],
which were devoted to the search for a new proof of “stability of matter”. For more details
on this subject see the book by Lieb and Seiringer [LS09b] and the book by Balinsky and
Evans [BE11].

The present work is structured as follow:

1. In the Introduction (Chapter 1), we present the general setting of the topic of this
thesis, give its brief overview. We continue with new results and we discuss the
methods applied in the proofs.

2. Chapter 2 deals with the preliminaries. We recall some definitions and propositions
of general operator and spectral theory as well as more specific results we use later.

3. Chapters 3, 4, and 5 are devoted to Dirac operator, fractional Laplacian, and the ap-
plication of Hansmann’s Theorem (including proofs and corresponding discussion),
respectively. The results of Chapters 3 and 4 are obtained with the help of Borichev-
Golinskii-Kupin Theorem 2.3.1, whereas the results of the Chapter 5 follow from
results of Hansmann (Theorem 5.1.1).

1.2 An overview of the topic

As we said before, the problem we are interested in here, is to obtain some information
on the discrete spectrum of the operator H.



First, let us focus on the Schrodinger operator
H=-A+V. (1.2.1)

When the potential V is real-valued, H is (essentially) self-adjoint on L?(R? R), which
allow us to perform the analysis described in the previous section. The main interest of
this work is to deal with complex-valued potentials, so the perturbed operator is a priori
non-self-adjoint.

At the beginning of the 2000’s, Abramov, Aslanyan et Davies proved, [AADO1, Theo-
rem 4], that the eigenvalues X of the Schrodinger operator acting in L?(IR) with a complex-
valued potential V € L'(R) N L?*(R) satisfy

1
YA e C\R", |\ < 1||V||%1. (1.2.2)

The proof was based on Birman-Schwinger principle and evaluating some integral kernel.

This inequality clearly gives a localization of the discrete spectrum of H since it lies
in a disc centered at the origin 0 with radius ;[|V/||3,. The evaluating the number of
eigenvalues proved to be a more difficult task, and the authors proved a finiteness result
[AADOI, Theorem 5] when the potential V' satisfies Vy € R, ||V e"||11 < oo and d = 1.

This article initiated a large number of papers on the subject; though, it is commonly
admitted ([BOO08], [GKO07], [BGKO09], [DHKO09], etc.) that the paper which gave the
second birth to the study of Lieb-Thirring-type inequalities is [FLLS06]. The point of the
latter work was to consider a complex-valued potential instead of a real-valued one. Let
us quote [CLN96] for the Dirac operator, [HS02] for the Jacobi matrices, or in [FLS08]
for the fractional Schrédinger operator as connected to [FLLS06] works.

In the paper [FLLSO06], the authors study the Schrodinger operator H = —A + V,
acting on L%(R?, C). They explain that, following a question from Davies, the aim was to
find a similar inequality to (1.2.2) in dimension d > 2. They did not succeed to bound the
modulus of the eigenvalues but they obtained a Lieb-Thirring-type inequality [FLLS06,
Theorem 1]:

Theorem 1.2.1. Letd > 1 and v > 1.

1. For eigenvalues with non-positive real part

> Re(M\)" < Log / d Re(V (2))" 2 dz.

Re();)<0 R

2. If ¢ > 0, then the eigenvalues inside the cone {|Im(z)| < »Re(z)} verify

S £t [ Vi
R

[Tm(A;)[>2Re(A;)

Here C. q(3) = 2F7/2Hd/4 (1 4 %)Wd/? L.4 and L., is the Lieb-Thirring constant
given in (1.1.2).



The rise of the interest to the topic resulted in many articles on Lieb-Thirring-type
inequalities for different unperturbed operators. We quote for instance the papers by
Bruneau and Ouhabaz ([BOO08]), Borichev, Golinskii, and Kupin ([BGK09]), Laptev and
Safronov ([LS09a]), Demuth, Hansmann, and Katriel ([DHK09, DHK13]), Golinskii and
Kupin ([GK12, GK13]), Hansmann and Katriel ((HK11]), Hansmann ([Han11, Han13]).

Finally, concerning a counterpart of (1.2.2) in dimension d > 2 (the question posed by
Davies), Frank showed ([Fral 1, Theorem 1]) a similar inequality for [A\|” with 0 < v < %

Until now, we essentially spoke about the Schrodinger operator. This is not the only op-
erator from the mathematicla physics which have been studied recently: the Klein-Gordon
operator, the Dirac operator, and more recently the fractional Laplacian also attracted
some attention. Here are some references on the corresponding works.

For the Dirac operator, we mention the book by Thaller [Tha91], and we refer to the
papers [CLN96], [CLT14], and [FS11].

For the Klein-Gordon operator, sometimes called relativistic Schrodinger operator as
well as for the fractional Laplacian, we refer to [FLS08] or [LS09b].

It should be mentioned that these operators have also been studied in the presence of a
magnetic field, see for instance the article by Sambou [Sam14] for the case of magnetic
Schrodinger operators.

We finish this overview with a few words on Jacobi matrices. Since their study appeal
to the same methods as Schrodinger operator, we quote the following articles: [GKO07]
- application of the idea in [FLLS06] to Jacobi matrices, [BGKO09] - as application of
Borichev-Golinskii-Kupin Theorem 2.3.1, [HK11] - with an improvement of the previous
theorem, [FS11] - with a gap in the spectrum and the method of the article are also used
to periodic Schrodinger operator and Dirac operator in dimension 1, and [Hanl1] - as
application of Theorem 5.1.1.

1.3 Main results and methods of proofs

We comment on the methods used in the present work. Then we give the results in a
simplified form (i.e., the auxiliary constants are not made explicit).

The main method developed in this work is based on a theorem from complex analy-
sis; we call it Borichev-Golinskii-Kupin Theorem 2.3.1, and it is proved in [BGKO09]. In
particular, this theorem is applied to (complex) Jacobi matrices, by Demuth, Hansmann,
and Katriel in [DHKO09] to Schrodinger operator, and by Sambou in [Sam14] to magnetic
Schrédinger operator in odd dimension.

This theorem gives a Blaschke-type condition for the zeros of a holomorphic function
on the unit disc satisfying the growth hypothesis (2.3.1). We consider as holomorphic
function f a variation of the regularized perturbation determinant such that the zeros of
f are exactly the eigenvalues of the perturbed operator H. Then we know how to bound
this function with respect to the LP-norm of the potential V' and the norm of the resolvent
of Hy. Composing with a conformal map, this function f defined on C\o.s(H) and its
bound are transferred to the unit disc. We then apply Borichev-Golinskii-Kupin Theorem
to find our estimate on the zeros of the composed function in the unit disc. At least, we



transfer it back in C with the help of the inverse conformal map, and we obtain an estimate
on the eigenvalues of H which is the Lieb-Thirring-type inequality we sought for.

Another method comes from a result of Hansmann 5.1.1, proved in [Han11]. This result
gives a bound in terms of the L,-norm of the potential for the sum of distance between the
eigenvalues of the perturbed operator and the numerical range of the unperturbed operator.
It is presented as a variation of a theorem from Kato ([Hanl1, Theorem 1.1]). Since the
result is given for bounded operators, we apply it to the resolvents of the operators H and
H,. Hence we need to bound the norm of the resolvent (this is the same computation as
in the previous method), and to bound from below the distance between a point of the
complex plan and the spectrum of the resolvent. These two calculations lead us to the
Lieb-Thirring-type inequality.

Hansmann used this theorem to obtain new estimates for complex Jacobi matrices and
Schrodinger operator.

Here is the list of our main results. The first result concerns the Dirac operator D,,,, m >
0. We put D = D,,,+ V. In addition to its importance in physics, the particularity (and the
difficulty) of this operator is that it is not semi-bounded, unlike the Schrédinger operator.

Theorem 1.3.1 (case m > 0). Let D,, be the Dirac operator defined in (3.1.1) and
V e LP(R% M, (C)) withp > dand 0 < 7 < p — d. Then the discrete spectrum oq(D)
of D satisfies the following Lieb-Thirring-type inequalities.

Ford > 2,

(X, o (D))"
2 A —m[ - [X+m|(1+[A])

< C VI,
/\EO’d(D)

with C' depending on various parameters.
When d = 1, we have

> CLOTIC) T
AN — ml - 2pt2r = 7 Lr>
W Pl = ml - (T A

where C' depends on various parameters.
In the case where the mass m is null, the result is the following:

Theorem 1.3.2 (case m = 0). Let D be the Dirac operator defined in (3.1.1) withm = 0
andV € LP(R% M.,,(C)), p > d. Then, for0 < 7 < p —d,

d(X, 0(Dy))P*™
> <C- V|7
2(p+7) Lps
oty (LA

with C' depending on various parameters.

Using appropriately a method first developed for semi-bounded operator, we succeed
to improve this last result. We then obtain the next result which is proved in Appendix.



Theorem 1.3.3 (case m = 0). With the above notation, we have, for 0 < 17 < p —d,

d(X, o(Dyg))P*"
> < C-||VI}

d+21 Lp>
reorpy (L IAD

where C' depends on various parameters.

With the help of the auxiliary results proved for the Dirac operator, we also obtain Lieb-
Thirring-type inequality for the Klein-Gordon operator K,,,, m > 0. Weput K = K,,+V.

Theorem 1.3.4 (case m > 0). Let K,, be the Klein-Gordon operator defined in (3.6.1)
andV € LP(R% M,(C)). We assume p > d and let T > 0 be small enough.
For d > 2, we have the following estimate:

d(X\, o(Kp))PtT
Z S C- HV”ZIJ,p
_ _ d—1+27
N IA—=m|(14+ |\ —m])

where C' depends on various parameters.
In dimension d = 1, we have:

Z d()\a O_(Km))P+1+T < C ||V||p
_ _ 1+2r = 77 Lp
Bt (T A =]

with C' depending on various parameters.

If the mass is null, we refer to the fractional Laplacian with s = % It should be noted a
difference at the point m of the spectrum when m > 0 or m = 0. The explanation comes
from the different bound for the norm of the resolvent (compare the Proposition 3.3.6 and
4.2.5).

Concerning the fractional Laplacian Hy, = —(A)®, we obtain a Lieb-Thirring-type
inequality for all s > 0 and not just for s < min{1; g}, as in [FLSO8]. The result is the
following:

Theorem 1.3.5. Let H = Hy + V be the fractional Schrodinger operator defined by
d
(4.1.1)and V € LP(R% M,,(C)), p > max{1; 2—} We take 7 > 0 small enough.
s
For( < s < g, the following inequality is satisfied

d(\,o(Hy))P*
> o <C- VI
a /3 — Lp>
s AT 1AD
where C' depends on various parameters, and the powers verify

_ i fptT. d
1. o =min{%=7; 5},

2. f=2r+%(¢—-p—1),.



For s > g,p > 1, we have

d(\, o (Hy))P~3s T
> <C-|VII;
a ,3 Lpr»
N Al (14 [A])

where C' depends on various parameters and the powers verify
1. a:%—l—%min{p—z%—l—ﬂl},
2. 8=2r4+3L-p+1—1)4

Finally, applying Hansmann’s Theorem, we obtain the following results for the Klein-
Gordon operator and for the fractional Laplacian.

Theorem 1.3.6. Let K, be the Klein-Gordon operator with m > 0 defined in (3.6.1) and
V e LP(R4 M, (C)), p > d. Then, for T > 0, the Lieb-Thirring-type inequality looks as
follow

d(\, o(Kyy))P
Y i < OV,
d+T1
Ny SR at)

where the constant C' depends on various parameters.
Concerning the fractional Laplacian we have the following inequality:

Theorem 1.3.7. Let H = Hy+V be the Schrodinger operator defined in (4.1.1) for s > 0
and p > max{1; £} with V € LP(R% M,,(C)). Then, for T > 0, the following inequality
holds true

d(\,o(Hy))P
S AR v,
Aeoq(H) (14 |A[)z

with C' depending on various parameters.

Let us summarise the chronology of the previous results. Demuth, Hansmann, and
Katriel worked on the Schrodinger operator, or more generally on a perturbation of a pos-
itive self-adjoint operator. We wonder then if the method works with a non-semi-bounded
operator which lead us to the Dirac operator. Following the Dirac operator, we deduce
results for the Klein-Gordon operator who appears as “ half ” a Dirac operator. Finally
we interested ourself with the fractional Laplacian as a generalisation of the Schrodinger
and Klein-Gordon (with m = 0) operators.

From the various results we obtain for a perturbed operator H = Hy + V, we can
imagine the following picture for the behaviour of the eigenvalues of A and their rate of
convergence to the essential spectrum of H which is here the spectrum of H,. Indeed it
seems that three cases occur was whether the limit is a (finite) real edge of the spectrum,
or the point at infinity, or a point of the spectrum distinct from the edges (finite or not).
Since the results are limited by the fact that such sequences of eigenvalues exist or not,
we only give a few examples of possible conclusions deduce from the Lieb-Thirring-type
inequality of a perturbation of the Dirac operator, after remark 3.2.4. The comparison be-
tween the Lieb-Thirring-type inequalities obtained from Borichev, Golinskii, and Kupin
Theorem, and the one obtained from Hansmann Theorem for a same operator can be
found in Subsection 5.1.2.



1.4 Possible directions for the future work

The present work gives rise to following natural problems we plan to work on in the
future:

e An improvement (or a variation) of the Borichev-Golinskii-Kupin Theorem allow-
ing to consider more peculiar growth condition near the boundary.

e If the unperturbed operator is Hy = f(—A) with f a Bernstein function, for in-
stance, under which conditions are we able to find a Lieb-Thirring-type inequality
with the help of the methods described above ?

e In the spirit of [GK13], is it possible to obtain the above Lieb-Thirring-type in-
equalities for perturbations of self-adjoint perturbation, like the Stark operator or a
Schrodinger operator with a Coulomb or Hardy potential?

e We quote the Birman-Schwinger principle after (1.2.2) which is often used to lo-
calize the discrete spectrum. Concerning the Dirac operator, the dimension d = 1
has been studied by Cuenin, Laptev, and Tretter in [CLT14] for the Dirac operator.
So the question is still open for dimension d > 2.

The study of perturbations of operators is not constrained to operators acting on Hilbert
space; in different setting, we sometimes have to restart from the beginning.

e We also may consider Banach spaces. In some Banach spaces the notion of de-
terminant is well understood. However many points remain to clear up in order to
apply results on the zeros of a holomorphic function. Results similar to those of
this dissertation have been obtained by Demuth and Hanauska in [DH13].
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2.1 Generalities: definitions and notation

2.1.1 General operator theory

We only consider complex separable Hilbert space H in this dissertation.

Let H; and H, be two Hilbert spaces, we define an operator from H; to H as a linear
application A defined on a dense subspace D of H, called domain, with values in Hs.
Often H, = Hos.

If A is defined on the whole H;, we say that A is bounded on H; if there exists a
constant C' € R such that Vo € H, ||Az| < C - ||z||. We note L(H1,H>) the set of
bounded operators on H; with values in Ho. If H; = Hy = H, we simply write L(H).

Generally, since the operators we consider come from differential equations, they will
be defined on a dense subspace D of a Hilbert space ‘H and are not bounded. We call them
unbounded operators.

Fortunately working with a dense subspace D in analysis has the advantage that we can
take the closure D of this subspace to “extend” known properties on D to D. Especially
we would like to define the notion of adjoint for an unbounded operator. But for that we
need to “extend” the operator from D to H.

The following notion of closable operator is important to work with unbounded oper-
ator. We first need to define the extension of an operator.



Definition 2.1.1 (extension of an operator). Let A and B be two operators on H. We say
that B is an extension of A, and we write A C B,if D(A) C D(B) and Vx € D(A), Ax =
Bzx.

Definition 2.1.2 (closed operator). We say that the operator A : D C ‘H — H is closed if
its graph I'(A) defined by I'(A) := {(z; Az),z € D} is closed in H @ H endowed with
the scalar product ((z1; y1); (z2;y2)) = (z1;x2) + (Y1;Y2)-

We now define the notion of closable operator.

Definition 2.1.3 (closable operator and closure). An operator A is called closable if it has
a closed extension.

Every closable operator has a smallest closed extension, called its closure. We denote
it by A.

There are operators which are not closable, but the self-adjoint operators or the essen-
tially self-adjoints operators are. We now define the adjoint of an operator.

Definition 2.1.4 (adjoint operator). Let A : H — H be a densely defined operator with
domain D(A). We denote

D(A*) :={x € H,Jy € H,Vz € D(A),(Az;z) = (z;y)}.
For each x € D(A*), we define A*z = y. We call the operator A* the adjoint of A.
See [Sch12, p.8] for a definition with A : H; — Ho.

Proposition 2.1.5 (Theorem VIII.1 [RS80]). Let A be a densely defined operator in H.
Then

1. A* is closed.
2. Ais closable if and only if D(A*) is dense, in which case A = A**.
3. If Ais closable then (Z)* = A",

Definition 2.1.6 (self-adjoint, essentially self-adjoint operator). Let A be a densely de-
fined operator in H.

1) We say that A is self-adjoint if A = A*, that is, if D(A) = D(A*) and for all
r € D(A), Ax = A*x.

2) We say that A is essentially self-adjoint if A is self-adjoint.

Remark 2.1.7. If A is essentially self-adjoint, then it has one and only one self-adjoint

extension: A. In the sequel we denote the operator and its closure by the same symbol.
We end this section with the notion of compact operator.

Definition 2.1.8 (compact operator). Let A € L(#H). We say that A is compact if for each

bounded subset £, the image A(FE) is relatively compact in  (i.e. the closure of A(FE) is
compact in ). We denote the space of compact operator on H by S, (see Section 2.2).
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We recall the Riesz-Schauder Theorem (see [RS80, Theorem VI.15] or [EE89, Theo-
rem I1.1.9])

Theorem 2.1.9 (Riesz-Schauder Theorem). Let A be a compact operator on H. Then
the spectrum o(A) of A is discrete with eventually A = 0 as unique accumulation point.
Moreover any nonzero A € o(A) is an eigenvalue of finite geometric multiplicity.

Remark 2.1.10. One can show that the algebraic multiplicity is also finite ([EE89, Remark
1.1.19]). Those notions will be defined in the next subsection.

2.1.2 Spectrum of operators and Weyl’s Theorem
We now turn our attention to the notion of spectrum of an operator.

Definition 2.1.11 (spectrum and resolvent). Let A : H — H be a closed operator in H
defined on D.

We say that A € C belongs to the resolvent set p(A) of A if the operator (AId — A) is a
bijection from D to H with bounded inverse.

In this case, we call (A\Id — A)~! the resolvent of A at \.

If A ¢ p(A), we say that A belongs to the spectrum of A and we note o(A) = C\p(A).

Usually we write (A — A)~! instead of (\Id — A)~!.

Definition 2.1.12 (eigenvalue). We say that A € C is an eigenvalue of A if there exists x €
H\{0} such that Az = \x. We then call x an eigenvector of A. The set of eigenvalues of
A is denoted by 0,(A) and called point spectrum.

