Fakultat fiir Mathematik und Informatik
der FernUniversitat in Hagen

Masterarbeit

im Lehrgebiet Stochastik und Mathematische Physik

1D Rényi Entanglement Entropy of Free Relativistic
Fermions

von

Fabrizio Ferro

Juli 2022

Priifer: Univ.-Prof. Dr. Wolfgang Spitzer



ii



To Laura
To my family



iv



Acknowledgements

I would like to thank Prof. Dr. Spitzer for his always friendly and supportive supervision, for
many constructive discussions especially regarding the entanglement coefficient, for the proof of
Theorem 3.8.2 and for suggesting several generalizations and refinements of the results established
in this Thesis.

Furthermore, I would like to express my gratitude to Prof. Giancarlo Maero (Universita degli
Studi di Milano, Italy) who found the time to critically review my manuscript with unbiased
mind and provided me with valuable feedback, especially regarding the physics content. And, of
course, for the good old times.



vi



Contents

1 Introduction 1
2 Integral Representation of the Rényi Entropy 5
2.1 The Nevanlinna-Herglotz Integral Representation . . . . . . ... ... ... ... )
2.2 Nevanlinna-Herglotz Representation of Elementary Functions . . . .. ... ... 7
2.2.1 The Logarithm Function . . . . . . .. .. .. ... .. L. 7

2.2.2 The Power Function . . .. .. ... .. ... L 8

2.3 The Function z — ln(l + (%) ) .......................... 9
2.4 The Rényi Entropy Function . . . . . . ... ... ... 0. 12
2.5 The Shannon Entropy Function . . . . . . . ... ... ... ... ......... 15

3 Rényi Entanglement of Free Fermions 19
3.1 The Mathematical Framework of Quantum Spin Systems . . . . . . .. ... ... 19
3.1.1 C*Algebras . . . . . . . . 19

3.1.2  States in CAR Algebras and Entanglement . . . . . ... ... ... ... 21

3.2 Concavity of the Rényi Entanglement Entropy Operator . . . . . . .. ... ... 24
3.3 Fermionic Quasi-Free States on the Real Line . . . . . . ... ... ... ..... 26
3.4 The Regularized Rényi Entropy Operator . . . . . . ... ... ... ... .... 29
3.5 The Bipartite Rényi Entanglement Entropy Operator . . . . . . . ... ... ... 30
3.5.1 Quasi-Free Fermionic States . . . . . . .. .. ... ... oL 30

3.5.2  Resolvent of the One-Particle Density Operator . . . . . . ... ... ... 30

3.5.3 Integral Kernel of the Bipartite Rényi Entanglement Entropy Operator . . 33

3.5.4 Analytic Properties of the Integral Kernel . . . . . .. .. ... ... ... 35

3.6 Traceability of the Rényi Entanglement Entropy Operator . . . . . .. ... ... 39
3.7 Entanglement Entropy of Quasi-Free Fermionic States . . . . ... .. ... ... 41
3.8 The Entanglement Coefficient Z(cv) . . . . . . . .. ... oL 45

4 Advanced Topics and Outlook 49
4.1 Quasi-Free Fermions on a Jordan Curve of Smooth Curvature . . . . ... .. .. 49
42 Thea>1Case . . . . . . . i 50
4.3 Non-Extensive Entropy . . . . . . . . . . .. 52
4.4 Fermions on a Discrete Lattice . . . . . . . . ... .. .. ... ... ..., 93

5 Conclusions 55
Bibliography 59

vil



viii CONTENTS



Chapter 1

Introduction

The first theoretical concept of correlation as a property that uniquely characterizes quantum-
mechanical systems was exemplified as a thought experiment by the famous Einstein-Podolsky-
Rosen paradox [EPR35]. In response to this, Schrodinger recognized that there exist global
states of a composite system that cannot be written as a product of the states of individual
subsystems, even though the interaction among them has completely ceased [Sch35|, and he
introduced the term entanglement to describe this phenomenon. The first quantitative approach
to entanglement was provided by the Bell inequalities [Bel64].

More recently, entanglement became a theory of enormous success, and this progress was es-
pecially driven by the research in quantum information, communication and cryptography (cf.
e.g. Ref. [Liel4]), although the concept of entanglement is ubiquitous in modern Physics, and
it also applies e.g. to quantum field theories [Wit18], condensed matter [Lafl6|, quantum grav-
ity [KTPP20], black hole theory [BKLS86| just to mention a few research areas. Quantum
entanglement even became eventually accessible to experiments, which confirmed the theoretical
predictions (cf. e.g. the review paper [HHHHO09| for a discussion of experimental works on the
subject).

Because of its profound theoretical and practical significance, a rigorous mathematical treatment
of the entanglement of systems of physical interest is essential to gain deeper insight into this
complex and elusive concept.

Longo and Xu |[LX17], for instance, provided the first mathematically rigorous computation
of the mutual information of a system of free fermions, and they proved that this quantity is
finite. Their approach lies on information-theoretical foundations and they exploit an integral
representation of the Shannon entropy,

+oo
Hi() = —tInt — (1 — ) In(1 — ) = — / d <<>\ - ;) (Ri()) = Ra(—\)) — Aiﬂ) (1.1)
2

2

valid for ¢ € (0,1), where R;(£\) := ﬁ Eq. 1.1 had already been previously proposed
2

in Ref. [CHO9b|. The definition domain of H; is usually extended by continuity to the closed
interval [0, 1], setting H1(0) = Hy(1) = 0.