If X is an eigenvalue of A then A\Id — A is not injective hence A € o(A). In other terms
the kernel of AId — A, denoted by Ker(Ald — A), is not reduce to the null vector. In this
case, the dimension of Ker(Ald — A) is called geometric multiplicity of \.

Let A € 0,(A) and consider Ry := {z € H,3In € N*,(AIld — A)"z = 0} which is a
linear subspace of H. We call algebraic multiplicity of the eigenvalue A, the dimension
of R . Clearly the geometric multiplicity is less or equal to the algebraic multiplicity.

For more details about geometric and algebraic multiplicities see the book by Edmunds
and Evans [EE89].

The next proposition is [EE89, Theorem 1X.2.3].

Proposition 2.1.13 (spectrum of the resolvent). Let A be a closed operator in ‘H and
w € p(A). Then, for X # p,

1. X € p(A)ifand only if (u — N)~1 € p((uld — A)~1),

2. Nis an eigenvalue of A if and only if (u— \) "1 is an eigenvalue of (uId — A)~1 and
in this case the algebraic and geometric multiplicities are the same,

3. and ) is in the essential spectrum of A (see definition below) if and only if (u—\) ™1
belongs to the essential spectrum of (uld — A)~L.

Remark 2.1.14. Since the operators A we will consider are unbounded then, in particular,
for each p € p(A),0 € o((uld — A)~') ([Dav07, Lemma 8.1.9]).

11



Definition 2.1.15 (discrete spectrum). Let A be a closed operator in . We call discrete
spectrum of A and denote it by o4(A) the set of eigenvalues of A with finite algebraic
multiplicity.

We can now define the essential spectrum in the context of a Hilbert space.

Let us first recall there are different definitions for the essential spectrum of a closed
operator defined on a dense subspace of a Banach space. A detailed discussion can be find
at the beginning of [EE89, Section IX.1]. Theorem 1.6 in [EE89, p.417] tells us that those
definitions coincide when the operator is self-adjoint in a Hilbert space. For a definition
in the case of Hilbert space, see [RS80, Subsection VII.3]. In both case we can define the
essential spectrum in the following way.

Definition 2.1.16 (essential spectrum). Let A be a self-adjoint operator in 7. Then the
essential spectrum of A is defined as the complementary set in o(A) of the discrete spec-
trum, i.e.

Oess(A) = 0(A)\oa(A).

We now formulate Weyl’s Theorem (see [RS78, Theorem XIII.14] or [EE89, Theorem
1X.2.1)).

Theorem 2.1.17 (Weyl’s Theorem). Let A be a self-adjoint operator and B be a closed
operator such that

1. Forsome )\ € p(B) N p(A),(A— X! — (B — \)"!is compact.

2. and either
a) o(A) #Rand p(B) # ),
or

b) there are elements of p(B) in both the upper and lower half-planes.
Then 0ess(B) = 0oss(A).

To satisfy the first condition of Weyl’s Theorem, we will assume that, for suitable A,
V(A— Hy) ™! is compact since we know that (A— H) ' —(A—Hy) ' = (A\—H)'V(\—
Hy)~!. This is the point of the next definition.

Definition 2.1.18 (relatively compact). The potential V' is a relatively compact perturba-
tion of Hy if dom(Hy) C dom(V') and for A € p(Hy), V(X — Hy) ! is compact.

The first condition of Weyl’s Theorem is then satisfy. The condition 2a) will be verified
for the Dirac operator with positive mass, the Klein-Gordon operator and the fractional
Laplacian, and 2b) will be verified for the massless Dirac operator.

We will assume more than the relatively compactness of V. In fact V(A — Hy) ™! will
belong to some subspaces of the space of compact operators, the Schatten-von Neumann
spaces S,. These spaces are defined in the next section. We introduce the following
definition.

12



Definition 2.1.19 (relatively Schatten-von Neumann). We say that V' is a relatively Schatten-
von Neumann perturbation of H if V' is a relatively compact perturbation of H such that,
for some p > 1,

for A € p(Hy), V(A — Hy) ' €8S,. (2.1.1)

With this hypothesis in the hand, we may apply the Birman-Solomyak inequality (see
(2.4.2)) and also define a perturbation determinant. These tools are introduced in the next
sections.

2.2 Schatten-von Neumann classes and
perturbation determinant

2.2.1 Definitions and properties

For this subsection we refer to the monographs by Gohberg and Krein [GK69] and by
Simon [Sim05], and the paper [Sim77].
Recall that the space of compact operators on H is denoted by S...

Definition 2.2.1 (Schatten-von Neumann spaces). The Schatten-von Neumann spaces
S,, 1 < p < oo, are the subspaces of compact operators satisfying

+oo
Sy ={A €S, A = su(A)P < +oo},

n=1

where (s,,(A))y are the singular values of A (or s-numbers), that is, the eigenvalues of
(AA*)1/? enumerated in decreasing order.

We recall ([GK69, Theorem II1.7.1]) that the spaces S,,,p > 1, are two-sided ideals of
L(H) and have the structure of a complete algebra for the norm || - ||s,. Furthermore we
have the following inclusion: for p < ¢,S, C S,.

Definition 2.2.2 (regularized determinant). Let A € S,,, n € N*, we define the regularized
determinant

400 n—1 4
N
det, (Id — A) := H (1 — Ag)exp Z “E
k=1 =1 J
where (A ) is the sequence of eigenvalues of A.
This determinant satisfy the following properties:
1. det,(Id) = 1.
2. Let A € S,,, Id — A is invertible if and only if det,,(Id — A) # 0 ([Sim77, Cor.6.3]).
3. Forall A, B € L(H) satisfying AB, BA € S, det,(Id — AB) = det,,(Id — BA).
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4. If A(-) is a holomorphic function on a region €2 with values in S,, then the function
det,, (Id — A(+)) is holomorphic on 2 ([Sim77, Lemma 6.1] and [GK69, 8. p.163]).

5. Let A € S, for some real p > 1. Then clearly A € Sp,;, where [p] is defined by
min{n € N,n > p}, and verify the following property

ety (Id — A)| < exp (rp||A||§p> , 2.2.1)

with I',, a positive constant depending only on p ([Sim77, Theorem 6.4]).
The next definition comes from [GK69, Subsection 1V.3.1].

Definition 2.2.3 (regularized perturbation determinant). Let A and B be bounded operator
in H with B — A € S,. Let 1 be so that Id — pA is invertible, then, we call regularized
perturbation determinant of Aby B — A € S,, the determinant defined by

d(p) := detpy ((1d — pB)(Id — pA)™)

The following property links the zeros of the regularized perturbation determinant and
the eigenvalues of the perturbed operator.

Proposition 2.2.4 (Zeros of the determinant). If € p(A) N o,(B) has finite algebraic
multiplicity then the order of =" as zero of d is equal to the algebraic multiplicity of =*
as eigenvalue of B.

For the proof, we refer to [GK69, Subsection IV.3.4] - case p = 1 - or [GGKO0O0, Theo-
rem XII.2.3], or [Han10, Proposition 1.5.8].

2.2.2 Aregularized perturbation determinant

This subsection deals with the construction of a regularized perturbation determinant
needed in our proofs. The content is inspired by the work done in the paper [DHK09]
in Section 3.1.1. with the results in [GK69, Section I1V.3].

We consider the following general setting: H, is a self-adjoint operator and we assume
that 0(Hp) = 0ess(Hp). Then H = Hy + V with V(A — Hy)~! € S, for some p > 1 and
for all A € p(H,). Hence, by Weyl’s Theorem, oess(H) = 0ess(Hop)-

We show the following property.

Proposition 2.2.5. With the above hypothesis, for —a € p(H), we define a function F' in
C\o(Hy) with values in S, by

FO) =\+a)(a+ H)"'WV(\— Hy) ™, (2.2.2)
and a function f : C\o(Hy) — C by
FOA) 1= detpy (Id — F(N)). (2.2.3)

We call the function f regularized perturbation determinant of Hy by V. It verify the
following properties: f is holomorphic on C\o(H,), the zeros of f are the eigenvalues
of H, and the order of the zero is equal to the algebraic multiplicity of the corresponding
eigenvalue.
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Proof. Let A € p(Hy) and —a € p(H) (in particular —a € p(Hp)). Denoting p =
A+a,A=(a+ Hy) ' and B = (a + H)™ ', we have

(Id - puB)(1d — pA) ™" = 1d — 1d + (Id — uB)(1d — pA)~"
—1d - [(Id — pA) — (Id — pB)] (Id — pA)~!
=1d — p(B — A)(1d - pA)~.

We recall that for all A € p(Hy), ' € p(A), by Proposition 2.1.13, which justifies the
invertibility of Id — pA. In fact we have the following equivalence:

Id — (A + a)(a + Hp) " invertible <= [a + Hy — A — a](a + H,) " invertible
<= (A — Hy) invertible
<= )\ € p(Hp). (2.2.4)

We describe the above formula in terms of a, A\, Hy, and H. That is, we have the following
resolvent relation

B—A=(a+H)"—(a+ Hy)™"
= (a+ H) '[(a+ Ho) — (a+ H)] (a + Hy) ™"
= —(a+ H)'V(a+ Hy)™, (2.2.5)

s0, substituting in the previous relation, we obtain, for A € p(Hy),

Id— pu(B—A)(Id — pA) ™ =
=Id+ (A +a)(a+ H)"'V(a+ Ho) ™" [Id — (A + a)(a + Hp) '] -
—Td+ (A +a)(a+ H)'V [(Id = (A +a)(a + Hp)™") (a+ Ho)]
—Id+ (A +a)(a+ H) 'V [-A+ H ™
=1d — F()\),
where F is defined in (2.2.2) and F'(\) € S, since V(A — Hy) ! € S,.
Now we show that the function f : C\o(Hy) — C defined in (2.2.3) verifies the wanted
properties.
First of all the map A — F'()) is well defined on p(H,) with values in S, hence f is
well defined, holomorphic on p(Hjy), and f(—a) = detp,(Id) = 1.

We now show that Id — F'(\) is non invertible if and only if A\ € o4(H). We know the
following resolvent equation from (2.2.5)

(a+Ho) ' —(a+H) "' =(a+H)'"V(a+ Ho) ™",
consequently

Id—(A+a)(a+H) ™ =
=Id—(A+a)[(a+Ho)™" — (a+ H)'V(a+ Hy)™ ']
=Id— (A+a)(a+ Ho) ' +(A+a)(a+ H)'V(a+ Hy) ™,
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hence, since A € p(H)),
(A=A +a)a+H) ™) [ld= A+ a)(a+ Hy) '] " =
=(d— (A +a)(a+Hy) '+ (A +a)(a+ H)'V(a+ Hp) ") x
x [Id = (A +a)(a+ Ho)™'] ™"

=Id+(\+a)a+H) 'W(a+ Hy)™* [Id — (A ta)la+ Ho)_l] a
=Id - F(\).

1

So Id — F'()) is non invertible if and only if Id — (A + a)(a+ H)~! is non invertible. But,
using the same argument as in (2.2.4) and knowing that A ¢ o(Hg) = 0ess(H ), we have

Id — (A + a)(a + H) " non invertible <= )\ € o(H)
= N € ogy(H).

Finally, by Proposition 2.2.4,
fA) =0<= Xeoy(H),

and the order of the zero for f is equal to the algebraic multiplicity of the eigenvalue A
for H. 0

2.3 Complex analysis results

2.3.1 Borichev-Golinskii-Kupin Theorem

The next theorem, proved in [BGKO09, Theorem 0.3], gives a bound of the zeros of a
holomorphic function on the unit disc D := {|z| < 1} according to its growth near the
boundary T := {|z| = 1}. The important aspect of this result for the sequel is that we can
consider points (¢;) on the unit circle where the growth increase.

Theorem 2.3.1 (Borichev, Golinskii, Kupin). Let h be a holomorphic function on D with
h(0) = 1. We assume that h satisfies the following inequality

K & 1
hz)| < , 231

where K > 0,|(;| =1and o, ; >0, j=1,...,N.
Then, for all T > 0, the zeros of h verify the following Blaschke-type inequality

N
S (- ) 1 s < ¢ K,

h(z)=0 Jj=1
where C depends on o, B;,(j, and T.

Above, . = max{z,0}.
The above Blaschke-type inequality shows that the zeros of & may accumulate “slower”
to the (;-points than elsewhere on the unit circle.
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Remark 2.3.2. In the applications, the points (; correspond (in general) to the edges of the
essential spectrum of the perturbed operator. But we shall be careful that a modification of
the power [3; of the factor |z — (;| does not only imply a modification of the corresponding
edge of the essential spectrum. Indeed, we can verify this fact with the proofs in this
thesis, but we also have to remember that we are working with a holomorphic function h
on D and so, a modification of the behaviour of / in the neighbourhood of some point in
the disc induce a modification in other regions in the disc.

For instance, in the case of the fractional Schrodinger operator, 0 € C is the image of
—1 € D via the conformal map ¢, defined in (4.2.6), and Formula (4.2.9) with |1 + z| =

2y/]Al
VA +ival

power in the factor |1 + z| implies the factor |\| (behaviour at 0) and a + |A| (behaviour
at 00).

for z € D, A € C\R" and a large enough, shows that a modification of the

Remark 2.3.3. Since for § € Rwe have (5, —1+7); = (f—147),, instead of resolving
in the first place 5 > 0, we will apply Theorem 2.3.1 directly when the inequality 2.3.1
occurs and we distinguish afterwards the different cases 5; — 1 + 7 > 0.

This result has been improved in some sense by Demuth and Hansmann: [HK11, The-
orem 4]. But in our cases when we may apply the latter (massless Dirac, Klein-Gordon,
fractional Laplacian), it brings no difference with Theorem 2.3.1 (see also remark 3.6.9).

In particular, Favorov and Golinski discuss different investigations around the previous
theorem (see for instance [FG09]).

2.3.2 Useful inequalities

For two nonnegative functions f, g defined on a domain €2 of the complex plane C, we

write f(\) =~ g(\) if there are constants C, Cy > 0 so that C; f(\) < g(A) < Cof(N)

for all A € Q. And we write f(\) < g(A) if there is a positive constant C' such that

f(A) < C-g(A) for A € Q. The choice of the domain €2 will be clear from the context.
We used repeatedly the next inequalities (in particular to bound integrals).

Lemma 2.3.4. 1. Leta,b> 0, and p > 1, then

a’ + b < (a+Db)P <277 (aP + bP).

2. Leta,b >0, then

Va2 + 12 < a+b<V2va? + 2.

3. Let0 < o < land a,b > 0. Then

221 4 b%) < (a+ b)* < a® + b7
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2.3.3 Conformal mappings

The conformal maps appear in our work for two reasons: the first to send the domain of
a map into D in order to apply Theorem 2.3.1 of Borichev, Golinskii, and Kupin. The
other to work with Hansmann’s Theorem 5.1.2 (or 5.1.1). In both case this is a distortion
problem, that is, to compare the distance between a point and the boundary of a region
and the distance of the image of this point to the image of the boundary by a conformal
map. We denote the distance between z and Aby d(z, A) := irel,fax |z — wl.

This allow on one hand to send our study of the discrete spectrum from C to a study in
D so that we can apply Theorem 2.3.1 of Borichev, Golinskii, and Kupin, or on the other
hand to transfer a problem with an unbounded operator to a problem with its resolvent so
that we can apply the results of Hansmann 5.1.2 or 5.1.1.

Theorem 2.3.5 (Koebe distortion). Let f : D — C be injective. Then

VzeD, i(l = [P)f(2)] < d(f(2),0f(D)) < (1= [2*)|f'(2)].

For a proof we refer to [Pom92, Corollary 1.4].

In the sequel we will use the following writing of the above inequality with the introduc-
tion of the distance between z and the unit circle T. Since forall z € D, 1 <1+ |z] < 2,
we have

V2 €D, 1d(zT)|f'()] < d(f(2),0f(D)) < 2d(= T) ()] (23.2)

2.4 Birman-Solomyak inequality

The next result is a generalization of Theorem 4.1 in [Sim035] to vector-valued function.
We put M,,(C) to be the space of square complex matrices of order n. For p > 1, we
consider the space of measurable functions on R? with values in M,,(C) defined by

DR M) = {V i IVIE = [ WV@ldo),

where || - ||z is called Frobenius norm,
1/2
IV(2)|lr = ( > \(V(x))i,j!2> : (2.4.1)
ij=1,..,n

The choice of the Frobenius norm is important for the proof of the following proposi-
tion.

Proposition 2.4.1. Let f and g € LP(R¢, M,,(C)) with 1 < p < oo. Then we have the
following inequality

1f - g(=iV)IIs, < m) N f Iz - g% (242
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Proof. The proof closely follows [Sim05, Theorem 4.1], the main modifications being
the use of the Froebenius norm and relation (2.4.3) for matrix-valued integral operators.
To stress the differences of the matrix-valued case as compared to the scalar one, we give
the argument in a somewhat more detailed form than the quoted theorem from [SimO05].

All operators considered in this proposition act on L?(R%; C"). Let B be a bounded
operator given, for f € L?(R%;, C"), by

(Bf)(z) = | K(z,y)f(y) dy,

Rd

where the kernel K (-, -) is a M,,(C)-valued measurable function. A familiar result from
[GK69] or [Sim05] says that

1B, = [ [ 1K) dody. 243
Rd JRd
Now, denote by A := f(x)g(—iV) the integral operator associated to the kernel

(2m) " f(2)g(z — ),

where ¢ is the inverse Fourier transform of g.
Suppose that f and g are in L*(R%; M,,(C)). Recalling (2.4.1) and the fact that the
norm is submultiplicative, we obtain that

41, = I @a (=, = 20 [ [ I @)ata =l dedy
<o [ [ 1@t - )l dedy

< @2m) 17 - gz,

where we used Fubini and Fourier-Parseval Theorems. So, the integral operator A lies in
S, (i.e., it is Hilbert-Schmidt), and we have bound (2.4.2) for p = 2. In particular, A is a
compact operator.

Recall that L*° is the space endowed with the norm

[ f]| oo := ess-sup,cgall f (2) | -

Let us take two test functions ¢, 1) from L?(R%; C") such that

lolf: = [ hote)lde = [ (Z |¢i<x>|2> dr<i

and ||¢||3, < 1. We are to prove that

A = TAlls.. = 8;15|(¢, AP)| < 1 lloo - lglloe (24.4)

where f,g € L? N L*. Indeed,

(6, AY)| = (8, F(g¥))| = |(f* o, (99))]
<1l 11 (g) || 2
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Then

#7618 = [ Nrelde < [ 1761 de < 1IN
and, similarly,

lgwllze < Ngllsllelze = lgllllvliz:.