In a quantum-mechanical picture, the correlations of a relativistic system of quasi-free fermions
are described by a suitable one-particle density operator 0 < D < 1 [BR02|. Employing the
Spectral Theorem of linear self-adjoint operators, operator D may be inserted into Eq. 1.1, and
this yields the von Neumann entropy S1(D) := tr H;(D) [Neu28|, that quantifies the degree of
information contained in the quantum state D, in the language of information theory.

1



2 CHAPTER 1. INTRODUCTION

The entanglement entropy is a measure of quantum entanglement. Among several possible
definitions (cf. e.g. the review [AF09, Nis18|), we take here the mutual entropy, in agreement
with Longo and Xu. Splitting a quantum mechanical system of N free fermions described by
one-particle density D into two subsystems of n; < N and ng = N — ny fermions (with ny # 0)
described by one-particle density operators D, and Dy respectively, we define the bipartite
entanglement entropy as the number

Sl(Dl) + Sl(Dg) — Sl(D) (1.2)

that is always non-negative as may be deduced from the strong subadditivity property of the von
Neumann entropy S7 [CC09]. The mutual entropy quantifies the information about subsystem
2 that may be obtained from subsystem 1.

In this framework, the terms Rp(4+\) in Eq. 1.1 represent by definition the resolvent of the
density operator D evaluated in the points % F A. Therefore, a central problem in the present
treatment is the determination of the resolvent of D, and this depends in general on the choice
of the system’s definition domain. We choose a quantum mechanical system of free relativistic
fermions distributed either on a finite number of bounded intervals in R or on finitely many
intervals stretched on a Jordan curve of constant curvature in the plane R? since in both cases
an explicit expression for the resolvent Rp follows from classical results from the theory of
singular integrals [Mus53, Mik64].

In the present Thesis, we draw inspiration from Longo and Xu’s work, and we aim at a gen-
eralization of their results. From an information-theoretical standpoint, we assume that the
underlying system is described by the Rényi entropy [Rén61|

Hy,:[0,1] =R, t In(t* + (1 —t)%) (1.3)

-«
with o € (0,1). One of the reasons for the interest in Eq. 1.3 is that, apart from the well-
known Shannon entropy, the Rényi entropy is the only alternative entropy form that satisfies the
additivity property.

We define the Rényi entanglement entropy again as a mutual entropy, analogously to Eq. 1.2,
replacing S1(D) by So(D) := tr Hy(D), with the help of the Spectral Theorem. Although it was
pointed out that the Rényi mutual entropy may become negative for some values of the index
a [AGS12,Nis18|, we prove that for « € (0, 1) it is always non-negative, and it may be therefore
employed as a legitimate measure of entanglement. Moreover, the Rényi mutual entropy is known
to satisfy the area law, even at finite temperature [CC09|, which is an important scaling property
of the entanglement entropy [ECP10]. This fact corroborates our choice of the mutual entropy.

The central idea in this Thesis is to provide a suitable integral representation of the Rényi
entropy that is qualitatively similar to Eq. 1.1. Especially, we must be careful that, even in this
more complicated case, the resolvent Rp of the density operator appears in linear terms only.
Obviously, the simple linear factor A —% in Eq. 1.1 is replaced by a far more complicated function
of A, but apart from this, the original Longo and Xu’s method still works here.

To this aim, we employ the Nevanlinna-Herglotz canonical integral representation of the Rényi
function 1.3 extended by analytic continuation to a suitable subset of the complex plane. The
Nevanlinna-Herglotz theory (cf. e.g. Refs. [Ges17,Don74|) applies to analytic self-maps on the
upper, or equivalently on the lower complex half-plane. We shall see that the complex Rényi
entropy function can be written in terms of Nevanlinna-Herglotz functions, at least for Rényi
indices restricted to the interval a € (0, 1).

The « € (0, 1) interval upon which we mainly focus in this Thesis is interesting, since it contains
the a = % special case, which represents the logarithmic negativity entanglement measure [AF09).



Moreover, the important special cases of the Hartley entropy and Shannon entropy are also
addressable through the o | 0 and « 1 1 limit, respectively.

The Nevanlinna-Herglotz representation allows us to extend Longo and Xu’s treatment of en-
tanglement to the more general case of the underlying Rényi entropy and our final analytical
result yields the von Neumann entanglement entropy as a special case. Apart from geometrical
terms describing the two partitions of the fermionic system, and the multiplicative factor N that
indicates the number of fermions in the system, our formula for the Rényi entanglement entropy
entails an integral of a function depending on «. The latter integral fully describes the entropy
form chosen to characterize the system.

The (1, +00) interval of the Rényi index is also of interest for applications in Physics and cryp-
tography, as it contains the important special cases @ = 2 and o — 400, known respectively
as collision entropy [BPP12] and min-entropy [VV14|. However, we must note here that the
Nevanlinna-Herglotz representation fails whenever a > 1, since the power function ¢ +— ¢t* that
enters in Def. 1.3, extended to the complex plane, is not even a self-map in the upper complex
half-plane in this case, and therefore we cannot employ our method here. To cope with this
issue, we sketch another more general method based on the Cauchy integral that applies to every
positive real value of the Rényi index, at the cost of a much more complicated expression for the
entanglement entropy, which makes use of a complex line integral.

The latter method may be also applied to other generalized entropy forms, and we demonstrate
its flexibility shortly discussing exemplarily an application to the non-extensive entropy [GMT04].

Finally, we conclude the Thesis with a brief discussion on the entanglement entropy of a system
of free fermions distributed on a discrete lattice Z. Our approach is to work with a suitable dis-
cretized version of the Hilbert operator, which may be readily employed to calculate its resolvent
numerically.
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Chapter 2

Integral Representation of the Rényi
Entropy

In this Chapter we introduce the Rényi entropy function, that was postulated in an information-
theoretical context as a generalization of the Shannon entropy, and we seek a suitable integral
representation for it employing the Nevanlinna-Herglotz theory of analytic self-maps in the upper
complex half-plane.

The advantage of this integral representation is that the independent variable of the function
only appears in the denominator of a simple rational integrand. As we shall see in Chapter 3, this
form is suitable to express the fermionic Rényi entanglement entropy in the general framework
of the von Neumann algebraic formalism.

To fix some basic convention, in this Thesis we shall denote by Iy := {z € C| & Imz > 0} the
open upper and lower complex half-planes respectively with the real line removed, and by IIL
their closure.

Furthermore, for any complex number z € C\ {0}, we adhere to the following representation in
polar coordinates:

C\ {0} = R x (—m, 7], =z (|z],arg(2)) (2.1)
where RT := (0, +00) and

arccos % if Imz >0

2] == /(Rez)? + (Imz)2,  arg(z) := { i (2.2)

— arccos Vf if Imz < 0.

2.1 The Nevanlinna-Herglotz Integral Representation

We start with the following (cf. e.g. Ref. [Hial0]):

Definition 2.1.1 (Nevanlinna-Herglotz function!). A function m : II; — C is called Nevanlinna-
Herglotz function (NH function in short), if m is analytic on I1; and is a self-map, i.e. its range
satisfies the property

m(Il;) C 1T, (2.3)

Moreover, we denote the set of all NH functions as N.

L Also known as Pick function in the mathematical literature.
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By the Open-Mapping Theorem, if m € AN and m is not constant, then Eq. 2.3 reduces to
m(I1;) C I1; automatically.

As customary in the mathematical literature, we always assume that any Nevanlinna-Herglotz
function m defined on 11 is implicitly extended to the lower complex half-plane II_ by reflection
about the real axis, namely:

m(z) == m(z)

whenever z € II_. A further extension of m to either the whole real line R or a subset of R will
be addressed separately for each Nevanlinna-Herglotz function of interest in Sections 2.2 and 2.3.

From Def. 2.1.1 we derive a few elementary properties that we shall repeatedly employ in our
treatment of the Rényi entropy.

Proposition 2.1.1 (Properties of N'). Let my, ma,m € N be NH-functions. Then they satisfy:
1. rimi1 +1roma €N, for r1,m9 € RT, i.e. the set N is a convex cone;
2. if my is non-constant, then moomy € N, i.e. the set N is closed under function composition;
3. (Ily —» C,z+— —1/z) € N, and this implies —1/m € N by property 2.

The central result of the Nevanlinna-Herglotz theory is that any NH function may be uniquely
represented in integral form [Don74, Hial0, Gesl17].

Theorem 2.1.2 (Nevanlinna-Herglotz integral representation). Any NH function m admits a
unique canonical representation of the form:

(),4+B+/H(» ! A Ve el (2.4)

m(z) = Az —_— z .
a A—2z A2+4+1) *
R

where A,B € R, A >0 and p is a positive finite Borel measure on R, i.e. a measure defined on
the Borel o-algebra B on the real azxis and satisfying the relation u(U) < +o0o on any bounded

set U € B. Additionally, the measure p satisfies the condition [pdu(X) (A? +1)7! < +oo.
Conversely, any function that may be cast in form 2.4 is a NH function.

For our purposes, the most significant property of the Nevanlinna-Herglotz representation is that
the independent variable z only appears as an argument of a rational function of first order in
the integral equation 2.4. We shall see in Chapter 3 that this fact is linked to the concept of the
resolvent of a density operator in a quantum-mechanical framework.

The parameters A and B in Theorem 2.1.2 may be derived explicitly [Don74, Hial0|.

Lemma 2.1.3. For the canonical integral representation 2.4 of a NH function m € N, the
following equalities hold:

A= lim ™) S g (2.5)
efoo 1€
B =Rem(i). (2.6)

Like any Borel measure on the real line R, the measure p in the Nevanlinna-Herglotz canonical
integral representation 2.4 may be generated by a monotone increasing, left-continuous function
F, : R — R, such that p([a,b]) = F,(b) — Fj,(a) for any a,b € R, a < b (cf. e.g. Ref. [Bau92|,
Theorem 6.5), where F}, is uniquely defined up to an additive constant.

We fix the arbitrary additive constant with the convention:

F,(0) =0, (2.7)
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and we define the value of F), in any real point A € R as:
1
FuX) = S (a4 0) + Fu(A = 0)), (2.8)

to cope with possible discontinuities?.
Following again Ref. [Don74|, we obtain an explicit expression for F),.

Lemma 2.1.4. The generating function F), of the measure p in the Nevanlinna-Herglotz integral
representation 2.4, under our conventions 2.7 and 2.8, satisfies:

b

1
F,(b) — Fy(a) =lim — [ dAImm(\ + ic)
elo T

for any finite open interval (a,b) C R.

In view of Lemma 2.1.4, we may interpret the integral in Eq. 2.4 as a Stieltjes integral (cf.
Ref. [Bau92]).

2.2 Nevanlinna-Herglotz Integral Representation of Elementary
Functions

2.2.1 The Logarithm Function

We consider the principal branch of the logarithm function upon C with cut along the negative
real semiaxis,

In:C\{z€C|Rez <0,Imz =0} = C, z=re—Inz:=Inr+iop, (2.9)

where r = |z| and ¢ = arg(z).