Hence, (2.4.4) is proved for all f, g in L? N L. Then the standard complex interpolation
argument yields

1f (@)g(=iV)IIE, < @)~ (IFI1Es - gl

for all 2 < p < o0o. The same result for indices 1 < p < 2 follows by duality. [
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3 The Dirac operator : results and
proofs
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3.6.2 Proofofresults . . . ... ... ... .. ... ... .. ... 46

3.1 Definition

According to Dirac’s theory (see for instance [Tha91, Section 1]) the relativistic motion
of a particle with spin % - electron or positron for examples in the case of a positive mass
m > 0 - (without electromagnetic field) is describe by the Dirac operator. Because of
spin structure, the configuration space of the particle takes values in C”, where n = 2
with v > 1. The movement of the free particle of mass m is given by the Dirac equation,

D
ih— = Dm s
o 14
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where ¢ € L?(R%;,C") withd € {1,...,n —1},if m > 0and d € {1,...,n} otherwise.
The Dirac operator is defined as

d
D,, == —icha -V +mc®f = —ichZakai+m025. 3.1.1)
Tk,
k=1

Here c is the speed of light, and & is the reduced Planck constant. We renormalize and
consider i = ¢ = 1. Here we set o := (v, ..., aq) and 5 := a4y1. The matrices «; are
d + 1 linearly independent self-adjoint linear maps, acting in C", satisfying the following
anti-commutation relations

(871871 + Q00 = 257;7]‘1(31,

fori,j =1,...,d+ 1. For instance, on R3, one can choose the Pauli-Dirac representation

i 0 g; . Id@Q 0
O‘i_(ai 0)’ 5_( 0 —Idcz)’

for: =1,2,3 and

0 1 0 —i 10
(Vo) e=(T0) - h)

In the general case, the n x m-matrices «; are constructed as special elements of the
so-called Clifford algebra (see [Obo98, Chapter 1]). Without any loss of generality we

take
L Id(crn/2 0

Mimicking the proofs of Section 1.1 to Section 1.4 of [Tha9l, Section 1] it is easy to
check that the operator D,, is essentially self-adjoint on C2°(R?; C") and the domain of
its closure is 71 (R¢; C"), the Sobolev space of order 1 with values in C". The closure of
the operator is denoted with the same symbol D,,,. With the help of the Fourier transform,
it is easy to prove that D,, is unitarily equivalent to

/=Bt + M2 X Idgas 0
. 3.1.2
( 0 —y/—Aga +m? x Idgny2 ( )

Hence the spectrum of D,, is absolutely continuous and given by | — oo, —m|U [m, +o0].

We recall that the function V' is identified with the operator of multiplication by itself.
Assuming that V € LP(R%; M,,(C)) and p > d, we show (Proposition 2.4.1) that the mul-
tiplication by V' is a relatively Schatten-von Neumann perturbation of D,, (see definition
2.1.19). We consider the perturbed operator

D =D, +V. (3.1.3)
By Weyl’s Theorem 2.1.17

Oess(D) = Oess(Dpn) = 0(Dyy) =] — 00, —m] U [m, +00].
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3.2 Results and comparisons

Our main results for the Dirac operator are the following. We first give the results when
the mass m is positive and then when m = 0. We compare the first theorem with previ-
ously known results.

Let us give some precisions about the constants involved in the results and who will be
introduce in the following sections. The constant b is a real number, larger than 1, in order
to define the resolvent of the perturbed operator D at the point ib (see Lemma 3.3.7), and
Zy 1s a constant from the distortion calculus.

Theorem 3.2.1 (case m > 0). Let D be the perturbed Dirac operator defined in (3.1.3)
with V. € LP(R% M, (C)) with p > d. Then the discrete spectrum c4(D) verify the
following Lieb-Thirring-type inequalities.

Ifd>2and 0 < 7 < p—dthen

E d()\ U(Dm))p T

’ — <_ ° K * 4 3.2.1
A€oy(D) |/\ m| : |/\ + m|(1 + |/\|)2p 24271 C 4 ||V|| Py ( )
a4 L

with

3p+d—342r
(1+m)* 712p+2d-13+37
4y,

_ 5p+d—2+37 |
I Ky= K072 m3p+d—2+7

b

a) where K, = T',2472(2m)~%sq_1n* M (1 4 2m)*,
b) and M, sy, are defined in Proposition 3.3.6;

2. and C depends on d,p, m, and .

When d = 1, for T > 0, the inequality becomes

E ()\ C(Em))p I+
7 = ' ’ p 3.2.2
Aeog(D) |>\ m| : |/\ m| : (1 + |/\|)2p+27' c 3 ”VHlm ( )
04

with

3p+1+7
(A m)™7Taprys
m3p+2+7 b ’

1. K3 =n3s- g—;; S OP - M(1 + 2m) 25PH4+37
2. the constants M and s are defined in Proposition 3.4.1,
3. and C depends on p, m, and T.
Remark 3.2.2. The above constants C' come from the application of Theorem 2.3.1 of
Borichev-Golinskii-Kupin and are not explicit. But the constants K, and K5 are com-

putable from the proof of the theorems. This remark is also valid for the other theorems
deduce from Theorem 2.3.1.
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We compare these inequalities with result from Cancelier, Lévy-Bruhl, and Nourrigat
([CLN96]) in dimension d = 3, and another from Frank and Simon ([FS11]) in dimension
d = 1. In these articles the authors worked with self-adjoint perturbations (the potential V'
being real), and in these cases, the relations (3.2.1) and (3.2.2) can be written in a simpler
form. In fact the discrete spectrum o,4(D) is then real and hence is contained in | —m; m|[.
We denote £, = {+m} and we have d(\, 0(D,,)) = d(\, E,,) for A € 04(D). A simple
computation shows that (3.2.1) becomes

> AN E )T SV, (3.2.3)

)\EJd(D)

and (3.2.2) becomes

> AN E)T SV (3.2.4)
)\EO’d(D)

In [CLN96], d = 3 and, with our notation, one of their results (see [CLN96, Corollaire
1.3]) says that

vy >0, Y dOEa) <G (VI + IVIEE)

AEO’d (D)

for real potentials such that the right-hand side is convergent. Taking v = p — 3, i.e.
p > d =3, we find

S dN B < (VIR + IVIE, ). (3.2.5)

Lp—3/2
)\EO’d(D)

where p > 3and V € LP(R3;R) N LP~3/2(R3; R).
In [FS11], d = 1 and they proved (see [FS11, Theorem 7.1]), for v > % and V €
LR R) N LYFY2(R; R).

1/2
ST A Bn)? < CullVITEL + Copml VI,

Meoq(D)

Taking v = p — % with p > 1, we get to

1 1
S A B < CVITE2 + Copnl VI (3.2.6)

LP+%
)\EJd(D)

and V € LP(R;R) N LPT/2(R; R). Clearly the inequalities (3.2.5) and (3.2.6) are respec-
tively better than (3.2.3) and (3.2.4). On the other hand, even for real-valued case, the
inequality (3.2.3) is valid for larger classes of potentials. The point is that (3.2.1) remains
true for complex-valued perturbations. As often happens, the strength of the method we
use is indivisible from its weakness, i.e., being very general and rather powerful, it does
not go ultimately far in exploiting the specifics of operators under consideration. Conse-
quently the bounds on the discrete spectrum it produces are expected to be improvable at
least in some special cases.
In the case m = 0 we obtain the next result.
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Theorem 3.2.3 (case m = 0). Let D be the Dirac operator defined in (3.1.3) with m = 0
andV € LP(R% M.,,(C)), p > d. Then, for 0 < 7 < p — d, we have

d(\, o(Dyg))Pt™
Z (( 1+ |()\|)O);Z+1- <C-: Kl ) ||V||Z£P7 (327)
A€o q(D)

with C depending on p,d, and 7, and K| = T, 2%~ 0p* 7 K K is defined in Proposition
3.5.2.

Remark 3.2.4. In Appendix, we improve this result using the integration seen for operator
bounded from below. We obtain the following result (see Theorem 6.1.1):

Theorem 3.2.5 (case m = 0). With the above hypothesis, for 0 < 7 < p — d, we have

d(\, o(Dyg))Pt™
g DD e

(1 + |/\|)d+2‘r

)\EO’d(D)

Theorems 3.2.1 and 3.2.3 provide quantitative estimates for the convergence of se-
quences of eigenvalues (\,) C 04(D) to 0u(D) for V € LP(RY). To illustrate, we fix
m > 0 and consider sequences ()\,) C o4(D) converging to a point A chosen in three
different ways. Suppose that Im(\,,) > 0.

1. Let A = £m and assume there is a constant C' strictly positive such that |Re(\, F
m)| < C'[ImA,|. Then

AN, 0(Dp)) = [N\, Fm|, |\ E£m|= const, 1+ |\,|~ const,
and relation (3.2.1) implies that
i An F m[PTHT < oo,
n=1
2. Let A = oo and |Im(\,,)| < C. Then
d(An, (D)) = [Im(An); [+ ml A0 —m| = [Aaf?, 1+ ] & [,
and relation (3.2.1) implies that

‘I |p+T
Z ’)\ |2p+27 < +00.

3. If A €]m; o0], then
d(An, (D)) ~ [Im(\,)|, |An + m|.|An — m| & const, 1+ |\,| ~ const,

and relation (3.2.1) implies that

Z [Tm(\,) [P < +o0.

Concerning the proofs, we start with the proof of the case m > 0 with d > 2 and then
with d = 1. We prove then the case m = 0.

25



3.3 Proof in dimension greater than 2

In this section and the next one (d = 1), we assume m > 0.

3.3.1 Conformal map for the Dirac operator

We have to send the resolvent set p(D,,) = C\{] — oo, —m| U [m, +-o0[} in the unit disc
D via a conformal map. The mappings we need are the next ones :

26

— &
s
AN

~
) -

Figure 3.1: Map’s domains

B A—m

Bl wrpen C\o(D,,) — C\[0,+oc[. The inverse mapping is given by A\ =
m
1+ 21
m .
1-— 21

. 29 = y/z1 : C\[0, +00[— {Im(z) > 0}. The inverse mapping is z; = 23.

29 — i . . 1+ Z3
. 23 = d >0} — . Th = .
23 I {Im(z) > 0} e inverse map is 2, = i-— -
. The normalization is operated by
u=e? 2" .p D,
1 —Zp23
where z, = —ib/(|m + ib| + m) is the image of ib by the three first conformal

mappings. We recall that b is a real number needed to define the resolvent of D at
ib. As above, we sometimes label the unit disk ID by the corresponding variable to
avoid misunderstanding. We put furthermore

Um4 = u(l), Up_ :=u(-1).

. . u+ ez
The inverse map is 23 = ———.
e + uzp



Notice that the conformal mapping u will serve to match the normalization h(0) = 1
from Theorem 2.3.1. The following conformal maps

Y= (2302m0z2) " :D,, = C\o(D,), (3.3.1)
o= (uoz30202) " :D, = C\o(Dy)
will be important for the sequel.
The map v is easy to compute,

zZ3

)\:w(zg) = —2m1+Z§

(3.3.2)

The next propositions deals with the computation of distortion. We prove them with
the help of the Koebe distortion Theorem 2.3.5.
1+ ’Zb‘

Remark 3.3.1 (Notation). To simplify the following relations we note Z;, = = o)

Lemma 3.3.2. With the notation above we have
1. (2Zy) 1 d(u, T) < d(z23,T) < 2Zyd(u,T).
2. Zy u—wu(a)| < |z —al < Zy|u—u(a)|, witha € {1,—1,i, —i}.

Proof. To simplify the reading we note in this proof z instead of z3. Notice that Vz &
D, 3(1—|z]?) < d(z,T) <1—|z|% since forz € D, 1 < 1+ [z] < 2.
Let z € D,, then

_ el + uzp|? — |u + ez

1—z? .
‘Z‘ |€19 +u2—b’2
_ L= uP At fuz — [ (1= Ju?)(1 - |2)?)
’610+u2—b|2 |619+uz—b|2
Hence

1 1 — |Zb’2 1 — ‘Zb|2

- — . d(u,T) <d(z,T) < 2————-d(u, T). 3.3.3
2 |elf + uzy)? (wT) < dzT) < le? + uzy)? (. T) 33

See the remark next to the proof for the use of Koebe distortion Theorem.
a1 —
Let us prove the second point. Recall that u,, y = u(1) = e‘el—ﬁ and that u,, - =

o142z

—1) = —¢" .

u(—1) = -t —
In the case @ = 1, we have

u+ ez — (e +uzm)|  |u(l —7)+e¥(z —1)

—1| = : = .
|z =1 el + uzy el + uzy
1-% 02— 1 |1 —Z|
= . ! = — AU — Uyt |- 334
e? +uz ' 1—% el + uzy| [ = tm 1| ( )
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In the same way we obtain

1+7% . 141z
\z—i—l\:—lie li Ju— |, |41 = |10 |
el + uZ)| el 4+ uz|

. |1 — iz ,

and |z —i| = —— - |u —u(i)].

=il = pra - = i)

To explicit the constant depending on b, we have
1— 2] <1—|uz| < | +uz| <1+ |z,

SO

_ 2
1 — |z < 4 28] < Lt !Zb|’
L+ |z = | +uzp|? = 1 — |z

then, with a € {1, —1,1, —i},

1 — |z < |1+az_b_| < 1+|zb|‘
L+ |z = |€¥ +uzp| = 1— |2

Finally with the notation in Remark 3.3.1 we get the lemma.
Remark 3.3.3. We may also use (2.3.2). We would obtain

11— |Zb’2

1— |
il d(u,T) <d(z2,T) <2

el + uzp)?

~d(u, T).

(3.3.5)

In one hand, the function here is simple, hence the computations are easy; on the other
hand, it gives an example where the constants in the inequalities (2.3.2) are not sharp. But
it is interesting to note that the constant depending on b is the same with both methods.
However to find the distortion at the points —1 and 1, the Koebe distortion Theorem does

not help.

Proposition 3.3.4 (Distortion between C\o(D,,) and D). The distortion via the map ¢

defined in (3.3.1) between C\o(D,,) and D is the following :

m o — Uy o] | — Uy |
d(X\, (D)) > =2;7 : - d(u, T
( 70( ))— 2 b |u—u(1)|2|u—u(—1)|2 (U, )7
d(\ Dm <4 Z?‘u_umﬂr‘ i ’u_um,*’ d T
( 70( ))— m b|u—u(i)|2|u—u(—i)|2 (U, )7
and
d(\, o(Dy,
d(u, T) < 16Zy(1 +m) - (Ao );) ,
(IX+m[ - |A=m])z(1+[A[)

ATy > E 4% 7(Dn)) .
S(L+m) (A +m| - |A—ml)z(1+|A)
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1 — 2
Proof. Since ¢/(z) = —2m——— we obtain by (2.3.2)

(1+ 22)2
mo LAl ) < do(Da) < am- B3, )
2 |14 232 |1+ 22|2
Now
|1 — 23| = |1 — 23] - |1 + 23 and |1 + 25| = |23 — i| - |23 + 1,

then we use the previous lemma to find (3.3.6) and (3.3.7).
To prove (3.3.8) and (3.3.9), we start from (3.3.10) to obtain

1 d\ o(Dm))|1 + 25

<1— |z < —
m

im -2 11— 2
The definitions of z;,7 = 1,2, 3 give the following relations
1—25:41—\/5 and 1—|—z§:221—_,2,
(Vo 1) (Va t 1)
hence
1+ 23)% |21 — 1)?
1-21  lal |z +if?
and
L+ [z < Wz +i <21+ [a)),
since Im(/z1) = Im(2,) > 0. Then

2 d(\ (D)1 + 32

Y

_1 —

On the other side the inequalities in Lemma 2.3.4 give

A+ m|+ A —m| < V2VIA+m2+ A —m]2 =2/ M2+ m?

< 2([Al+m) < 2(1+m)(1+[A])

and

IX+m|+ A —m| > VA +mP+ A —m]2 = V2/|A\2 + m2

m
> |\ > 1+ |A).
> A+ m 2 (1 )

Putting all this together in (3.3.11), we obtain

d(z3,T) < 8(1 +m) d(Av"(Dm)l)
(IA+m] - [A=m[)2(1 4 A])
and
zZ m . d(A, 0(Dm))
d(z3,T) > 4(1+m) Lipn

(1A +m[-[A=m])
We finish the proof with Lemma 3.3.2.

L
)\ m I A+ m|
L+ |z A+m|+|A=—m|

(3.3.10)

(3.3.11)

(3.3.12)

(3.3.13)

(3.3.14)

(3.3.15)

(3.3.16)
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3.3.2 Bound on the resolvent of the unperturbed Dirac
operator

We apply Proposition 2.4.1 to the D,,, operator by putting, for z € R¢,
fl@) =V(z), g(z) =\~ ()" x Iden,
with g, (z) := \/|z|?> + m? x Idce. We obtain the next proposition

Proposition 3.3.5. Let V € LP(R% M, (C)), p > d, and X € p(D,,). Then V(XA —
D,,)' €S, and

VA= D) 7HIg, < @m) VI - IO = s ()71
if Re(\) > 0 and

VA= D) 7HIg, < @m) VI, - IO+ () I
if Re(\) <0.

We find then a bound of the expression ||(A £ f1,,(+))"!||» appearing in the above
inequality for d > 2. The case d = 1 is treated in the corresponding section.

Proposition 3.3.6. Assume d > 2. Let A = \g + i\ and p > d. Then

d—1
(L < gd-2 b Amml+m)
I = s () < 27 san® - M- = s

for \o > 0, and

d—1
NP < 9d-2 oy (AEmit+m)
[+ 00 ()l = 2P saman - M =g

fOl" >\0 < 0.
Above, M = max{Mi; My} where

d-1 400 dt o0 td_l dt
1. My =2 2 xmax{(1+2d2)/ —p;Qd_Q/ —5
0 (2+1)2 0o (2+1)2

too gt
2. and My = 2 / —
0 (t2 + 1)5

d—1
and sy = F%d—fl is the total mass of the invariant measure on the unit sphere of dimen-

2
sion d — 1, I is Euler’s function.