Theorem 2.2.1. The principal branch of the complex logarithm is a NH function and admits
the unique Nevanlinna-Herglotz canonical integral representation.:

0
1 A

—0o0

Proof. Although the claim is known from the literature (cf. e.g. Ref. [Don74]), we provide here
a short explicit proof.

Any complex number in the upper complex half-plane I, may be written in polar coordinates
(cf. Egs. 2.1 and 2.2) as z = re'®, where r > 0 and 0 < ¢ < 7. In such case, by definition 2.9,
the image of z under the logarithm lies in IT; as well. In fact

In(re®) = Inr 4 ip € 1,
which yields InIl; C II;. Moreover, In is analytic on II,. Therefore, it is a NH-function and
admits a unique canonical integral representation of the form 2.4.

From Lemma 2.1.3, it follows:

Ini lne +i%
A=lim 2% —gim 222 (2.11)

eftoo 1€ eToo (25

%We use here as customary the shorthand notation F,(\ £ 0) := lim. o F(\ % €).



8 CHAPTER 2. INTEGRAL REPRESENTATION OF THE RENYI ENTROPY

and

B:Jmmi:ng:O. (2.12)

We now observe that:
A
In(A £ie) = In /A2 + &2 +jarccos ———,
( ) VA2 4 g2
as well as:

limIn(A +ig) =

In A if A > 0
{n A= (2.13)
el0

In|A|+ir if A <O,

whence, by Eq. 2.7, Theorem 2.1.4, Lebesgue’s Dominated Convergence Theorem and Eq. 2.13
we get:

Fu(A+0) = Fy(A +0) — F,(0)

1 A+n
= —limlim [ dzImln(z + ic)
T nd0 €J0
0
) A+
= —lim [ dzImlimln(z + ic)
™ nl0 el0
0
0 ifA>0
_ i (2.14)
A i A<O.

Analogously to Eq. 2.14, we also conclude that F,(A—0) = F,,(A+0). At the discontinuity point
A = 0 this yields, according to the convention established in Eq. 2.8:

0 ifA>0
Fu(AN) =43 ifA=0 (2.15)
A if A <.

The function F,,(\) above generates the measure in the Nevanlinna-Herglotz integral represen-
tation of the logarithm function.

Claim 2.10 follows from Egs. 2.11, 2.12, 2.15 and Theorem 2.1.2 since the function F,()) in
Eq. 2.15 is differentiable for A < 0. O

2.2.2 The Power Function

Analogously to our treatment in the previous Section, we define the principal branch of the
complex power function with exponent o € (0,1):

C\{z€C|Rez <0,Imz=0} - C, 2z~ 2% :=exp(alnz)

where In represents the principal branch of the logarithm function from 2.9 and, as usual, r = |z|
and ¢ = arg(z).

Theorem 2.2.2. The principal branch of the complex power function with exponent o € (0,1)
18 & NH function and admits the unique Nevanlinna-Herglotz canonical integral representation.:

0
T  sinamw 1 A
R — dA N — — — ). 2.1
2 =cosag + — / || ()\—z )\2+1> (2.16)

—00
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Proof. As in the case of the logarithm function, the present claim is known from the literature
(cf. e.g. Ref. [DonT74]|). Nevertheless, we provide here an explicit proof.

For any number z = re’® € II, (ie. r > 0 and 0 < ¢ < 7), we get 2* = exp(alnz) =
exp(a(Inr +i¢)) = r%(cos ap + isinag). Since ¢ € (0,7) and a € (0, 1), it follows a¢ € (0,7)
and this implies that sina¢ € (0,1}, i.e. 7*sina¢ is always a strictly positive number. As a
consequence, the image of I under the power function of exponent « lies in II;. Moreover,
the function z¢ is analytic on II;, and therefore we conclude that the power function is a NH-
function. As such, it admits a unique canonical integral representation of the form 2.4.

From Lemma 2.1.3, it follows:

. o T x
A, — lim (15) :limE (cosa2+zsma2)

. =0, (2.17)
efoo 1€ eToo 1€
since cos ag + isinaf is bounded and o € (0,1).
Moreover,
B, = Rei® = Ree’®? = cos a. (2.18)

2

We consider now the function (A £ ie)®, with e > 0. Explicitly, it reads:
o 24 24 A
(Atie)® =exp| alInV A2+ e? £iarccos ——— | |.
A2 +e?

Therefore,

. ) A ifA>0
lm(\ +ie)* = . :
cl0 IA|“(cosam £ isinar) if A <0,

whence, repeating the same treatment as in Eq. 2.14, we get:

A+n

1
—lim [ dz limIm(z + ie)®
7™ nl0 el0

0

0 ifA>0
— |A|a+1 (219)

(o) sinar if A <0,

Fo(A+0)

and we conclude that F,, (A —0) = F,(A + 0). This yields, according to Eq. 2.8:

0 ifA>0
o) Sinam if A <O.