Proof. First of all, recall that (A — z,,(-))™" = (A — pm(-))™! X Idcn, hence ||(A —
Nm('»_l”ip(n@d,/\/ln((:)) - np/QH()‘ - Nm('))_lnip(Rd,(c)-
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The case £y > 0 being similar, we give the proof for \; > 0 (and A\; > 0) only. After
a polar change of variable,

+o0 d—1
P . -1 p — "
IO~ ) Wy =501 |
d—1
27 2
where s;_1 = W. We are then reduced to bound
T2

+oo d—1
r
1= / dr
o VIZ+m? = AP

We write [v/r2 + m2=A\P = (V2 +m? — X)? + )\2) and make the change of variable
s =12+ m? — m. Hence,
d—2

+o00 _ 5
= / (sHmfP=mf 2 (s+m) 0 (3.3.17)
0 (s +m—X)?2+ \¥)2

We now distinguish the cases m < A\g and 0 < Ay < m. For m < )\, we observe that
d(X,0(D,,)) = |A]. Onpose 5 = A\g —m > 0 et (comme d > 2) on utilise 1’inégalité
V(s +m)2—m?<s+m,dou

+oo (S +m)d—1
I< 5 ds.
_A (s = B)2 + )2

Since m < A\g and A ¢ o(D,,), we have |A\;| > 0, and

/“LOO (s +m)dt / (s +m)¢t
5 = 5 ds
0 ((s—p)2+az AP 2

(5

“+oo d—1
/ (s +m) ds. (3.3.18)
|A1|

((5+)

In the right hand-side of (3.3.18), we make the change of variable ¢ = b=
1

S .
in the first

integral and ¢t =

inequality (a + b)?! < 24-2(q4=1 4 b?=1) for a, b > 0. This leads to the bounds

in the second one (we assume A\; > (). Then we apply the

B
2d 2 Al (B — Mit) 1dt+/xl md=Ldt
D

(t2+1)2 0 (t2+41)2

/ (6 + Mty /*‘”ﬂ)
t2+1§ 0 (t2+1)§
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For0 <t < %, B — A\t < B since Ay > 0, and recalling that p > d, we can bound in the

following way

2d—2 +o00 dt
(1 + 2d—2)6d—1 + 2md—1 /
|Aﬂp1[< ) 0 (2+1)3

I<

+o00 td_l dt
+2d‘2|>\1|d‘1/ —=
0 (t2 + 1)5

Moreover, using Lemma 2.3.4,

d—1
B I < o=t < (VB e at)

we obtain, for m < A,

2d72

I < M\ —m|4t + Mym?!
= G (Dt (M T M,

_ +oo dt +oo 2fd—l dt
N T T
o @+ b :

2 +1 (t2+1)
e dt
=z
0 (#2+1)2

We now turn to the case 0 < Ay < m. We see d(\, o(D,,)) = |A — m|; going back to
(3.3.17), we use the inequality (s + m — X\)*> + A\? > s? + |\ — m|?. Consequently

1 +o0o d—1
1<—/ tm™ 4
0

o (ijm02+qﬁ

Doing the change of variable ¢t =

s . .
B | and bounding as in the first part of the compu-
—m
tation, we come to, for 0 < )y < m,
d—2

(A, (D))~

I< <M1|A —m|T ¢ Mgmd—1> ,

) _ 400 tdgj_dt _ 400 dt o )

with M, = — et My = —— . The proposition is proved. [
0 (2+1)2 0 (2+1)2

3.3.3 Bound on the resolvent of the perturbed Dirac operator

The next lemma shows that, for b large enough, ib € p(H). Although it is not an obliga-
tion, it is useful to bound ||(—ib + D)~!|| by 1. We refer to [Han10, Lemma 3.3.4] for a
more general statement.

Lemma 3.3.7. Let p > d > 2. Then for b large enough, we know that
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1. the operator —ib + D is invertible, that is ib € p(D),
2. and||(—=ib+ D)"Y < 1.
We use the bound in Proposition 3.3.6, hence we assume d > 2.

Proof. First notice that inequality ||V (ib—D,,,) || < 1 implies that the operator (—ib+ D)
is invertible.

Indeed, the inequality ||V (ib— D,,) || < 1implies that [d—V (ib— D,,,) ! is invertible,
and we have

Id—V(ib— D,,)"' = (ib— D,,)(ib— D,,) " = V(ib— D,,)"!
(ib — D, — V)(ib — D,,) ™"

(ib — D)(ib — D,,) "

Second, we show that we have ||V (ib — D,,)~!|| < 1 for b large enough. Since ||A|| <
| Al|s,, for all operators A, Propositions 2.4.1 and 3.3.5 entail

IV (ib = D)~ I” < [V (ib = Di) I8,
(L + [ib — m|*")

< K||VI%,
— || HL |ib—m|P_1

) (3.3.19)

where K does not depend on b. It is convenient to put

(14 ]ib — m|4=1)
lib — m|p—1

C0) = K|VIL»

The right-hand side of inequality (3.3.19) trivially goes to zero when b goes to infinity,
and so ||V (ib — D,,,) || < C(b) < 1 for b large enough.

Now we prove that ||(—ib+ D)~!|| < 1 for b large enough. Using the resolvent identity,
we get

I(=ib+ D) M| < [I(=ib+ D) [l + [[(=ib+ D)7 - [V (=ib + D) "l
< N[(=ib+ D) 7 + ll(=ib+ D)~ - IV (=ib + Din) s,

Since D}, = D,,,

1 1
_ib+ D,) Y| = _
I(=8+ D)™l = G50 = o=l

and, as above, we obtain

1
lib — m|

I(=ib+ D)~ < +C(0) | (=ib+ D).

Resolving this inequality with respect to ||(—ib + D)~!||, we get the claim of the lemma.
]
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3.3.4 Proof of Theorem 3.2.1 in dimension greater than 2
Recall from (2.2.3) that f(\) = detp,(Id — F(X)), with

F()\) := (A —ib)(=ib+ D)"'V(A = D,,)"' €8,.
We have by the property of the regularized determinant

FO)] < exp (Tl = 8)(D = i)'V (A = D) [, ) (33.20)
Applying Propositions 3.3.5 and 3.3.6, we get, for A € C\o(D,,), to

VA= D)7 Hlg, < o)™V A £ () 170
(JN£m|+m)d-?
d(\, o(D,,))P1
(1+ A
d(\,0(D,y,))P1

P
< (27r)’d2d’25d,1n2M- VI, -

p
< (27)7 2% 25, n2 M (1 +2m)* Y|V ||,
with M defined in Proposition 3.3.6.

We apply Lemme 3.3.7 and the previous inequality to (3.3.20), and we obtain

A —ibP(1 4 A4
1 < K p
o8| fI = KVl ==y

for A € C\o(D,,) and with K; = Fp2d_2(2w)_dsd_1ngM(1 +2m)41. Since |\ —ib|P <
bP(1 4 |A|)P, we have

(L+ AP
d(X, o (D))~

log [f(M)] < Ky 0[[VIL (3.3.21)

We now have to go in D) in order to apply Borichev-Golinskii-Kupin Theorem 2.3.1.
For this, we consider the function g(u) = f o ¢(u), where ¢ is defined in (3.3.1); the
function g is holomorphic on D,,. By inequalities (3.3.16) and (3.3.14), we have

1
1+ A < m

(IX+m[ + A =ml])

L+m 14|z
m |z =1

1+23
But z; = 23 = —
ut z; = 25 <1_23
L4 |z 14|z
|2'1—1| |1—|—23|2 - |1—|—2’3|2
obtain

1+ ‘23’2

1+ 23
sand 1+ [2] = 2|1_23|2,

(1 — 23)

Consequently, with the help of Lemma 3.3.2, we

2
) ,thatis, z; — 1 = =2

IL+m 7z}

S T )

(3.3.22)
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From the lower bound of d(\, o(D,,)) in Proposition 3.3.4 and the previous inequality,
we bound (3.3.21) by

[ — u(@ P~ u — u(=i)[P

(TP — PV — P

loglg(u)| < - [V, -

1 p+d—1 2Z7 p—1
with Ky = K, 0¥ <22§ﬂ) (—”) .
m m

We apply Theorem 2.3.1; we get, for 7 > 0,

(= [ulP (= ] 1= g )P (1 = w(i)] [ — u( 1))
g(u)=0

< C Ky |IVI[5,

with C' depending on d, p, {t, +; U —; u(i); u(—1)}, and 7 and K, is described above.
By hypothesis, we always have p > d > 2, hence, for all 0 < 7 < p — d, we obtain

S (= [l = g [P 1 = g [P < C K - |V, (3.3.23)

g(u)=0

The last step of the proof consists in transferring relation (3.3.23) back to p(D,,) =
C\o(D,,). Remind that we have by Lemma 3.3.2 and Proposition 3.3.4

|l = d,my > Mh dAeDn)
S ) (34 ] [A = ml) 5L+ ]

and, by Lemma 3.3.2 and the (in)equalities (3.3.12) to (3.3.15), we have

1

—u, . — Uy, >Z—2 _1 . 1 :4Z_2&
U = U | U= U, | > Zy7 723 |- |zs 4+ 1 b ]\/2_1+i\2
1 1
S oz talt o (A=l
= Ty "IN+ m|+ [N —m]

lez (])\—m|-\)\+m\)1/2

~ (14+m) 1+ Al .

Hence, for p > d > 2 and 7 small enough, we get to

p—2+T >

(L= Ju)P*™ (Ju = | - |1 = i, )
K3d(\, 0(Dy,))P*T
(A +ml] - A =m| (14 [A])2rr=D

mel p+T 272 p—2+T1
with K3 = (23(1—4’1)) (1 —i ) . We deduce the results of Theorem 3.2.1,
m m
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and, in particular, the constant is

K4:K2XK51

L+m P 22\ 1231+ m) \ P
- anm) () Gaat)
may

X
( Z,? )

3p+d—3+2r
R, P 9PPHd243T (1+m) . l2p+2d-13+37
1 m3p+d—2+1 b :

This ends the proof.

U

Remark 3.3.8. Of course we can wonder what happens to (3.3.23) when 7 > p — d.
We can verify that Theorem 2.3.1 still apply but, as expected, the resulting inequality is

then weaker than (3. 3 23). Indeed, the additional factor |u — u(i)| - |u — u(—

contribution as | and after computations, we find

|)\+m|+\>\—m

3 (X, 0(Dy))P*
A+ - A = m[(1+ |A[)prater

S VI

)\Ead(H)
The comparison between (3.2.1) and (3.3.24) gives

(1 + |)\|)2p*2+27 B 1 -1
(1 + |)\|)d+p+3T - (1 i |/\|)d—p+2+7 —

sinced —p+2 > 1.

3.4 The dimension 1 case

We start by bounding the resolvent norm |[(A — 1,,,(+)) ||

3.4.1 Upper bound of the resolvent
Proposition 3.4.1. Let A € C\o(D,,),m > 0, and p > d = 1. Then

d(X;0(Dy,)) +m
d(A,0(Dm))P

dt
withM—maX{l;/—p}andso—Z
R(t2+1)§

Proof. First / |

IO\ = g () I < 17250 M -

too dr
=5 np/2/ )
\/1:2+m2 AlP 0 0 V12 +m2— AP

i)| gives a

(3.3.24)

We put A = A\g +1A\;. We assume 0 < \g < m, i.e. d(\,0(Dp,)) = |A —m| > 0, and

A1 > 0, we split the integral

[A=m| dr +oo dr
[ n / .
S A v
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P
and we recall that [v/72 +m?2 — AP = (V12 +m2 — Xg)2 + \])2.
For0 <r < |A—m|,wehave 0 < m — Ay < V72 4+ m? — )\ so

[A=m| dr [A=m| dr
/ <
O (WP EmE = X)2 )2 0 ((m= A2+ A2
/'*—ml dr A —m]|
< = )
o A=ml A—mfp

Forr > |A—m/| > 0, we make the change of variable s = /12 + m?—m, 0 < m—Xy <
V12 +m?2 — )\o and use the inequality 1/(s +m)2 —m? > sand (s +m — X\g)* + \? >
s% + |\ — m|? to obtain

/+°° dr _/+°° (s+m)ds
poml [VPZEmZ = AP Ja (s +m = 20)2 + X) 2 /(5 +m)? — m?
/+oo (s +m)ds

< 7 ,
A (24 |A=m[2)2 /(s +m)>—m?

with A = \/|]A — m[2 + m2 — m.

The function f : = — il is decreasing on [A; +oo[ (the derivative

V(@ +m)? —m?

is non-positive on this interval), so Vo > A, f(z) < f(A)

_ \/|)\—m\2+m2
a A —m]|

IA—m|+m
(A —m|
Then we bound and use the change of variable s = |\ — ml|t, so we find

/+°° dr < AN—m|+m [T ds
nem| [VIZ4+m2 = AP = A —=mPtt J, . 2 5
((M—mr) “)
AN=m|+m [T dt
- A=mlp ) (2 +1)

7
2

A — e dt
Hence I < N - m with N = max{ 1; / ——— ¢ This finishes the
A —ml|p 0 (241)2
case 0 < Ay < m.
We now suppose that Ay > m. In this case we always have A\; # 0. One takes \; > 0

(else —A\; > 0), and we split the integral in two

M dr Feo dr
I = / +/ . (3.4.2)
o |Vr2+m2=Ap Sy Vri4m2— AP
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On one hand

/’\1 dr _/)‘1 dr
o [Vr2+m2=AP o ((\/r2+m2—/\0)2+)\%)§

Mdr N
S| 3=
0 /\1 /\1

and for » > \;, we make the change of variable s + m = +/r? 4+ m?2, hence, putting

A=A +m?2—m,

/+oo dr /+oo (S + m)ds
NWEEIE R AE Ja (s m= 2o A1 m)? =

As above, the function f : z rem is decreasing on [A; 40|, so
\/ (x +m)? —m?

VA2 )
Vo 2 A, f(@) < f(A) = YT < 2T

. Hence

-1
+oo <\/(s—|—m)2—m2> ds N, 4m [+ ds
P S b
/A (s +m — Xo)? + \|2 At /A [(s+m —Xo)?+ M|z
)\1~|—m Feo ds

= +1 b
— ) !
1

- A
We make the change of variable ¢t = %, SO
1

Foo ds Too o dt dt
/ p—>\1/ —pg)\l/—zw
’ (C+mfxﬁ2 )2 s @r0E @)

— | +1

A1

Consequently, we find

/+°° dr <)\1—|—m dt
o Wm0 N (2 +1)E

M dt
hence I < —5 (A1 +m), with M = / —— . We deduce the proposition. O
A r(241)2

2
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3.4.2 Proof in dimension 1
We go back to inequality (3.3.20) and apply Propositions 3.3.5 and 3.4.1, hence

log | f(A)] < Tpl|(A = ib)(D —ib) 'V(A = Dyn) "[I§,

d(X\;0(Dp)) +m
(A, 0(Dnm))?

IA—m|+m

d(A; o(Di))?

r
< 2—7’50 nP/2 M|\ — ib|P||(D — ib) P V||,
T

r
< Lo WM (D =) P [V (1 -+ I\

.. 14 [A[)PH!
< KD =PIV g

r
with K7 = 2—p - 5o nP2M (1 4 2m).
m
In the proof of Lemma 3.3.7, C'(b) becomes

m + |ib — m|
lib — mlp

C) = VLK

which tends to zero when b tends to +oc. Hence the lemma still apply for p > 1. Conse-
quently, for b large enough, ||(D —ib)7 || < 1.
Hence, for all A € C\o(D,,),

(1+ [ApP!

log [f(N)| < Ky - ||V, - A0 o (D))

with K defined above.
Recall that, by (3.3.22) and (3.3.6), we have

2
L <2ttm s :
m |u—u(i)|fu = u(-i)]
d dro(Dp)) = Dzl tmal Ju = | g o
an (A o(Dm)) 9 lu — u(i)|?|u — u(—1)|? (u, T),
SO,
1+m 227 \" Ju — u(@)" u — u(=d)["
1 < KbP (2 A
og|g(u)| < K ( ) (m) Ul o IS I S—

| — (@) [P~ u — w(=i)["

S T e v p——T

(1 +m)rt!

with Ky = Ky - P 220H 200
m

we find

. Since p — 1 > 0, applying Theorem 2.3.1,

> A D (= e = [T S C K-V

g(u)=0
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where C' depends on p, {t, +; U, —; u(i); u(—1)}, and 7. But we know that

2, (A=ml|- A+ m])'”

L B (T O e

“(+m) L+ A
n u, mZ, " d(A, (D))
and d(u,T) > 8(1+m) (|/\+m|.|)\—m|)%(1+|/\|)7
hence

mp+1+TZb_3p+1_37'

p+1+7 _ _ p—147
d(U, T) <|U Um +| |U um —l) Z 2 (p+1+T)(1 + m)2p+27- X

d(A, o (D) T

])\—i—m] A —m]| - (1+|A])2+2

Finally

I — o = 3’ Lv
W = ml - (L A

1+m 3p+1+7
with K3 = K - bP 25pH4+37 Atm)»rr ZsT,
m3p+2+7

3.5 The massless case

We prove in this section Theorem 3.2.3. The method is the same but the spectrum of D,
is the whole real line : o(Dy) = R. The small differences with the case m > 0 come from
the study of the conformal map and the upper bound of the Schatten norm of the resolvent
in the expression V(A — Dy) ™!, X € p(Dy).

3.5.1 Conformal map and bound of the resolvent

Concerning the conformal map, we recall that p(Dy) = C* U C~, where C* are the sets
{\ € C: £Im(\) > 0}. So we can compute the contributions of the discrete spectrum
o4(D) N C* to (3.2.7) and then add them up. That is why, without loss of generality, we
discuss the case of A € 04(D)NC, and the case of o4(D) N C~ is treated similarly. The
conformal map ¢ we are interested in, is particularly simple,

1
A=(z)=1ib +Z:]D—>(C+,
—z
A—1ib
-1 +
= A :C D.
i=9 N =175 -
with b > 1.
Proposition 3.5.1 (distortion between C* and D). For b > 1, the distortion between C*
and D are
b d(z,T) d(z,T)
- <d(\ o(Dy)) < 4b-
2 oo S 4 alDo) EESTE
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and

1 d(\ o(Dy)) d(A, a(Dy))
- ———22 < d(z,T) <16b - ———==.
b e =D STy
) . ) 2ib
Proof. For the first set of inequalities, we apply (2.3.2) to ¢, with ¢/(z) = W
Z —
4b?
The second part result from the first |z — 1|2 = m Since b > 1, we bound by
1

IA+ib|? < (JA| +0)* < b*(1+ |\|)? and we bound from below by |\ +ib|* > |A|* +b* >
1 1
§(|)\] +0)* > 5(1 + |A|)%. Hence

1 1 2
< <
21+ |A[)2 = |A+1b)2 — (14 |N])?
and we conclude. O]

Proposition 3.5.2. Let p > d. Then

A
d(\, o(Dg))P—1’

V(A= Do) 5, < KIIVIIZ

with
1 ifd>?2,
p Cded=1
a) K =n2s; 1(2m) %22 M

—+o00 dt oo yd—1 g4
b) whereM:maX{(1+2d2)/ —p;Qd_Q/ —p}_
0 (2+1)2 0 (t2+1)2

p2 [T dt
2. Else d = 1 and we have K = n2— —_— .
TJo (2+1)2

Proof. For A = \g+i)\; € C*, from the inequality 2.4.2, we bound of the norm resolvent
with
V(A = Do) Is, < (2m)~*n3 V1L [|(X — po(a) ]

Lr(R4,C)’

(
where /io(x) = |z|. Then we follow the proof of Proposition 3.3.6.
For d > 2, we start with the polar change of variable and we have to bound the integral

+o0 d—1
I= / SLi—
o r=AP
Remind that here d(A\, o(Dy)) = Im(A) = Ay > 0.
+0o0 d—1
I= / r _dr
0 |(r—=Xo)2+ A2

1 “+o00 rdfl
= d
wp/o o

/\2
r—Xo
(5) +1
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— X

We make the change of variable s = , hence, using the inequalities of Lemma
1

2.3.4, we obtain

I 1 /+oo ()\18 —+ Ao)dil d
= _—_— S
T e e
. 1 0 ()\18 + )\o)d_1 d 4 +oo ()\18 + )\0)d_1 d
IR A (524 1)3 s (524 1)5 )
1
Ao
1 b _)\ )\ d—1 “+oo )\ /\ d—1
= ! /A (ZAus + 02 ds +/ —( 15+ 0>p ds)
[Adl 0 (2+1)2 0 (s2+1)2
1 +o00 d—1 +o0o d—1 d—1
< / | Aol . d8+2d—2/ [A1s] +\);20\ s
[Ad] 0 (s2+41)2 0 (s2+1)2
1 d—2 d—1 ds d—2)y |d—1 s 1ds
gW (T4+2779) | M| —§+2 |A1] — |-

R* (s241) R* (s241)2

Again with Lemma 2.3.4, we have

d—1
Aol 4 (AT < (o] + A< <\/§ M+ A%) =22 |\

—+o00 1 “+oo Sd_l
Putting M = max { (1 + 2¢72) / — ds; 2d2/ ——5 ds ¢, we getto
0 (s241)2 0 (s241)2

d—1
22 M
<
~ d(\, 0(Dy))P!
and the Proposition is proved.

The bound for d = 1 is almost done after the second change of variable so the proof is
omitted. [

1

. ‘)‘ld_l

3.5.2 Proof of Theorem 3.2.3

By the properties of the regularized determinant S,, and Proposition 3.5.2, we have

(A —bPIAI

d(X\;o(Dg))P—1’

where f is defined in (2.2.3) and F' is the same as (2.2.2) but with m = 0. As before, we
have ||(ib — D)7!|| < 1 for b large enough. Putting A = ¢(2) and g = f o , we obtain,
thank to the results of Proposition 3.5.1,

T e
L=zl d(z, Ty
|2[P[1 + 2|
z|d=pH1d(z, T)P—1’

log [f (M) < T, K [[(ib = D) IPIVIIZ, -

log |g(2)| < K, v V|5,
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where K; = I',2??7'K and K is defined in Proposition 3.5.2. We apply Theorem 2.3.1
to the function g to get, for all 7 > 0,

> d(z, TPz = 1P < O KbV, (3.5.1)
9(2)=0

with C depending on p, d, {1}, and 7, and K, is given above. Since p > d, for0 < 7 < p—

1 d(\ o(D
d, we have d —p+7 < 0; And from the distortion inequalities, d(z, T) > b w,
hence

d(A, a(Dy))P*™ +d+1 P
> e < C VR IVIE,
A€o (D)

The proof is done. O

3.6 The Klein-Gordon operator

3.6.1 Definition and results

Another operator close to the Dirac operator is the following defined by [Tha91, Formula

(1.3)]
K =/ —Aga +m? x Idge (3.6.1)

with m > 0 et ¢ > 1. We call it Klein-Gordon operator but there are other possible
conventions; it is frequently called relativistic Schrodinger operator sometimes labelled
“quasi” ([BE11]). In [LS09b] (or [Seil0]), the authors replace the study of the Klein-
Gordon operator by the study of the “ultra-relativistic” Schrodinger operator (—A)'/2
(see reference therein).

As Thaller indicates in [Tha91, Section 1.1] the Klein-Gordon equation [Tha91, For-
mula (1.3)] does not satisfy some properties of the quantum mechanics (for example, the
time derivative should be of order 1).

Remark 3.6.1. For more details about the problem encounter with this operator see Chap-
ter VI of the book by Holstein Topics in quantum mechanics.

This time, unlike the Dirac operator, the dimension ¢ is not related to the dimension d.
This operator is used as model for a particle of mass m without spin (see [BE11, Section
2.2]); In the view of (3.1.2), it is a “half” of the Dirac operator . As the Dirac operator,
it is essentially self-adjoint on C°(IR¢; C*), the domain of its closure is 7! (R%; C*), and
its spectrum is absolutely continuous and equals [, +00.

We consider the perturbed Klein-Gordon operator

K=K, +V,
with V € LP(R%; M,(C)) and p > d. As before, we have by Weyl’s Theorem 2.1.17,

Oess(K) = Oess(Kp) = [m; +00].
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One advantage of the Klein-Gordon operator is that it is bounded from below. Using
this fact we are able to “integrate” according to the idea of Demuth, Hansmann, and
Katriel.

This gives the next result

Theorem 3.6.2. Let K be as above and V € LP(R% M,(C)). We assume p > d. The
constants w and C, are defined in Proposition 3.6.7. Then, for d > 2 and T small enough,
we have

d(X, o (Km))PH Ky w1+op
2 A —m|(1+ |\ —m|)d-1+2r <C - —— IVl (3.6.2)
Aeoy(K)
where
Ly d—166
]. ng W'ﬁp/2sd—lM(1+m) 12 ,

with a) M defined in Proposition 3.3.6,
b) 6 =2p+d—max{% ;d} —1+7,

+00 pH(5—d-1-3)+
2. 1= / —
0 (t + 1)p+d+27’+(§—d—1—§)+

3. and finally C depends on {,d,p, m, and T.

In dimensiond = 1, with0 < 7 < p — 1, we find

d(\, o (K,p))PrT Ky w*CP
’ < (. 2.2 Tw, P 6.
2 nomrh =y SO T Vi (3.63)

)\GO'd(K)
with

r P
1. K5= ﬁ A2sg M (14 m)2é(7p+9+37), M is defined in Proposition 3.4.1,

+oo +3(p—3-7)+
tP dt
2. 1= / ’ i ,
0 (t + 1)p+2+2‘r+§(p7377')+

3. and C depending on {,p, m, and .

We recall that the constant C' comes from Theorem 2.3.1 (see Remark 3.2.2).
We recall the result we obtained in [Dub14] using the computations done for the per-
turbed Dirac operator.

Theorem 3.6.3 (case m > 0). With the notation above, we have

A\, o(K,,))PtT
Z I\ — m\(1(+ |)E’)p+2r?ax{g;d}1+27— S IV (3.6.4)
)\God(K)
In dimension d = 1, we have
d(\, o(K,,))PH+T
DAL S 6565)

3ot L ~
e A= m (L AR
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We notice that, for m = 0, the operator is simply
K = (=A)"? 4V,

that is the fractional Schrodinger operator with s = % (see next Chapter). We observe that
a non-trivial degeneration of a bound on the resolvent of K takes place in this case and
the inequality of Theorem 3.6.2 can be refined in the following way (see Theorem 4.2.1) :

Theorem 3.6.4 (case m = 0). Let K be the perturbed Klein-Gordon operator defined
above withm = 0 and V € LP(R% M,(C)), p > d. Then, for 7 > 0 small enough, we
have

> datatio) e SIVIE (3.6.6)
eoa(K) |)\|min{(p+7)/2,d}(1 + |>\|)%(2d_p_7)++27_ ~ I 6.
od

As we said before, the massless Klein-Gordon operator is also the fractional Laplacian
(—A)® with s = 1. For the self-adjoint case, an account on Lieb-Thirring-type inequali-
ties can be found in Frank, Lieb and Seiringer ([FLSO08]) and Lieb and Seiringer ([LS09b,
Chapter 4)).

It is convenient to compare Theorem 3.6.4 with these results for s = 1/2. Of course,
the discrete spectrum o4(K) lies on the negative real half-axis in this case. In our notation
Theorem 2.1 from [FLSOS8] says that

SO < GVl (3.67)
)\EO’d(K)

where p > d and V_ = min{V, 0}. Since d(\, 0(Kj)) = |\, bound (3.6.6) looks like

‘ A ’ max{(p+7)/2, p+7—d}

p
2 a1 s < OV (3.6.8)

)\EO’d(K)

which is slightly weaker than (3.6.7) as we will see immediately. Indeed, if we have
p+71—d> (p+7)/2 (or, equivalently, p/2 > d), the left hand-side of (3.6.8) is

N A PR
arpnr =M \ae e ) S

If p/2 < d, we have for the left hand-side of (3.6.8)

|)\‘(p+7)/2 |)\‘p+7'—d ) ,)\|—(p+T)/2+d
(1 + ])\])d*(p+7)/2 - (1 + ‘)\Ddf(erT)/?
e (LY b
1+ Al (1 +|AD>

and a simple bound using d — (p 4+ 7)/2 > 0 yields that the second factor in the above
formula is less or equal to one.
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3.6.2 Proof of results

We start with the computation of the distortion.
2

z+1
(see

We consider the function ¢, : D — C\R™ defined by p,(2) = —a

(4.2.6)) and the function 1, (2) = m+ @, (2). Weput Ay = @, (2) et A = A\; +m = ¢, (2).
The distortions for ¢, are known by Proposition 4.2.3, hence we easily deduce the one
for ),,.

Proposition 3.6.5 (Distortion between o (K,,,) and D.). The distortion via 1), behaves the
following way :

|z 4+ 1
EESTE

11+ z|
1 —z[3’

a-d(z,T) <d(\o(Ky)) <8a-d(z,T) (3.6.9)

and

Vi dOoK) e do(K)

4 IN=ml(a+|X—m|) VIA=m|(a+ |\ —m])

Remark 3.6.6. In the article [Dub14], we used a less precise version of (3.6.10) :

1 A\, o (Kp)) d(\, o(Km))
: <d(z,T) <4va
4va I =m|(1+ A —m)) VIN=m[(1+ X —m])
Proof. We refer to the proof of Proposition 4.2.3.

For (3.6.9), it suffices to see that ¥ (2) = ¢/ (z) and use (4.2.7).
For (3.6.10), it is just a change of variable A\; = A — m in (4.2.8). OJ

. (3.6.10)

. (3.6.11)

As we said before, the Klein-Gordon operator is bounded from below, hence we have
the following proposition (see also [Han10, Lemma 3.3.4]).

Proposition 3.6.7. Let p > d, there is w > 1 depending on d,{,p, m, and V, satisfying
—w +m € p(K,,) such that
Co

Va—m>w,||(—a—|—m—K)_1Hga_w, (3.6.12)

withC, = (1— ||V (~w+m— K,)|)™"

Proof. For convenience, some details will be proved in Proposition 4.2.7.

We have ||[V(A\—K,,) || < 1= X € p(K,,) (see Proposition 4.2.7). Take A = —a+m
and let us show there is w > 1 such that for all a > w +m, ||V (—a +m — K,,)7'|| < 1.
Indeed, we have

IV(=a+m—Kn) | < |V(-a+m—Ky)"[s,
< 2m) Ve - I(=a+m — ()]

and, by the bound obtained in Proposition 3.3.6 (and 3.4.1 for dimension d = 1) for the
Dirac operator when Re(\) > 0, the right hand-side of the above inequality tends to 0
when a tends to +o0.
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Co
Now, for alla — m > w > 1, we have ||(—a +m — K,,)7'|| < ——. Indeed, from
a—w

the relation 4.2.15, with A = —a + m we have

1 1
_ —K)7Y < :
IFatm =Kl < e oty T=V(catm=&n) ]
C, Co
<—< )
a a — w

since d(—a + m,0(K,,)) = a > a—wand ||[V(—a +m — K,,)"!| tends to 0 when a
tends to +-oo. ]

Remark 3.6.8. In the article [Dub14], as for the distortion, we limited ourself to the use
of results obtained with the Dirac operator, hence, we bounded ||(—a +m — K)7!|| by 1.
Following the ideas of Demuth, Hansmann, and Katriel ((DHKO09] or [DHK13], thanks
to the bound above, we obtain better estimations (see Remark 3.6.9).

Proof of Theorem 3.6.2. We go back to the expression of F' defined in (2.2.2) with, this
time, the operator K, : F(A\) = (A +a —m)(—a+m — K)"'V(A - K,,)"', and f is
defined as in (2.2.3) for A € C\o(K,,).

We start with the case d > 2. Since |[(—a +m — K)7Y| <

w

, for a > w, then,

a — w
from above and Proposition 3.3.6 for d > 2,
FPCL€ —1np
log(f(N)) < PR N+ a—mP([V(A = Kn) g (3.6.13)
K, (1A = m| 4+ m)*!
VIR, - (A _mlP.
S P—T IVIIZ, - A+ a —m] IO o ()

Kl(]. _i_m)dfl (1 + |)\1|)d71
T VR A + al? - 3.6.14
— |G—W‘p H HL | 1+CL’ d(/\,O’(Km))p_l’ ( )
r p ..
where, by Proposition 3.3.6 for d > 2, K; = (2—7’)dC’£2d_2€§ sq_1 M. By definition
T
112
IA1] = a Z+1 , hence
4alz| (1+|2]?) 4a
A — = |\ = ———andl M| =2 < .
IA+a—m|= |\ +d |Z_1|2an + | A\ a|z_1|2 S

We express the inequality (3.6.14) in terms of z € D, so

Ki(1+m)*™! (4a|z])P - (4a)?~1 - al7P|z — 1373
1 < ——||VIJ5, -
oglg(z)] < a— ] IVIIZ Z 1% |z — 122 d(z, T))P-|z + 1]
d p
. VI[Zs

B . ’a—w|P . d(Z’T)p—1|Z+ 1|p—1|Z _ 1|2d—p+1’

with Ky = K (1 + m)?~14P*4=1 We apply Theorem 2.3.1, hence, for all 7 > 0,

ad

VI, (3615)

| — w|

Z d(27 T)p+7|z B 1|(2d—p+r)+|z 4 1|p—2+7 <C-K,-

g(2)=0
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where C' depends on d, p, {1; —1}, and 7, and K is described above. Since p > d > 2,
we always have p — 2 > 0, we have to distinguish d < p < 2d and p > 2d.

We recall the following inequalities:
VA—m—iya —2iy/a and >+ 1 2V A —m
A =

, SO = :
VA—m+iva VA—m+iva VA—m+iva
On the other hand |[v/A — m + iy/a|* = a + |\ — m|, hence

V2 Vo
21> ¢ EESTE A = m| (3.6.16)

(a+ A —m[)/2 (a+ A —m[)1/2

we have z = z—1

If p > 2d then

pET _q

T e O 0(Kn) A — |

et e (49)

A —m|"5" (a+ |A —m|prrHsT
B d(\, o(Kp,))Pt™

T 230\ f(a [N —m)¥E

hence

d(\, o ()P 5 o
> (A o(Km)) _ 5K2,2g<p+r>+1.| - ’p.Hngp. (3.6.17)
soati) ) = ml(a+ X — m]) 2! o

Similarly, if d < p < 2d, then

e d(A, o (Kp) )77
+7 2d—p+1 —247 @ ) m
d(z, TPz = 17" P77z + 1P 2 92p—dt+1+r A —m|(a+ |\ — m]|)prd-1+2r’

hence

—T

Z d()\v U(Km))erT < Ky 22p—d+1+T . a

JIVIE,. (3.6.18
)|)\—m|(a+|/\—m|)p+d—1+27'f\’ la — wlr IVIITe- ( )

Aoy (K

Remark 3.6.9. A very interesting idea of Demuth, Hansmann, and Katriel is to see the
inequalities of type (3.6.17) and (3.6.18) as a familly of inequalities depending on the
parameter a. Their idea is to consider an “average” of these inequalities by integrating
with respect to a between w and +o0.

We follow the proof of Theorem 4.4.6 from [DHK13], but the difference here is that
we do use the Theorem of Borichev, Golinskii, and Kupin instead of Theorem 3.3.5 from
[DHK13] (although based on the same theorem) which gives no difference here except
maybe for the constant in front of ||V||,». The other difference concern the integration
of the left-hand side member : the inequality given before Formula (4.4.19) page 27 in
[DHK13] miss one case : when ¢; — 1+ 7 < 0. Fortunately, by an obvious lower bound,
we find the same power for the factor |\| + w, but the constant is again different.

We start from the above cases. We precise that the interchanging of the sum and the
integral is valid, by Fubini Theorem, since all functions are positive.
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When p > 2d then, from (3.6.17), we find

p+T

d\, o(K))PT™ [T o7z 47 177|q — wl|P +oo d&
. AR | @l g [T
’)‘_m’ w 1 w

Aeag(K) (a+ A —m|)?

1
The integral in the right-hand side equals ——. In the left-hand side, we make the
TWT
change of variable ¢t = &, and, if ’5’ —d—1 > 0, we bound from below
IA—m| +w
(]A =m| +w)t +w by (|]A —m| + w)t, else we bound from above (|\ —m| 4+ w)t + w by

(|]A = m| 4+ w)(t 4 1), hence, if £ —d — 1 > 0, we have
+o00 —d—=1|, _ ,,|p
/ a'T la w[ da
© (ad A—m)T
(|]A—m| + w)pH / [(JA —m| + w)t + w7
(|)\ m|+w) (r+7)-1 Jp+ (t+1) 2 (p+7)-1

- (|)\_m|+w)7—d—1 /+oo t2 —d—1— 2
T (P-mlwEEE S (i

dt

S 1 +00 12 —d 1—2 0
T (N —=m| 4 w)dH2T /0 (t + 1)%(p+7)*1 ’

which gives, for 2d < pand £ —d —1 > 0,

S e N S 2 VI

N \)\ ml(w—+ |A —m]|)d-1+27 ~

with 1 :/ o
o (t+1)2tn)-L

Andif%—d—lSOthen

/+oo a T_d 1‘a_w’p da > 1 /—l-oo tP dt
a > —_—.
w (a + |)\ _ m|)3p_—57——1 (|>\ - m| + W)d_1+27— 0 (t _|_ 1)p+d+27’

Hence, for2d < pand £ —d -1 <0

> Ao FEn)™™ Ka e Ly
TcuT

N |)\ m|(w + |\ —m]|)d-1+2 ~ T

, oo tP dt
WlthI:/O W

Now when d < p < 2d then, from (3.6.18), we obtain

Wuolip [ Nt a
Z |/\—m| (a-f- |)\_m|)p+d—1+2’r a3 a1+7— ’ H ||LP
)\EO’d(K) w w
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Here, we bound first from below o' by (a + |\ — m|)™!, and then doing the change of
variable { = &, we find
IA—m|+w

/-l-oo a—l’a_w‘p >/+oo ‘a_w’p p
a
o (at PR = (@ A - m]prare

(A —m| +w)ptt [+ tP dt
- (|)\ _ m| + w)p+d+2‘r (t + 1)p+d+27"

Hence, for d < p < 2d,

d(\, o(K,,))PT K 1
> B e L

_ _ d—1+42r ~ 1 Lp>
) A —m|(w+ |A—m|) I

. oo tP dt
WlthI:/O W

Summarising the different cases, we obtain the claimed inequality for d > 2.

Remark 3.6.10. One can wonder what happens if, in the right-hand side of (3.6.18), in-
+oo +00

da, we bound with — da for instance.
a1+7 a2

w w
In this case, the power in the numerator of the left-hand side is smaller and consequently
the power of the quotient is higher. But in order to obtain the best estimate possible, it has
to be the smallest possible.

stead of bounding by the integral

Now we consider the dimension d = 1.