From Eqgs. 2.17, 2.18 and 2.20 it follows the NH integral representation 2.16 of the power function
with exponent a € (0,1) according to Theorem 2.1.2, since the function F, () from Eq. 2.20 is
differentiable for A < 0. O

2.3 The Function z — ln(l + (17+_z)04)

z

In Section 2.4 we shall see that the Rényi entropy function may be rewritten in a more convenient
way as a linear combination of the logarithm and of a second function that we conventionally
name L,. Here we prove that L, is a NH function and we study it in detail.
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Definition 2.3.1. We define the function:

Lo : D —C, zn—>ln(1+(1+z> )

for @ € (0, 1), on the domain
Dp:=C\ ({z € CJRez < —1,Imz =0} U {z € C|Rez > 0,Imz = 0})
=11, UIl_U(-1,0). (2.21)

Lemma 2.3.1. The function Ly from Def. 2.53.1 for o € (0,1) is a Nevanlinna-Herglotz function
and admits the unique canonical integral representation:

+00
L.(z) = B(a) + / dA <

1
2

fa(_)‘) + fa()\) fa(_)‘)(%_)‘) + fa(/\)(%'i_/\)
oA R Gy (T

(2.22)
where
1 o g+1 3
B(a) = 5 In{1+2%+227" cos 207 )5 (2.23)
and
22-1\%
1 (/\—> sin ar
fa(A) i= — arctan [ —~ 2" (2.24)
T 1+ (gﬁ—ﬁ) cos am

Proof. By Proposition 2.1.1, the function z — 1%2 is NH as linear combination with positive
coefficients of the NH function z — —% and of the real constant function —1. Therefore, the

function L, is NH as well, as composition of NH functions.

We now define the functions A : (0,1) — R and B : (0,1) — R that map each « into the value
of the linear coefficient (cf. Eq. 2.5) and of the constant term (cf. Eq. 2.6) of the NH canonical
integral representation of L, respectively. It turns out that A identically vanishes,

A(a) = lim hl(l i (%)Cv

eToo 1€
1 1 —o(__ S\
— lim n(l+e ( e+1i)%)
eToo €
_In(1 479 — e 4 i[vetears(==H)
= lim ;
eToo 1€
—0, (2.25)
since the exponential function of a purely imaginary number is bounded and | — ¢ 4+ i|* — |&|*

in the € 1 oo limit. Therefore, no linear term in z arises in the integral representation of L,,.

Moreover, we get for « € (0,1) the constant term:

e =1+ (1))

=Reln(1 + (-1+41)%)
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= Reln(l 422 el3a”>

ln‘l + 23 ¢iior (2.26)

from which assertion 2.23 immediately follows.

We consider now for A € R\ {—1,0} the limit
i (LFAEENT —A =M -2 i\
alﬁ)l —\Fie _elﬁ)l A2 4 g2
— A=A -2 4
—hmexp< (ln(‘ )\2+€§ Z€’>+iarg(—)\—)\2—62:|:is)>>

A+ A2
= exp( <| + ) + i arccos sgn(—)\ — )\2)>

(A)%etem if A< —1or A>0
= A (2.27)
(= ) if —1<\<0.
Starting from Eq. 2.27, we further define
14+ X+ie\®
l A):=limImIn(1 _—
B Imln(l + (%)aeﬂwv fAd<—-lorA>0
0 if —1<A<0
A+l anr
+ arccos +( )" cos = A< —-lorA>0
= \/1+2 cosonr-i—(%) a
0 if —1<A<0
(i) sin o .
+ arctan §1 ifAd<—-1lorA>0
— 1+ ) cos am (228)

0 if —1<A<O,

where in the last equality we employed the trigonometric identity arccos x = arctan( ¥ 1;x2 . We

notice that /4 (a, A) vanishes on the —1 < A < 0 interval since the term (_/\/\_1)& in 2.27 is purely
real. Moreover, from Eq. 2.28 we also conclude l4(c, —1) = 0, while we set 4 (c,0) = £1am at
the A = 0 discontinuity point, according to our convention 2.8.

By Theorem 2.1.2, Lemma 2.1.4 and Egs. 2.25, 2.26 and 2.28, the NH integral representation of
the function L,(z) follows:

1 (>‘ “sinar 1 A
Lo(z) =B - d\ arct AL — .
(2) (a)+7T / arc an(l+ ¥) cosom) ()\—z )\2+1>
R\[_lvo]

Making suitable linear changes of variable in the improper integral above and recalling Eq. 2.24,
this leads to our assertion 2.22. O

Figure 2.1 shows the function f, for a values close to 1.
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1071 5

1072 4

10—3 4

fa(N)

107° 5

—_ a=1-10""
—- a=1-10"2
—-—-a=1-10"3
..... a=1-10"%

0.0 0.2 0.4 0.6 0.8 1.0
2)\—1

22+1

Figure 2.1: Plot of the function f, of the NH measure for the L, function (cf. Eq. 2.24) with

respect to the ratio % for a few values of « close to 1.

2.4 The Rényi Entropy Function

The first concept of information entropy was proposed by Shannon [Sha48| and this led, for a
distribution of 2 discrete probabilities (¢,1—t), t € [0, 1], to the following definition of a suitable
information measure:

Definition 2.4.1 (Shannon entropy function). The Shannon entropy function H reads

Hy:[0,1] - RTU{0}, t— {‘“ﬂt— (1—t)In(1 —¢t) ifte(0,1)

if t € {0,1}.

The entropy measure H; for a finite discrete probability distribution (pi,...,p,), i.e. with
0<pi,....,pnp < 1land > p; =1 is uniquely characterized, up to a normalization constant
k > 0, by the Axioms [Fad57]:

1. Hi(p1,...,pn) is a symmetric function of its variables;

2. H(p,1—p) is a continuous function of p for 0 < p < 1;

5 m(31) =

4. Hy(tpr, (1 = t)p1,p2y- .- y0n) = Hi(p1,p2,---,pn) + 1 H1(t, (1 —t)) for 0 < ¢ < 1.

Axiom 4 implies the additivity property: Hi({pig;|1 <i <n,1 <j <m})= Hi(p1,...,pn) +
Hi(q1,...,qm) for any two discrete probability distributions (p1,...,pn) and (qi,...,Gm), with
0<DPi,eeesPnsQlye s @m <1, 30 pi= Z?Zlqj =1and n,m e N.