Recall the result of Proposition 3.4.1 :

d(X;o(Kn)) +m
A\, o(Kp))P

IO\ = g () < 72500 -

with M only depending on p, and we bound d(X;o(K,,)) by |\ — m|. We still have

Co
l(a—m—K)Y < ’ ‘,forazw, so, from (3.6.13),
a—w

Fpog D —1p
log(f(A) < —— - [A+a—m[’[|[V(A = Kpn) |,

la — wlP
< VI e
< S VI ko o
with K| = ;—; . Egso M CP, M is defined in Proposition 3.4.1. Then
oglg(e)| < SLLE Iy, Bl Ao Al
B ki

. V pP : 5
la — w|P VL d(z, T))p|lz — 1|>7P|z 4+ 1|p
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with Ky = K (1 + m)4P™!. We apply Theorem 2.3.1 and we find

Z d(z, TP |z 4 1P~ 7|2 — 1|(1—p+T)+ <C-Ky-

o VI
g(2)=0

where K is describe above and C'is a constant depending on p, {1; —1}, and 7.
Since p > 1 then, forall0 < 7 < p—1,wehave 1 — p+ 7 < 0. Then

d(z,T) > va, 4, o(Km)) and |z + 1| > <M> ’ :

VI = ml(1+ A = ml) a+[\—m|
hence
d(z, TP 7|2 4 1P~ > a%(pﬂjﬂ . d(A, U(Km))pH:T :
22(p+1+47)—5(p—1+7) A —m|(a+ |\ — m|)5(p+7)+5
. %(p+1+r) d(\, o (K,p))P T

250+ I\ —ml(a+ |\ — m|) T

Consequently,

3 d(\, o (Ky) )P _ a3 VI
A —m|(a+ [\ =m0+ Y o —w]p o

)\Eod(K)

It remains to integrate the previous inequality with respect to the parameter a between w
and +o0. We have to bound from below the next integral

400 |CI, . |pa%(p71+7')7177' 400 ’CL . |pa% (p—3—71)
/ 3 —da :/ —da
w (a4 |\—m|)2Pt+s v (a+|A—m|)EEE+s

We distinguish if p > 3 or 1 < p < 3 and make the change of variable ¢t =

a—w
IAN—m|+w’
We start with p > 3, so we bound (|]A — m| + w)t + w from below by (|]A — m| + w)t)
hence

0 g — w|Pa2®37) da
/w (a+ |A—m|)stn+s
(JA = m| + w)rt? T P[(IA] 4 w)t + w]z =37
(A —m| +w)3<p+r>+;/ (t+1)2t)+z
N (1IN = m| + w)z =37 /+°° #2(3p=3-7) "
T (A= m|+w)p® 0 o (E 4 1)t

dt

So, for p > 3, with K3 = K, 23 (P+7)+3,

O N R L S AN L
D ] Al WVIE,

)\EO’d(K)
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And if 1 < p < 3 then we first bound @ from above by a + |A — m/| and then

/+oo la — w|Paz®=3-7) dg >/+°° la — w|P da
w o (e N=m])E0rTE T (e [N - )

(JA = m| + w)rt? /+°° tP dt
— (A= m| +w)prE (t+

Hence, for 1 < p < 3, with K3 as above,

TWT
)\EO’d(K)

This finishes the proof of Theorem 3.6.3.

T 1y

5 d\ o (Kn)PHr /+°° vt R v
A —m|(w+ |A—=m|)1 2~ \J, (¢4 1Pt Ly

]

The case m = 0 is a particular case of the fractional Laplacian with s = %, hence
we refer to the next chapter for the proof. However we precise that the proof of Lieb-
Thirring-type inequalities for the fractional Laplacian was done in the paper [Dubl5]
after the article [Dub14], for which we made the computation in the particular case of

[y

S = 3.

[\
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4 The fractional Laplacian operator
: results and proof

Table of Contents
41 Definition . . . . ... ... . L e e e e e 53
42 Resultsandproofs . ... ... ... ..., 54
4.2.1 Conformal mapping for the fractional Laplacian. . . . . . . . . 56
4.2.2  Upper bound for fractional Laplacian . . . . . ... ... ... 56
4.2.3 Upper bound of the perturbed operator . . . . . . ... ... .. 59
424 Proofof Theorem4.2.2 . . . . . .. ... ... ... .. .... 60

4.1 Definition

The referee of the paper [Dub14] make us aware of the existence of Lieb-Thirring-type
inequalities for fractional Laplacian in [LS09b] (for instance), generalising the Klein-
Gordon massless case. We define for s > 0 the fractional Laplacian (—A)® with the help
of the functional calculus applied to the positive operator —A. Hence (—A)® is essentially
self-adjoint on C°(IR%; C") and the domain of its closure is the fractional Sobolev space

W22 (R, C") = {f,/ (1+[CPYIFO?dC < +oo}, where  is the Fourier transform
Rd

of f. By the spectral mapping Theorem the spectrum of (—A)* is [0; +o0].
Let us denote by Hy := (—A)*®, s > 0 and consider the perturbed operator

H=Hy+V 4.1.1)

where V' is the operator of multiplication by V. We call it fractional Schrédinger opera-
tor. Here again we assume that V' is a relatively Schatten-von Neumann perturbation of
Hj (see definition 2.1.19).

The potential V belongs to LP(R%; M,,(C)) = {V ; / |V (2)||% dx < —|—oo}, where
R4

|| - || is the Frobenius norm,

1/2
||V<w>||F=< S |<v<:c>>z-,j|2) .

ij=1,...n

If V e LP(R% M, (C)) and p > max{1; £} then the hypothesis (2.1.1) is satisfied (see
Proposition 2.4.1).
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By Weyl’s Theorem 2.1.17 on the essential spectrum

Oess(H) = 0ess(Ho) = o(Hpy) = [0, +00].

4.2 Results and proofs

The following Lieb-Thirring-type inequalities are obtained with the help of Theorem 2.3.1
of Borichev, Golinskii, and Kupin, and using the integration method of Demuth, Hans-
mann, and Katriel.

Theorem 4.2.1. Let H be the fractional Schrodinger operator defined by (4.1.1) and
V € LP(R% M, (C)), p > max{1; £}. We take T small enough. The constants w and C,,
are defined in Proposition 4.2.7.

For() < s < g, the next inequality is verified

<o B e e 4.2.1)

Z d()\,O'(Ho))p+T Kl wB_TC’p
Al@+ A = 17

)\eo'd(H)
where

1. the powers satisfy

a) a= min{’%; 2% ,

b) 5:2T+%(f—p—7)+,
¢) 6 =" 43 L min{p; 4} — & (see K),

2. Cdepends ond,p,s, and T,

FP A 26 Sd—1

np/?
(2m)d 25

3. K| = - My, M, is defined in Proposition 4.2.5,

oo tp+%(pf%7277)+
4. and I :/ _ _ gt
1
0 (t + 1)p+1+27+5 max{g_p_QT;();p—g—Q—T}

For s > % and p > 1, we have
D) p

d(\, o(Hp))P= 2t K, wiCr )
<o .22 e 422
> ThEaapy SO T Vi, @22)

)\GO'd(H)
where

1. the powers satisfy
a) a =1+ imin{p— L +7;1},
b) B =27 —imin{0;p— £ —1+7},
) 6=202p+1—ZL+7)—imax{p— 2 —14+7;0;3¢ —p—1+7} (see K4),
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2. Cdepends ond,p,s, and T,

2
Iy o5 nP%s, 4

(2m)d 2s

3. Ky = - N1, N is defined in Proposition 4.2.5,

(=32 -1-7)4

—+o00
4. and I = /0 (t + 1)P+1+2‘r+%max{P*%*lff;O;%Jrlfpr} dt.

We give here the result obtained without integration.

Theorem 4.2.2. Let H be the fractional Schriodinger operator defined by (4.1.1) and
V € LP(R% M, (C)) with p > max{1; £}. Let 7 > 0 be small enough.
For0 <s < g, the next inequality is satisfied

d(\, o(Hp))P*™
y S IVIE (4.2.3)
a B ~ Lp>
W P

where

; +7. d
1. a:mln{”T,% ,

2. ﬁzg—l—max{p;g}—%—i—ZT.

For s > g,p > 1, we have

d(\, o(Ho))P~2s H1+7
> =5 S IVIIE (4.2.4)
a B ~ Lpr>
[N Al (14 [A])

where
I a=3+imin{p— &+ 71},
2. 6:p—%—i—l—i—%—l—%max{p—%—1;0;3—?—1)—1}.
In the self-adjoint setting we refer to Theorem 2.1 in [FLSO8]. In this case, o4(H) lies

on the negative real half-axis and 0 < s < min{1; ¢}. In our notation Formula (5.11)
from [FLS08] says

4

> DPE < Cuall VoI, (42.3)
Ae€oy(H)

where p > & and V_ = min{V,0}. For 0 < s < min{1; 4}, A simple computation

proves that (4.2.1) and (5.1.1) are weaker than (4.2.5).
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4.2.1 Conformal mapping for the fractional Laplacian
Let ¢, be a map sending D to the resolvent set C\{R*} of Hy. It is defined for a > 0 by

1 2
g0a:Zl—>)\::—CL(Z+ > , (4.2.6)
z—1
and the inverse map defined in C\R™ is
-1, ._ VA —iva
O, A Z = .
VA +iva

Proposition 4.2.3 (Distortion between C\R™' and D). The distortion via yp, behave the
following way :

|z 4+ 1 11+ z|
. T < RT) < . T 4.2.7
a-d(z, )|Z_1|3_d()\, ) < 8a-d(z, )’1_2’3, ( )
and
d(\,RT d(\,RT
v  dORY oy < ayaSARD (4.2.8)

LM+ D BVOYCESN)

Proof. The first distortion directly follows from (2.3.2) to the function ¢, with, for z €

z+1
D, ¢ =4q——.
7g0a(2) a’(z_ 1)3
For the second, we have
24/ A 2
Moo= 2V g e Ve 4.2.9)
VA +iv/al VA +iv/al

On the other hand [v/A + iv/a|? = |A| + a + 2/aIm(v/)), and, since Tm(v/\) > 0, we
obtain

N +a<VA+ivaP < (WAl + Val) <2(a+ ).

Going back to the inequalities (4.2.7), we obtain (4.2.8). ]

4.2.2 Upper bound for fractional Laplacian
From Proposition 2.4.1 we have

Proposition 4.2.4. Let V € LP(R% C"), p > max{1; £} and X € p(H,).
Then V(A — Hy)™' € S,, and

V(A= Ho) M5, < @m) VL, - I =1+ *) I

LP (R M (C))
We are going to bound the expression |[(A — | - |**)7!||z» appearing in the previous
d-1
. T 2 . .
proposition. We recall that s;_; = W for d > 2 and it is convenient to put sqg = 2
2

ford = 1.
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Proposition 4.2.5. Let A = \g + i\; € C\R" and p > max{l; 2%} We put in this

.. _d
proposition § = - — 1.

For(0 < s < g, we have

A
2s
. Ml . | |

I =1L = == M g ST

(4.2.10)

+o0 é
with M, = max {KQ; / Ltp } and K, defined in the proof, depends on d, p,
0 (t2+1)2
and s.
And for s > g, we have

P
n2s4—1 N,y

1HLP — 25 ) d’

d(\, o(Hp))P 2s

400 té 1 +o00 dt
where N; = max / —p;/ t0dt + 2/ miE
o (241)2 Jo o (B+1)2

Proof. As for the Dirac operator, we start with

[N =1-1%) (4.2.11)

||(A— |25 |25

) e aaiey = 7 IO =1 P g

= syl

with s;_; known for d > 2, sy = 2 for d = 1 and where

+oo Tdfl 400 rdfl
1= / e dr = / 5 dr. (4.2.12)
o IEEART o — g+ 282

We assume first that \g < 0, thatis d(\, 0(Hp)) = |A|. In (4.2.12), we use (1% —X\g)? >
2s

r4* 4+ A2, and we make the change of variable ¢ =

+00 d—1
/ "
0 (e [A]2)2

d d
Y e
LA / — 5 dt. (4.2.13)
2s AP o (g2

The integral in (4.2.13) converges since p > % > 0. B
Now we assume \g > 0 and \; > O since [[(A — |- |*)7Y = |(A = - *)7!. In

S

W, SO

I

IN

VAN

(4.2.12), doing the change of variable ¢ = r % we obtain

1

I . ]_ /+oo ()\125 —|— /\0) 2s ()\175 —|— )\0) 25

C2sA T X (t2+1)2 at

1 _)\1
R DY dt 4.2.14
C2sAP ! (2 +1)% ' (42.14)
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If s = 4, the bound is obvious.
Now assume that 0 < s < g. Since A\ > 0, —i—? < 0, we have

OO (Nt + Ag)3s L 0 (Mt + Ag)3s L
[T, et
oo (P +1) “o (241)0
FOO (At 4 Ag) 35
+/ (Mt + O)i dt
0 (t2 + 1)5
In the first integral of the right-hand side of the above equality, we use A\t + Ao < Ao,
d_

and in the second ()\1154_)\0)2%—1 < Cys ((Alt)%_l + A& 1), with Cy ¢ = max{1; 2%_2}.
Hence, putting 6 = 2% — 1, we have

0
8 [ et
“do (2 +1)2

+C, )\5/+de75+0 )\5/+Oo;dt]
Sy 2+ 1)f B0 fo 2+ 1)f

(A + AT,

&l

[NI4S)

1<

S o1
25}

K

25\

oo dt oo #odt
with K; = max {(1 + Cas) / ﬁ; Cdﬁ/ (—} Then, putting
0 2 0

211 211)
C}, = max{1;2'7°}, we have

(M|

K
I'< F;A - Cs(Mo+ M)’
1

K

~2sN!

- Caa (V2 AP,

K A
9 2s
Consequently, for Ay > 0,1 < 25 d(\, o(Ho))P~

- with Ky = K; - C) (V2)°.
This ends the case s < g.

Now we consider the case s > g and we suppose again \; > (0. From (4.2.14), we
know that

1 TN+ Ao)?
/ —<1+0)dt

TosW e (@21
The difficulty here is that —1 < § = 2%—1 < 0. Making the change of variable © = t—i—i—(l’,
we obtain
+oo M\t A 0 +oo (¢ 4 A0)d
/ it 1 2o)? 12+ OE) dt:X{/ —(2 *1)Bdt
o (2 41)e “h (24 1)2
+o0 0
=\ / “ ~du.
0 ( % 2

(u— 3%+ 1)
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We bound the last integral in the following way :

+o00 1) 1 +00 1
/ “ 5 du < / u’du +/ du
C(weRper)t L

(u— %J)Q_'—l)

1
1
S/ u‘sdu—k/—pdu.
0 R (u?41)2

Indeed, in the first inequality, we use (u — i—f)Z +1>1when0<u<1l,andu’ <1

[NiS]

Ky X !
when u > 1 (since 6 < 0). Hence, for \;j > 0, [ < 2—3 . /\p—il, with K3 = / wWdu +
s
too du ' ’
2 / ——— . This finishes the proof. 0
0 (u2+1)z

Remark 4.2.6. When 0 < s < d/2 we cannot factorize by \; in the computation for
Ao > 0, because we cannot bound the same way on [1; +00].

4.2.3 Upper bound of the perturbed operator

To bound ||(—a — H)~'|| we may use exactly the same proof as for the perturbed Dirac
operator (see Theorem 4.2.2). However, as for the Klein-Gordon operator, we can use
the following bound of ||(—a — H)™!|| to obtain a better Lieb-Thirring-type inequality
(Theorem 4.2.1). Again we refer to [Han10, Lemma 3.3.4] for a more general statement.

Proposition 4.2.7. Let p > max{1; 2%} there is w > 1, depending on n,d,p, s, and V,
so that —w € p(H) and

Co

jw —al

Va > w, |(~a— H) ™| <

Proof. We use the following relation
VA € p(Hp), N — H = (Id — V(A — Ho) ) (A — Hy). (4.2.15)

Since 0(Hy) = 0ess(H), we deduce that A € p(H) if and only if Id — V(A — Hy) ™!
is invertible. But we know that ||V (A — Hy)™!|| < 1 implies that Id — V(XA — Hp) ! is
invertible hence ||V (XA — Hy)!|| < 1 implies A € p(H).

Taking A = —a, we show that, for all @ > w where w € R is large enough, the in-
equality |V (—a— Hy)7!|| < 1is satisfy. For that we use the Birman-Solomyak inequality
(2.4.2). Indeed

IV (=a = Ho) || < |[V(=a— Ho)'|s,
< @m) Ve I(=a = [a*) 7.

Hence, by Proposition 4.2.5, we find

1, d

IV(=a— Ho)'|| < K'(d,n,p,8)[ V|1 - ap'2 .
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The right-hand side member in the above inequality tends to 0 when a tends to +o00, hence

there is w > 1, depending on n, d, p, s, and V, such that Va > w, ||V (—a — Hy) || < 1.
We show now that, for a > w, we have ||(—a — H)7!|| < . From relation

(4.2.15), we have for A € p(H),

w—a

I = H)7HE < 1A = Ho) 7] - [|(Id = V(A = Ho)™) ™|
1 1
(N o(Hy) 1= VA= Ho) |

<
—d

For A = —a,d(—a,0(Hy)) = a > |w — al, and since hrf |V (—a — Ho)™!|| = 0, there
a——+00

is w > 1 so that for all ¢ > w,

l(ma— ) < % <

w—al
[l

Remark 4.2.8. See the proof of Lemma 3.3.4 in [Han10] for a more general setting It
proves the existence of w such that in R(w) = {\ € p(Hp),Re(\) < —w}, we have

1 Co
VA € R(w),[[(A=H)H| < TRe()) + |

4.2.4 Proof of Theorem 4.2.2

Remember from (2.2.3) that f(\) = detp,(Id — F(X)), with
F(\):==(\+a)la+ H)'V(A—Hy) ' €S,,p> 1.

By properties of the regularized determinant we know that

log(|f(M)]) < Tyll(A +a)(a+ H)™'V (X — Ho) [,

C
From Proposition 4.2.7, for p > max{1; £} and a > w, we have ||(a+H) || < | ) K
w—a
and from Proposition 2.4.1 we obtain the next inequality
Fp C£ P p 2s\—1||p
log |f(/\)| < (27_(_)(1 : |w — a|p : |)‘ + CL| ||V||LP||<)‘ - |l’| ) ||Lp(]Rd7Mn((C))7
(4.2.16)
for A € C\R™.
Case (0 < s < %l. From (4.2.10), we have
K , A FalPEt
1 M| < WV 5 - , 4.2.17
Oglf( )| — |w _ a|p || ||L d()\,O'(H()))p_l ( )
» n?%s,_q . .
where we put Ky = -CP. - My and M, is defined in (4.2.10).