From Axioms 1 through 3, and relaxing Axiom 4 to the weaker requirement of additivity only,
Rényi derived a new parametric entropy function H, which generalizes Shannon’s concept in a
natural way [Rén61].
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Figure 2.2: Plot of the Rényi entropy function H, (cf. Def. 2.4.2) for a few values of the Rényi
index o € (0,1) on the interval ¢ € [4,1]. The Shannon entropy function (cf. Def. 2.4.1) obtained
by means of the a 1 1 limit is also shown for comparison (dotted line). The « | 0 limit yields the
Hartley entropy function with constant value In 2. The common maximum of all entropy curves
at t = % reads In 2.

Definition 2.4.2 (Rényi entropy function). Let o € (0,1). The Rényi entropy function H, of
order « reads

1
H, :[0,1] — RTU{0}, b g In(t* + (1 — 1))
—

where the number « is named Rényi index.

Our Def. 2.4.2 involves the natural logarithm and implies that the normalization constant in
Axiom 3 reads k = In2 in this case. This corresponds to the choice of a measurement unit for
information.

We notice that H, is symmetric about ¢t = %, and we show in Figure 2.2 the function H, for
different « values on the right half of its definition domain.

Motivated by Def. 2.4.2, we extend the function H, to a suitable subset of the complex plane C.
Recalling Section 2.2.1 and Eq. 2.21, this leads us to:

Definition 2.4.3 (Complex Rényi entropy function). Let o € (0,1) be the Rényi index and let
Dy be the domain

Dg:=C\ ({z € CJRez £0,Imz = 0} U{z € C|[Rez > 1,Imz = 0})
=TI, UIL_ U (0,1).

Then the complex Rényi entropy function reads

_ L n(ze 1— ) if D -
Hy,:DgU{0,1} — C, Zr—}{é—a n(z* + (1 - 2)%) %fze{OHl}
1 zeq0,1;,
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and we retrieve H, as the restriction H, = I:IQ|]R.

We notice that the complex Rényi entropy function is differentiable with respect to the Rényi
index « in the real interval (0,1).

Employing the Nevanlinna-Herglotz integral representations of the logarithm (cf. Section 2.2.1)
and of L, (cf. Section 2.3) in the complex plane, we seek now a suitable integral representation
of the complex Rényi entropy function.

We anticipate here that the complex Rényi entropy function is not a Nevanlinna-Herglotz func-
tion, and therefore we cannot exploit Lemmas 2.1.3 and 2.1.4 directly. The lack of the NH
property stems from the term 1 — 2z in Def. 2.4.3, which is not a self-map on II..

Theorem 2.4.1. Let a € (0,1), z € D and let R, be the function

R.:R\ <—;;> S5C A R = (2.29)

z—1+ A

Then, the complex Rényi function Hy on Dy admits the integral representation

+oo

A,z =20 ] /d)\fa(/\)<Rz()\)—Rz(—)\)+ 3=X 1%“ )

l-a 11—«
1

2

(2.30)
recalling Defs. 2.23 and 2.24 of B and f, respectively.
Proof. Rearranging the argument of the logarithm function in Def. 2.4.3, we get
. 1 1—2\“
H,(z) = . _aln<za<1—|— ( . ) ))
1 1-— @
=2 e + In{ 1+ :
l-« 11—« z
@ 1
= 1_alnz+m[/a(—z), (231)

where we exploited the definition of the complex function L, from Section 2.3.

We stress here that, although L,(z) is a NH function, L,(—z) is not since z — —z is not a
self-map in II;. Consequently, also ﬁa(z) is not NH. However, we can still use the unique
canonical Nevanlinna-Herglotz integral representations of the logarithm and L, to derive the
integral representation of H,.

From Theorem 2.2.1 and Lemma 2.3.1 we get

+oo
=20 L [ ( ) ful-N-a

l-a 11—« z—%—)\ z—%-i-/\

L JaNG N | fal=N) =) (5~ A))

(L+2) +1 (L-2)+1
_ B(a) 1 1 B 1 R
_1—a+1—a/d)\fa()\)<z—;—)\ z—%+)\+(%+)\)2+1 (;—)\)24—1)
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In the last line of Eq. 2.32 we used relation

(07
( 72)‘71) sin arr

1 —2X+1
fa(—=A) — a = — arctan - -«
T 1+ (:gf{_ﬁ) cos am
1 sin ar
= ——arctan a
Q cos am + (%)
= _fa()‘)

recalling definition 2.24 of f, and the trigonometric identity arctan x —arctany = arctan(%) .
O

In the following Chapter 3, we shall focus on the Rényi entanglement entropy of a relativistic
quantum system of quasi-free fermions distributed on the real line. The treatment requires
inserting suitable positive operators with upper bound smaller than 1 in representation 2.30, on
the ground of the Spectral Theorem. In this context, the function R, will be interpreted as the
resolvent of the operator.