@2m)d ¢ 2s
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We now transfer the above inequality back on D in order to apply Theorem 2.3.1. That
is, we consider the function g(z) = f o ¢, (2), where ¢, is defined by (4.2.6); it is clearly
4alz|
11—z
relation and Proposition 4.2.3 applied to the previous inequality we obtain

holomorphic on . By definition (4.2.6) we have |\ + a| = By the previous

P 23 1l — 113-1)
sl < 2 v S B e
|z — 1|%|z — 1|§_2ap—1d(z, T)r=11 + z|p—!
d
Ky a2s ]z\”
< VI Y
d(z, TP~ 1+ 2|""s o |1 — z|sPF

with KQ = 4pK1.
We apply then Theorem 2.3.1, hence, for all 7 > 0, we have

S (=1

g(2)=0

with K, defined above.
Consider first the case 2% <p< %. Hence, for 0 < 7 < % — p, (4.2.18) becomes

d
KQCZ

w —al?

(%—P+T)+|Z + 1|(p—%+7)+ <

VI, (42.18)

d

K
PON e EE IERa el 2“| VI, 4.2.19)
w
g(2)=0
where C' depends on d, p, s, {—1; 1}, and 7.
In the second case, we have p = ‘;‘. ‘We obtain
” d
a2
>0 (A= LalP s = L+ 27 < O 2 VI, (42.20)

g(2)=0

where C' depends on d, p, s, {—1; 1}, and 7.
The third and last case is f < p, and (4.2.18) becomes, for0 < 7 < p — f,

d
K2 CLQS

>0 (A=l ls 41 <0 P2
W —

g(2)=0

AV I, (4.2.21)

where C' depends on d, p, s, {—1;1}, and 7.
The next step of the proof consist in transferring relations (4.2.19), (4.2.20) and (4.2.21)
back to p(Hy) = C\R". Remind that we have, by Proposition 4.2.3,

va  d(A o(Hy))
1—|z|=d(2,T) > —  ——F———
|Z| (Z )_ 4 |A|1/2<a+|A|),
25 2
a

2a
+ Al

and |1 —z|*> > .
| | “a+ |

|1+ z|
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From equation (4.2.19) we get

d
a2st’ d(\, U(HO))p+T

d_
A= e =157 > T

ptT 2T
SO (a4 AR

SO
d()" J<H0))p+T < T K2 . 257217+377'7i

pir d . p 3T~ = VL
reoa(H) [N 2 (a+|N])2sT272

jw —al?
From equation (4.2.20) we obtain

a3 d(N, og(Hy))PT
25T N2 (a + A

L= lDP7 =1z + 17 =

SO
Ao (H)P™ _ K
sl B (a+ e T lw—al

2PV,

Finally from equation (4.2.21) we get

piT

a7 ﬂ&dﬂmﬁT

d
(L= [Pz + 177 >

2R\ (o A F R
SO
E: AU}%»FH <o B2 gdemes e
o —ap &

d ~
ety [AJ35 (a + M) 2047

We can now proceed to the integration with respect to a € [w; +00[ (see Remark 3.6.9).

We start from the above cases. We precise that the interchanging of the sum and the
integral is valid thank to Fubini Theorem, since the functions are positive.

If - <p< d then,

d(\ H. p+T +o0 _ qlpa—1 +00 d
oG [ e [ i
w ( w

pET d. p, 37 1+7
A€o y(H) ‘)\| 2 a+’)\|>23+2+2 a
o da 1 . .
On one hand, = and in the left-hand side member, we make the change
w T TwT

of variable t = azv
Al + w

+oco ‘w o a’pa—l +o00 ‘w . a’p
d p, 3t da Z d p 37 da
S (at PDETETE e (@ pEtEteE

(JA] + w)rtt /*” tP dt
Z d p 3T d p 3T °
(|)\|+w)%+§+1+7 (t—|—1)%+§+1+7
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d d
So,f0r2—8<p<§,

d(\, o(Ho))P*" K, 2%+%5-4%
(%, o(H)) < VI, (4.2.22)
ol 4 py3t ™~ T TWT L
reoa(H) [Nl 72 (w4 |A))2s 7272 !
Feo P dt
with .[1—/ d P 37
0 (t+1)%+5+1+7
Ifp= %,the proof is the same, and we find
d(\, o(Hy))PtT K 221””
A o(Ho)"™ Ky 2777 VI, 4.2.23)

D ~
reoam AN 2(w+ A2 T 2 T

oo P dt
ith [, = L —
W1 2 /0 (t + 1)p+1+27‘

If p > ¢ then,

d

d(\, o(Hy))Pt™ [T w—apaz "2s71T % da

( ( 0)) / | | 3 d dari\/ 1 ’ ||V||I£P
“ (a+|X\)2%T) "2 w T

+

d
)\EO’d(H) ’)\|23

|)\|_;L so,if 1(p— % —2—7) > O then
d

we bound from below (|A| +w)t +w by (|]A| +w)t, and if $(p— ¢ —2—7) < 0 we bound
from above (|A| +w)t +w by (|]A| +w)(t + 1). We present the case 2(p— 4 —2—17) > 0,
the second being the same as above.

d
o

/ T da =
@ @*ﬁM)p” 25

As previously, we do the change of variable ¢ =

d T
(ALl e )t w25
= 3 7 dt
(I + w)2 (p+7)— 0 (t+1)2 (p+T) 2
d T 3 d T
(| +w)§*£*1*§ too G 1g
2 P4, 3_7/ 7
(Mﬁ+wﬂ_%_+2 0 (t41)20) 5
hence, when £(p — ¢ — 2 — 7) > 0, we obtain
d(\, o(Hy))P*™ K 22(p+7)+2s
(i T ST Vi (42.24)
Aeag(H) |A|2s (w + |A])27 3
with I3 = / 3 - dt. When 5 l(p—29—2—7) <0, we obtain
0 (t41)2 5 (p+7)—
d(\ o(Ho))"*™ _ K. 255,
(A, o(Ho)) S —— . (4.2.25)

i N
o W@ T
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oo tP dt
where we pllt [4 = /0 W
Summarizing (4.2.22) to (4.2.25), we find (4.2.3). This ends the case 0 < s <
Case s > .
Using (4.2.11) and Proposition 4.2.7, the inequality (4.2.16) becomes

[JIsH

Ky

w —alr

A+ al”

osl/ = d(X, o(Ho))P~ 5

IVIIZo -

)

np/?

r _
where we put K, = e p>d -CP ;d !
7r s

Then, as before, we have

- Ny, with Ny depending only on d, n, p, and s.

4
4Pq2s |z|P

1— 2|5 2|1+ 2|Ps

] < Ve, -
0og |g(2)| — |w—a|p ||V||LP d

(z, T4

We put now K5 = 4P K. Applying Theorem 2.3.1, we have

d

d d d o
Z (1 — yzl)P*Z+1+T|Z o 1|(g_5*p71+7')+‘z + 1|(p*§71+7)+ < }(5—@2 .
(2)=0 ™~ |w—alp
g(z)=

IVIIZe-
The possible cases with respect to p and 2% are clear from the following drawing (Figure
4.1). The x-axis represents p and the y-axis represents %. There are 4 lines of the equa-
tionsy =1,z —y—1=0,—2+3y —1=0,and x — 3y — 1 = 0. This last equation
will be useful during the integration of the inequalities.

0.5

Figure 4.1: The different cases for s > %l.

Consequently, there are three cases to consider :
case 1. Thepartl:p—%—l 20and§—§—p—1<0.

case 2. Thepart2:p—2%—1<Oand?2’—‘j—p—1<0.
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case 3. Thepart3:p— & —1<0and ¢ —p—1>0.

The computations are similar to the case s < 4. We recall that

| = o] = d(z,T) > Y2 A o(H)

4 A2 (a+[A])
2|\ 2
|1+Z|22_"_—|’)\‘, and |1—Z|2> a

Ta+ |\
In the first case, we have

d
p J pHl—g+7
d(z,T)p+1_2_S+T|Z _|_ 1|p—2_s—1+7' Z (@) 22(p_ —1+T)><

d

O o(Hy) i

d d 147 _d
s (a+ APz ot

2 4s
1 d d
aﬁ(p+1_2_s+7) d()\ U(H ))p+1—_+7'

N

>

3 5 3d
22 (p+7) 2 4s
SO

1 3d’
Ao+ A 25

d
d(A, J(Ho))p_ﬁJrHT

O
4 (4.2.26)
+7  3d ~ Tp
st \[(a + A2 a3 jw — al?
In the second case, we have
d p+1—%+7 dix I p+1—2i+7-
d(z T)P+1—2—S+r > (@) ) (A, 0(Hyp)) »
) = - ! |
' “as(a+ APt
o)
1 3d
d(A, o(Ho))"" st —p+1-32 10
- - S- VL (4.2.27)
)\EUd(H) ’)\|2(p+17§+T) (CL + ‘)\Dp+17§+7 |w _ a|p

In the last case, we have

d 3d
d(Z, T)p+1—2—8+7|z . 1|§—p—1+r >

d
p+1—2—s+7 3d
O e

d
a2’’’

d
d(\, a(HO))P“—%”
pt+1

+7
A2

d
d()\ U( ))p+1——+r

d 3d ptl—
4_s(a+|)\|)p+1 +T+4s E 2 -

= 2g(p+1) 7_d+3_7

+
AFPH B a4 A S
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SO

A0 o (Hy)” 551t -
> g s S g VI (42.28)
reog(H) [N 2 Tas(a+|)|) 2 +4s+ 2

This give the second part of Theorem 4.2.2.

It remains to integrate with respect to a on [w; +oo[. We do it the same way as 0 < s <
d
5

In the first case : p — % —1>0and % —p —1 < 0, we obtain from (4.2.26)

d 1 3d
A\, o(Ho))P™2stm [+ |y — a\paﬂpﬂ*l*ﬂ +° da
3 / ws [ VI,

p+T 3d 1+T
Ao A (a+ A2 5
T da 1
On one hand = = , and in the left-hand side member, if p — 52 —1 > 0
w alttT TWT
we make the change of variable ¢t = &l, and if p — 3—d — 1 < 0 we bound first from
above a by a + |A|, (see the figure 4.1 for the draw of the line p — 22 — 1 = 0) hence, if

p— 2— — 1 > 0, for 7 small enough,

oo |y — a’pa%(pfg—gfl#)
/ NEEETIS R
©w (a4 |N)P 2 TasT2

1 + 1p-3¢ 1 5
=R TR
3

dt
pir_3d, 1 pir
(1Al +w)’ (t+ 175t
(|)\| + w)% L g_csl_l_T) +oo t%(?’p—g—d—l—r)
p_3d 1, 37 / p+7’ 3d T dt.
TN twi et S0 (1T L
Hence, 1fp——_1 >0,
A0 o(Ho)PH 3 Ky odGoeeih
2 IA[(w + A2 ST p VI, (4.2.29)
)\EO’d(H) 5
) +o00 t%(3p 95 1 T)
Wlth[5:/ W dt Andifp—3—1 <0,
0 (t —+ 1) 2 4s

1p-32-1-7) M1
B ] ¥ Jw —alP(a+ [A)2 02T
da > da
3p+ 3.1 3T 3d 1
v (e [A)T R TR ¢ (a+[A)* 2 "asT2

(JA] + w)Pt? /+°° tP dt
(

- (|)\| + w)p+1+2r t+ 1)p+1+27"
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Hence, if p — 52 — 1 <0,

d. 1i3(pir) s 30
S Ao plors
Allw + A>T ™ I W’

VL (4.2.30)

/\EO’d(H)

Feo tP dt
ith Iz = -_—
w1 6 /0 (t + 1)p+1+27

In the second case, we have p — % —1 < 0and g—‘j —p —1 < 0. We integrate the
inequality (4.2.27), which gives

d 1 3d
p—ggt1+T +o00 p,5P— _S—l—T) 400
d(\, o(Hy))P 2 / lw — alPa2"2 da,S/ da i

d 47
(a+ A5 o

d
1 _“
Xeou(H) \)\] 2(PHl=g,+7)

We have p — 22 — 1 < 0, hence we bound from above a by a + |A| and then with the same
change of Varlable, we find

1, 3d
—+o00 |w |Pa2 p 257177—) +o0 |CL) _ a‘p
/ d da 2 / +4 4+3+37) da
o apprae e e

(JA] + w)rtt / tP dt
= (l)\|+w)%(p+%+3+37') R+ (t+1)%(p+2%+3+37)

1 / t dt
T (M 4 w)2 G gy (¢ 4 1)2 s 88T
and we know that 2% — p+ 1 > 0 by hypothesis hence

0o (H Hy)P et Ky 207500

. VT, (4.2.31)
3(p+l-3 ”)(w—i- w)% L p+1+37) 17 TWT

Aeoq(H) | Al

+00
P dt
with I7; = / — . We recall here that 0 < p — 2% < 1, hence 2% —p+
0 (t+ 1)*(P+*+3+37')

1>0.
Finally the lastcase : p — 5-: — 1 < 0 and = —p—1 > 0. Integrating the inequality
(4.2.28) we find

H )P~ E-I—I—H' 400 _ lp,—1 too
LA [l s [ v,
2 w ( w

d ptl d 37
A2 (p+1-55+7) a+ M) 2 +oc+y attt

)\Gad(H)

Bounding from above a by a + ||, and then with the change of variable, we obtain
+o0 |w a‘pa—l +o0 |w o a|p
Iil 4 3_T da = 2| )2 (pH3+55+37) da
© (at AT E o lat

(IA] 4 w)r! /+°° 2 dt
(|)\|+w) 5 (p+3+55+3m) J (t+1)%(p+3+%+37)'
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So

d(A,U(HO))p+1_%+T _ K 2%(5(1)—&-1)—%—&-37)

scomtiny N B34 (4 |\ Gsprieen T T W

AVIZe, (42.32)

. oo t dt J J
with Ig = /0 it 1)%(p+3+%+37). As before 0 < p — 5= < 1,hence - —p+1> 0.

To clarify the statement of the theorem, in the case 2., we bound from below

) (T4 [AD7
by ——————, so this gives .
(1+ )2
The proof of Theorem 4.2.1 is finished. U
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5 Lieb-Thirring-type Inequalities
with Hansmann’s results

Table of Contents
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5.1.2 Results and comparisons . . . . . . . ... ... 70
5.1.3 Distortion forresolvent . . . . . . . ... ... oL 72
5.2 Proof for the fractional Laplacian . .................. 74
5.3 Proof for the Klein-Gordon operator . . . . ... ........... 76

5.1 Hansmann’s Theorem and results

5.1.1 Hansmann’s Theorem

The following theorem is the main ingredient of the proofs of Theorems 5.2.2 and 5.3.1.
It is proved in the article [Han11].

Theorem 5.1.1. Let A be a normal bounded operator and B be a bounded operator such
that B — A € S, for some p > 1. We assume further that o(A) is convex, then

> d(\o(A)" < |B- Al
/\EO’d(B)

In [Han13, Cor. 1], the author generalize the previous theorem in the following way.

Theorem 5.1.2 (Hansmann). Let A be a bounded self-adjoint operator and B be a bounded
operator such that B — A € S, for some p > 1. Then the following inequality holds :

> d(M\o(A) <GB - AL,

)\Edd(B)
where C,, depends only on p.

The constant C), can be describe in the following form : we have
12270, ifl<p<2

2P/2714P=20 1 if p > 2
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where I') is a constant given before Theorem 1 in [Han13], and satisfy I', > 2 pour tout
p> 1.

We notice first that the first theorem is valid for p > 1 and the second consider p > 1,
Also the constant C), in Theorem 5.1.2 is greater than 1, hence, in the case where both
theorems apply (for instance when the spectrum of the unperturbed operator is convex),
Theorem 5.1.1 is more interesting. For more details, we refer to the articles [Hanl1],
[Han13] and [DHK13].

in [Han11], the author applied Theorem 5.1.1 to the Schrédinger and Jacobi opera-
tors, and in [Han13], to the case of a unitary operator, but also on zero-sets of Cauchy
transforms of a finite, complex Borel measure on the unit circle.

Theorem 5.1.2 was used by Golinskii and Kupin in [GK13] for a perturbation of a
self-adjoint Schrodinger operator, and by Sambou in [Sam14] for magnetic Schrodinger
operator.

More generally, we saw how to bound the resolvent norm of the perturbed operator (see
Proposition 4.2.7) when the unperturbed operator is bounded from below. We can then
use Theorem 5.3.3 in [DHK13] who use an integration with respect to the parameter a,
useful here to define the resolvent of the operators, and give better result than the simple
application of Theorems 5.1.1 and 5.1.2 alone. In the next results the only constants we
did not compute are w and C.,,.

5.1.2 Results and comparisons

We saw in Proposition 4.2.7 the existence of w > 1, depending on n, d, p, s, and V/, such
that
Co

Va > w, ||(—a— H)Y| < o_a

In this case, the obtained result for the fractional Schrodinger operator is

Theorem 5.1.3. Let H be the fractional Schrodinger operator defined in (4.1.1) and 'V €
LP(RY M,,(C)), p > max{1; L} with s > 0.

Then, for T > 0, the following inequality holds

(S (5.1.1)

g Aoty Fy wis CY
NP o

)\EU(i(H
with
np/QSd—l
I Ky =2V — L M, if0 < s < 4
2 ( \/_) 28(27T)d llf LA
np/25d_1
2. Ko =(2v5)P  ———=— - Ny ifs > &,
2 ( \/_) 28(27T)d 1lf$ 2

+00 - (p—55—1-7)+ ¢
3. and I = - - - ,
0 (4 1)PHastlETHE- 510
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where M, and Ny are defined in Proposition 4.2.5.

To compare Theorems 4.2.1 and 5.1.3, consider a sequence of eigenvalues (A, )n, A, €
o4(H), converging to A € oess(H) = RT.

Without loss of generality, we assume d(\, 0(Hy)) < 1.

We start with the simplest case A €]0; +oc[. In this case, (5.1.1) is better than (4.2.1)
or (4.2.2).

The case A = oo is simple too. We distinguish the different cases with respect to p
d(An, 0 (Hyg))P*™

|/\n %—FQT

< 1. Hence (5.1.1) gives a

and the term

and %, and after computation the term in (4.2.1) becomes

d()\n,agHo))p. We have d(An,0(Hyp))
pWE= | An|”
better estimate than (4.2.1). The same reasoning is valid to compare (5.1.1) and (4.2.2),
and give the same conclusion.
The “integration ” method introduced by Demuth, Hansmann, and Katriel is useful here
since, without it, the inequality (4.2.1) give a better estimate at oo than (5.2.1).
When A = 0, the situation is more delicate: If d(\,,, o(Hy)) =~ |\,|, i.e., Re(\,) < 0or
0 < Re(An) < C|Im(A,)| with C' > 0; then (4.2.1) give a better result than (5.1.3). Else,
when d(\,,0(Hy)) = |Im(X)| and Re(),) > |Im(A\,)|, there are two cases. Indeed, the
|Im(A)[7*7
| Ay, [min{(p+7)/2:d/2s}
|)\n|min{(p+‘r)/2;d/2s} N Re(}\n)min{(p+7)/2;d/25}
_ )]~ m(A)[7
guish are then clear. The same hold with (4.2.2). Finally when A = 0, (4.2.1) or (4.2.2)
have a small advantage over (5.1.1).
In the same way for the Klein-Gordon operator, there is w > 1, depending on n, d, p, m
et V, so that

in (5.1.1) becomes

term in (4.2.1) becomes and the term in (5.1.3) becomes |Im(\)?.