2.5 The Shannon Entropy Function

In this Section, we derive the integral representation of the Shannon entropy function as a special
case of our method developed in Sections 2.3 and 2.4. The Shannon entropy function is uniquely
determined by the information-theoretical Axioms 1 through 4 (cf. Section 2.4). However, the
significance of the function H; is much wider. Indeed, in Physics, Hy is closely linked to the en-
tropy concept of Boltzmann and Gibbs, that was developed in the context of classical statistical
mechanics, and in agreement with the definition of entropy in phenomenological thermodynam-
ics. In a quantum-mechanical context, all these equivalent formulations of entropy lead to the
concept of von Neumann entropy, where the random variables are replaced by suitable density
operators [Neu28|.

We now consider a limit in the index « of the complex Rényi entropy function that we introduced
previously. This yields a well-known classical result.

Proposition 2.5.1. The o 11 limit of the complex Rényi entropy function H, (cf. Def. 2.4.3)
yields

lim H,(z) =

—zlnz—(1—-2)In(1—2) ifz€ D
lim { H (2.33)

0 if z € {0,1}.

Proof. We note that the function H, is differentiable with respect to o in (0,1) for any z € D.
Since 1 is an accumulation point of the interval (0, 1), we apply the 'Hopital’s rule and we obtain

hmln(z +(1—2) ):_hmz Inz+(1—=2) ln(l—z)'

afl 1 -« afl 2%+ (1 —2)@

The limit above exists and leads to 2.33. O

Motivated by Prop. 2.5.1 and in analogy with Def. 2.4.3, we extend the Shannon entropy function
H; by analytic continuation to the function H; defined on a suitable domain in the complex plane.
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Definition 2.5.1 (Complex Shannon entropy function). Let D5 C C be like in Section 2.2.1.
We define the complex Shannon entropy function by

~ —zlnz—(1—2)In(1 — if D
Hy:DzU{0,1} - C, =z~ iz —(1-2)hl-2) ?ZE H
if z € {0,1}.

It is well known that the Rényi entropy generalizes the Shannon entropy and reduces to it in the
a1 1 limit of the Rényi index [Rén61]. We immediately retrieve this result:

Corollary 2.5.1.1 (of Proposition 2.5.1). The Rényi and Shannon entropy functions from
Defs. 2.4.2 and 2.4.1 are linked by the relation

Hi(t) = lim Ha(0)

Motivated by Proposition 2.5.1, we seek an integral representation of the complex Shannon
entropy function Hj.

As a preliminary step we analyse the derivative of the function f, in the Nevanlinna-Herglotz
integral representation of H,.

Lemma 2.5.2. The first derivative of the function fo (cf. Eq. 2.24) with respect to the Rényi
index « is continuous on the domain (a, \) € (0,1) X (%, +oo) and reads

ot a 2a
-1 221 -1 22-1
(2,\+1> 1n(2)\+1> st O‘W+7T<2A+1) cos O‘”*”(z\ﬂ)

Ofa 1
6704(/\) B 22 -1\ a1\ (2:34)
1+2<m> cos am + (m)
Moreover, it holds pointwise
Ofea 1
lim =& =~ _ )\ 2.
G =3 233

Proof. Eqgs. 2.34 and 2.35 follow by direct calculation. The first derivative is continuous in « in
(0,1) as composition of continuous functions. O]

By means of Eq. 2.35, we define the function fi : (%, +oo) — R by

L) =1im =2 (\) = = — A (2.36)

Additionally, as a shorthand notation, we define the integral kernel

23 e L =N A
K(z,\) == R.(\) — R.( A)+( il Geaer (2.37)

N[ =

on the complex domain Dz x (%, +oo).

Lemma 2.5.3. With Defs. 2.36 and 2.537, the following improper integral formula for z € Dg
holds:

—+00

/ dX ffNK(2,)\) = —Zﬂ' + %an —zlnz—(1—2)In(1 — 2). (2.38)

1
2
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Proof. Up to an arbitrary additive complex constant, the primitive of the integrand in Eq. 2.38

reads
1 1 A zr 1 \ 1-z
/d)\ (2—A>K(z,A):1n<(Z + ) ”2; ) )
1+ (5+X)
1 1
— arctan <)\ — > — arctan ()\ + > ,
2 2
and the claim follows immediately. O
Lemma 2.5.4. From Eq. 2.23, it follows
B i 1 1 1
1in111£a):/dA T~ — —
ot l—a ) L=X)+1 G+A 41 (§+)\)((§+>\) +1)
2
3 1

Proof. Using the I’'Hopital’s rule, we get

B 1 20‘1n2+2% In2cos 3amr — 37 -22 Lsin 3ar 3 1
(@) _ 1y, 42 470 Cr - Z2. (2.40)
ol 1 —a 2 atl 1+20+22 cos 2an 4 2

Moreover, we consider the following three improper integral identities:

+o00 ] +o00 1 +oo 1 1
i v

/d/\Q:, /d)\2:, /d/\ =_1In2,

N G e B N I B A CE V(R VE ) E

2 2 2

which allow us to equivalently rewrite Eq. 2.40 in integral form. This immediately yields the
claim. 0

Theorem 2.5.5. Recalling the definition of function R in Eq. 2.29, the integral representation
of the complex Shannon entropy Hy (cf. Def. 2.5.1) reads:

+o00o
Hi(z) = / d\ <<; - >\> (R.(\) — R.(=)\)) + >\2+)\1> (2.41)

2

Jor z € Dg.