Hence the quotient is . The case to distin-

Co

w—al

Va > w, ||(—a— K)7Y| < (5.1.2)

Hence we have

Theorem 5.1.4. Let K = K,, + V be the perturbed Klein-Gordon operator m > 0,

defined in 3.6.1 and V € LP(R% M,,(C)), p > d. Then, for 7 > 0, we have the following
inequality

d\o(Ky,))P Kz (w+m)?
> < VI, (5.13)
G I+
)\Eod(K)
p/2
with Ky = (24/5)P - % - CP - 2 M, where
N

1. 6 =2d— 3 and M = max{My; Ms} if d > 2 (see Proposition 3.3.6),
2. else 0 = 1 and M is defined in Proposition 3.4.1 if d = 1,

+oo t2p—d

71



We compare the results (3.6.2) obtained with Borichev-Golsinkii-Kupin Theorem to
the result (5.1.3) obtained with Hansmann Theorem.

For this we consider a sequence (\,)n C o4(K) which converges to A € oess(K).
Without lost of generalities, we assume d(\,, 0(K,,)) < 1.

The simpler case is A €]m; +oo[. In this case, (5.1.3) is better than (3.6.2). The case
d(An, 0 (K) )77

|2 and

A = oo is also easy since, in this case, the term in (3.6.2) becomes

d(An, o(Kp))P d(An, 0(Kp))"
( |>\n’(d+7- ) . We have ( ‘)\:V )
is better than (3.6.2). The integration method introduced by Demuth, Hansmann, and
Katriel is relevant here because, without it, the inequality (3.6.4) give a better estimate at
oo than (5.3.1).
When \ = m, the situation is more complicated: if d(\,, 0(K,,)) =~ |\, — m/|, that is,
Re(A,) < mor0 < Re(\,) —m < C|Im(A,)| with C' > 0; then (3.6.2) gives a better

result than (5.1.3). Else, when d(\,,,0(K,,)) = [Im(A)| and Re(A,) — m > |[Im(\,)
’ m A |p+7'

the term in (5.1.3) becomes

< 1. Hence (5.1.3)

)

there are two cases. Indeed, the term in (3.6.2) becomes and the term in

Ap — M
Ap — Re(\,) —
| m| = e(An) m. The two

(5.1.3) becomes [Im(\)[P. Hence the quotient gives ~
[T (A)[7 [Tm(A)[7

cases are then clear.

5.1.3 Distortion for resolvent

We will apply the Theorem 5.1.1 to the resolvent of the operators (since they are un-
bounded). To compute the distortion between the spectrum of the operator and the one of
its resolvent, we need to know the distortions of the mapping A\ — % between C\[a; +00[
and C\[0; £]. This is the content of the next proposition.

Proposition 5.1.5. Let a > 0. The distortion between C\[0; £] and C\R" via the inverse
function is given by

Proof. We detail the computation. For this, we distinguish four parts denoted by 1., 2.,
3., and 4. (see figure 5.1). We denote I, = [0; +] and I, = [a; +00].
1 A —al
When A € 1., we have d(\,I,) = [\ —aland d(z,],) = |2| = & = ——.
Al AL A =
Since |A — a| < a + |A|, we deduce that

d(\, 1)
for \,z € 1.,d(z,1,) > ———.
[Al(a+[A])

[l ()|

Similarly, when A € 2., we have d(A, 1)) = [Im())| and d(z, I.) = [Im(z)| = A[>

and since |A| < a + |A|, we find

d(\, 1)
for \,z € 2., d(z,I,) > — 2N
[A[(a+[A])
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%

Figure 5.1: The different parts for the inverse map

1
In the same way, when A € 3., we have d(\, ) = |A —a|etd(z,1,) = |z — o=
aa—/\)\‘ = |)\a|—/\|a|. But a < a + |\| hence
d(\ 1))
for \,z € 3.,d(z,1,) > ————.
[Al(a+|A])

For A\ € 4., we always have 0 < Re(\) < a. So we always have d(\, I) = |\ — a| and

Im(A
d(z,I,) = |Im(z)| = | Tj\(|2)| We consider three cases

2. [Im(\)| < & and Re()) < &,
3. [Im(A)| < § and Re(A) > §.

We start with [Im(\)| > 5. Then

A —al = V(Re() — a)? + Im())?
< +/a?2+1Im(N\)? since 0 < Re(N) <a

< V/5[Im()\)| since |Im(\)| > %

Hence, as before,

1 d\ )

ML) 2 2 Dlar )
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Case 2. We have [Im(A)| > Re()), hence |Im(2)| < |z| < \/_|Im( )| since |Im( )| =
[Re(M) _ [Im(N)]

= |Im(z)|. Consequently, d(z,1,) >

S P 7 = fw
|)\_a|<1so
a+ |\~
1 d L)
d(z, 1) > — . L8
1) 2 7 Ra+ D

Case 3. The last case is similar to the previous one, we use this time |[Im(\)| > a —
Re(A) > 0, and we obtain

1 d(\ 1)
d(z, 1) > — . SA D)
V2 Al +[A])
This conclude the proof of the distortion’s inequality. [

5.2 Proof for the fractional Laplacian

—1
We introduce the function g : C\[0, +0o[— C\[—1,0] defined by g(\) = P, The
a

next proposition is the application of Proposition 5 .1.5 to H and its resolvent at —a : we
have (—a — Hy) ™! = g(H,).

Proposition 5.2.1. The distortion between C\[—2; 0] and C\R™ is given by

o [ o) 2250

Proof. We compose relation 5.1.4 by the translation 7" : A — X\ 4 a, hence

1 1 1 d(Aa,a;+oo])
d(/\+a’{0’aDZ\/5 IAN+al-(a+ |+ al)
1 d (A, [0; +00])
T 2v5 [Atal-(a+|N)’

then we bound from below with |\ + a| < a + |)|. O

The next theorem is a first Lieb-Thirring-type inequality obtained thanks to Theorem
5.1.1.

Theorem 5.2.2. Let H be the operator defined in (4.1.1) and V € LP(R% M,,(C)),
p > max{1; 2%} with s > 0. Then the next inequality holds

d

d()\,O'(H()))p az2

Yo s <Ky VIE,, (5.2.1)
2

W T ) w— |

where (see Proposition 4.2.5 for the definition of M, and N,)
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p/2
I K (zf)% CP .M, if0 < s <

N

2. or Ky = (2\/_) (Sd)l Ct-Nyifs>4

Proof. We put A = (—a— Hy)~! which is normal and B = (—a— H)~! which is bounded
for a > w so that A and B exist. We know that B — A = BV A € S,, hence we can apply
Theorem 5.1.1. It implies, forp > 1,

> d(po(A)’ < |B- AL . (5.2.2)
pneoq(B)

Now we bound the right-hand side of the inequality (5.2.2), for p > max{1; 2%}, with the
help of Propositions 4.2.4,4.2.5, and 4.2.7

IB = Alls, < (ZW)_dII(—a—H)‘IHp- IVIZ - lI(=a =1 )%

d _

Qa2s
< Ky - s 5.2.3
= N1 ‘w ’ H ||L ( )
np/QSdfl ) d np/28d71 . d
whereKlzm-Cﬁ-Mllf0<3§§0rKlzm-C£-Nllfs> 5(566

Proposition 4.2.5). Then from Proposition 2.1.13, = (—a — A\)™! = g(\) € o4(B) if
and only if A € o4(H ) hence

> dpo > d(gN), ()

p€ay(B) {g(N)Aeaa(H)}
1 d (N, o(Hp))”
—_ (5.2.4)
= v Z (a+ )
The last inequality result from Propos1t10n 5.2.1. The result is a consequence of (5.2.3)
and (5.2.4). ]

The last step to obtain Theorem 5.1.3 is an integration with respect to a the same way
as in [DHK13] in the proof of Theorem 5.3.3.

Proof of Theorem 5.1.3. From Theorem 5.2.2 we know that, for all @ > w,

[y

G ) T W

CERPY A

A€oy(H) a

where C' does not depend on a. we integrate with respect to a between w and +oo the
previous inequality :

[ L e

Aeoy(H) (CL + ‘)\|)2P a%_p—i_“—ﬁr

da - V7

al—‘r’l’

d
T  w — af? VAL

(a+ |\|)? RS R

= ) d(A,a(Ho))P/

A€oy(H) w
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In the last inequality the interchanging of the sum and the integral is valid by Fubini

Theorem (the functions are positive). We bound from below the left-hand side of the

above inequality whether p — d/2s < 1 or p — d/2s > 1 and then make the change of
—w

variable t =
Al + w

. Hence, assuming first that p — d/2s > 1,

d d
/+°° a’"2s (0 — w)Pda (A w)rt? / (A +w)t +w]P2s 7
w R+

= dt
(a+ |A])2 (IA] +w)? [t + 1]
b et
- (A Fwpt Sy B
- 1 /+oo tQP_%_l_T "
T (A 4wt o DT
When p — d/2s < 1, we have
400 p—i—l—T +1 p—i—l—f
/ al” 2s (a—w)Pda  (|A] +w)? / [(JA] + w)t + w]"" 2s tP @t
v (a+ |A])2 (A +w)? S+ [t + 1]
d d
(Al +w)r 2t / R VT
- A+ w)rt t+1]%r
0
- 1 /+oo P "
z (A + w)%H o (t+ 1)p+%+1+~r
This concludes the proof. [

5.3 Proof for the Klein-Gordon operator

To prove the Theorem 5.1.4, we start with the following result.

Theorem 5.3.1. Let K = K,, + V be a perturbation of the Klein-Gordon operator
Kn,m > 0, defined in (3.6.1) eand V € LP(R% M, (C)), p > d. Then we have the
following inequality

d(\, o(K,,))P a+m)dr
5 AoEY el m Ty, 5:3.1)
Aeoa(H) (a+m+|A])% (a—w)

b
Sd—112

with Ky = (2¢/5)P - @t

CP - 2°M where

1. § =2d — 3 and M = max{M;; My} if d > 2 (see Proposition 3.3.6),

2. ord = 1 and M is defined in Proposition 3.4.1 if d = 1.
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Proof. We consider the operators A = (—a — K,,) ' and B = (—a — K)™! fora > w.
From Proposition 2.1.13, we know that o((—a — K,,,)™!) = [-—=;0]. We put \; =
A + a, then from Proposition 5.1.5 we have

1 1 1 d(\g;[a+ m;4oo])
d(Al [O a+mD =75 Thala+m+ )
1 d(A; [m; +00])
V5 | A+alla+m+|\+al)
1 d(X; [m; +oo])
25 (a+m+IN)?

a+m )

v

Using the results of Proposition 3.3.6 (or 3.4.1 when d = 1)

1B = Alls, < IBI"[VA[s,

< @m) ™ (—a = K)PIVIZI(—a = V]l +m2) 7,

< K - _c VI, - 2% (a 4+ m)4P
- (a—w)p t
(a+m)®P
<Ky —F— s
= 12 (a_w) H HL

with, if d > 2,0 = d — 1, K, = % 21-2\f with M = max{M;; My} (see
i
Proposition 3.3.6), or, if d = 1,0’ = 1, K} = :20:; - M, with M defined in Proposition

3.4.1; then Ky = K, C? 2%
We apply now Theorem 5.1.1 to A and B, and we obtain inequality (5.3.1).

A0\, 0(K))? (2v5) K,
Z (@+m+|\|)%P = (a —w)P(a + m)r— VI,
)\Eod(H)
with K, described above. O

Proof of Theorem 5.1.4. We now integrate the inequality (5.3.1) with respect to a between
w and oo to find (5.1.3). Recall that w > 1.

400 (CL _ w)p(a + m)p*dflfﬂr +00 da
d(\, da < _aa »
Z U /w (a+m+ |/\|)2p aN/w (a—l—m)HT ”v”LP

In the integral in the left-hand side of the inequality, we make the change of variable
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. a—w
A tw+m

/+°° (a —w)P(a+m)P~?
v (a+m+[A)*(a+m)tT
_ /+°° (A + w +m)PPHP [(|A] + w + m)t + w + m]P4

o (A +w+m)(t+ D[N +w+m)t +w+m]H7

L (A w+ m)e /+°° v B
R E A e e (YRR Y

t

1 +o00 t2p—d
> dt
(N +w+m)d+T/O (t + 1)2pt147

In the penultimate inequality we use w + m > 0 and |A| > 0.
This ends the proof.
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6 Appendix

Table of Contents
6.1 Integration of the Lieb-Thirring-type inequality in the case of mass-
lessDiracoperator . . . . . . . . . vt i vt ittt et 79
6.2 Glossaryofthenotation . . .. ..................... 82

6.1 Integration of the Lieb-Thirring-type inequality
in the case of massless Dirac operator

One of the reasons we cannot “integrate” the Lieb-Thirring-type inequalities in Theorem
3.2.1, as for half-bounded operators, is the absence of the parameter b in the behaviour at
infinity of the distortion.

We realize lately that this parameter is present in the case of the massless Dirac oper-
ator. That is why we present in this appendix the proof of the following improvement of
Theorem 3.2.3.

Theorem 6.1.1 (case m = 0). Let D be the Dirac operator defined in (3.1.3) with m = 0
andV € LP(R% M,,(C)),p > d. Then, for 0 < 7 < p — d, we have
Z d(A, a(Do))P*" <C Ki w™TCP

ALY e e 6.1.1
(1+’>\‘)d+2‘r — T T || HL ( )

)\EO'd(D)
where

1. C'depends on p,d, and T,
2. K =1, 221K K is defined in Proposition 3.5.2,

p+(p—d=1)+ ¢
3 1= /]R+ (t + 120t ~(—d-1);"

4. and C,, is defined in Proposition 6.1.3.

To prove the result, we show another distortion inequality in Proposition 3.5.1. We
keep the same functions and we work in C*.

Proposition 6.1.2 (distortion between C* and D). Ler b > 0, the distortion between C*

and D are
b d(z,T) d(z,T)
—. < d(No(Dg)) <4b-
9 |2_1|2— ( 70-( 0))— |Z—1|2’
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and

d(A, o(Dy)) d(A, o(Do))
2 < d(2,T) <16b- ———2=.
Gy =MD =10y
Proof. The proof is the same as the proof of Proposition 3.5.1 except that we use %(W +
b)? < |A+1b]2 < (JA\] +b)2 O

We know from Proposition 3.5.2 the bound of the norm-resolvent of Dy. The new fact
is the following bound of the norm-resolvent of the perturbed operator D:

Proposition 6.1.3. There is w > 1 depending on d,n,p, and V such that iw € p(D) and,
forall b > w,

Co
[b—wl
Proof. Indeed, looking back at the proof of Proposition 4.2.7, we use that

Ib — D)~ <

] B bd—l
IV (ib — Do)~ 'fg, < KHVH%W
tends to 0 when b tends to +oo. O

Proof of Theorem 6.1.1. We go back to the inequality (3.5.1) which becomes, since p >
d,

diz, T'"'" < C-K ijbd VIE
Z <Z7 ) = AL |b—C<J|p|| ||LP7
9(2)=0
d(\, o(D
But, with the new expression of the distortion, we have d(z,T) > b - w, hence

5 doDr bl

. p
(b+ [\)2+) ~ b — wlp V1L

)\Ead(D)

We integrate this inequality with respect to b between w and 400 in the following way

+o0 |b— w|pbp—d—1 +o0 db
p+T ~oo=r < p 7
S d(\ o (Dy)) /w (Eaiie deHvHLp/w 612
)\Eod(D)

The interchanging of the sum and the integral is valid by Fubini Theorem. The integral in

1
the right-hand side member equals —. In the left-hand side, the bound depends on the

TWT
h—
signof p—d— 1. If p—d —1 > 0 then, with the change of variable ¢t = +—|cf\|, we have
w
/*‘” b —wpor= ™t (w ADTT / Plw+ PDE+wp
y (b + |A[)2+7) o (w + | A2+ o (t + 1)20+7)

- (Cd + ‘)\Dp—d—l / t2p—d—1
R

——dt
= @+ )27 Sy (£ + 120

1 t2p—d—1
> dt.
- (UJ + ’)\|)d+27 /R+ (t + 1)2(p+7)

80



If p—d— 1 < 0, we bound from above b by b + |A|, and then with the same change of
variable, we find

+o00 . phpp—d—1 +o0 4
w (0[N w (b [A]pratiEer

(w+ NPT / tP dt
- (w + |)\|)p+d+1+2‘r R+ (t + 1)2(p+7')

S 1 / tP dt
= @+ )T Jpe (EF prarer

Hence, going back to (6.1.2), we obtain

d(\,o(Dy))Pt7 K P
Y, A o B,

(w—+ |2 — I Tw™

)\Ead(D)
t?p—d—l

with C, K1, and C,, described above, and [ = /}R+ W dtifp—d—12>0,or

]_ t dt o d 10 .
- R+ (t_|_1)p+d+l+2‘rlp_ — 1<y
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6.2 Glossary of the notation

82

LA(RYK™) == < f:RT— K" measurable,/ |f(2)]? dz < oo}, where K = R
Rd

or C. This is a complex Hilbert space.

C> denote the space of infinitely differentiable functions with compact support.
See Sections 3.1, 3.6.1, and 4.1.

C™* (resp. C7) denote the half-plane with positive (resp. negative) imaginary part.
See Section 3.5.1.

D = {z: |z| < 1} is the open unit disc in C.
d(z; A) denote the distance between z and A. See Section 2.3.3.

' denote the Sobolev space of order 1. See Sections 3.1 and 3.6.1.
d—1

2 . ) . .
Sg—1 = (=) is the total mass of the invariant measure on the unit sphere of

dimension d — 1, If d = 1, it is convenient in this work to put 5o = 2.
See Propositions 3.3.6, 3.5.2, and 4.2.5.

S, : Schatten-von Neumann classes. See Section 2.2. In particular S, denote the
space of compact operators.

T = {z : |z| = 1} is the unit circle in C.
W?22¢ denote the fractional Sobolev space. See Section 4.1.

1+ |z

Ly = ——,
P 1y

3.3.1.

constant appearing in bounds of conformal mapping; see remark

I', has two definitions : except for Chapter 5, it is a constant in the bound of the
regularized perturbation determinant. See Formula (2.2.1).

In Chapter 35, this is a constant appearing in Theorem 5.1.2.
|| - ||~ denote the Frobenius norm. See Section 2.4.

f ~ gand f < g. Comparison’s inequalities between two nonnegative functions.
See Section 2.3.2.

f and ¢ denote respectively the image by the Fourier transform of f and the image
by the inverse Fourier transform of g.
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