Proof. Combining the results of Lemmas 2.5.3 and 2.5.4, we may write the complex Shannon
entropy function as

+oo
~ B(«
) =t T+ [ xR
+00 2

_/d/\ 1 n 1 1
G-N"+1 G+N+1 G+N(G+0 +1)
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+/oodx<1x> RN - RN 4 2N 3* (2.42)

N T G )
2

Claim 2.41 follows from Eq. 2.42, rearranging the terms in the integrals. O

We note that, by Theorem 2.5.5, and restricting the definition domain of the function H; to
the real axis, we obtain in the framework of the Nevanlinna-Herglotz theory the same integral
representation of the Shannon entropy function given in Ref. [CH09a).

Corollary 2.5.5.1. Recalling the definition of function R; in Eq. 2.29, it holds

+o0o
tnt+ (1 —t)In(1 — 2) = —(H|R)(t) = / P ((A - ;) (Re(A) — Re(=A)) — )\2?1>
2

fort e (0,1).

Proof. The claim follows straightforwardly from Theorem 2.5.5, noting that the function on the
left-hand side is equal to —H1(t) on the real axis by Def. 2.5.1. O



Chapter 3

Rényi Entanglement of Free Fermions

In the previous Chapter we introduced the information-theoretical concept of Shannon entropy
and its generalization due to Rényi.

In this Chapter we elaborate on the central topic of this Thesis. We consider a statistical
relativistic quantum-mechanical system of N quasi-free fermions, we split it into two generic
disjoint subsystems and we study the amount of correlations between them, introducing a suitable
entanglement measure.

In a quantum-mechanical treatment, the Shannon entropy is linked to the concept of the von
Neumann entropy [Neu28|. This leads to the concept of bipartite entanglement entropy, that
was recently addressed in a mathematically rigorous way in Ref. [LX17].

Motivated by Ref. [LX17], we generalize the treatment of the entanglement entropy to the case
of the Rényi entropy, with Rényi index « restricted to the interval (0, 1).

We make extensive use of our integral representation of the Rényi entropy, that we obtained
in Theorem 2.4.1 employing the general results of the Nevanlinna-Herglotz theory of analytic
self-maps in the upper complex half-plane.

3.1 The Mathematical Framework of Quantum Spin Systems

3.1.1 (C*-Algebras

A quantum system of N € N fermions in a separable one-particle Hilbert space with scalar prod-
uct (-,-) and anticommutation parentheses [-, |1 is described by a suitable algebra of bounded
creation and annihilation operators. This is quantitatively formalized in:

Theorem 3.1.1. Let H be a pre-Hilbert space. Up to a *-isomorphism there exists a unique
unital C*-algebra Ay generated by the identity operator I and further operators a(f) such that
[ a(f) is antilinear for any f € H, and satisfying the canonical anticommutation relations

(CARs),

[a(f), a(g)l+ =0, [a(f), a™(9)l+ = (f,9)1,

forall f,g e H.

Proof. The claim is a special case of the more general statement of Theorem 5.2.5 in Ref. [BR02].
O

19
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The construction of the Fock space outlined in Ref. [BR02| establishes the existence of bounded
operators satisfying the correct anticommutation relations according to the Theorem above.

We now list a few fundamental concepts inherited from the theory of operator algebras that we
shall need later. Recalling that a linear operator A on a pre-Hilbert space H is symmetric if
(Af,g) = (f, Ag) for any f, g lying in the operator definition domain, we start with the concept
of a positive operator and that of the operator trace, which is closely associated to it, and is of
central importance in mathematical physics.

Definition 3.1.1 (Positive operator). Let A be a linear operator defined on a domain D(A) C H.
Then A is said to be positive (4 > 0) if it is symmetric and, in addition, (Af, f) > 0 for any
f € D(A). A is called strictly positive (A > 0), if it is positive and (Af, f) = 0 if and only if
f =0. We denote by .A;_’[ the subset of all positive operators in the C*-algebra Ay.

Definition 3.1.2. Let A, B be linear operators defined on domains D(A),D(B) C ‘H. We say
that A < B if D(B) C D(A) and B— A > 0.

We now introduce the concept of trace of a finite-rank operator.

Definition 3.1.3 (Trace of a finite-rank operator). Let L(B) be the algebra of all linear bounded
operators acting on a complex Banach space B, and let F(B) be the subalgebra of the finite-rank
operators. Then we define the trace of an operator F' € F(B) of rank n € N by

tr F = i Xi(F),
=1

where \;(F), 1 < i < n, are the eigenvalues of F', taken with their multiplicity.

Definition 3.1.4 (Adjoint and self-adjoint operator). Let A be a linear operator defined on a
domain D(A) C H; and with range in Ho, where H1, Ha are Hilbert spaces. A linear operator
A* defined on D(A*) C Hy and with range in H; is said to be adjoint to A if

(Af,9) = ([, A%g) (3.1)
holds for any f € D(A) and g € D(A*). If A is such that D(A) = H with range in H, where H
is a Hilbert space and moreover, if A = A* holds, then A is called self-adjoint.

We now introduce the concepts of compact operators and of trace-class operators, extending
Def. 3.1.3 accordingly. We recall that a linear operator A defined on D(A) C H; with range
in Ho, where #H;,Ho are normed spaces, is compact if any bounded sequence (fx)ren € D(A)
contains a subsequence (fx,, )men such that the sequence (Afg,, )men converges in Ho. It is well-
known that the set of the non-zero eigenvalues of a compact operator is finite or at most countable,
each eigenvalue has a finite algebraic multiplicity, and 0 is the only possible accumulation point
of the spectrum.

When a bounded operator A is defined on a Hilbert space, the compactness of A is equivalent
to the compactness of A*A, where A* is the adjoint of A. The operator A*A is by definition
self-adjoint and thus its spectrum is purely real and moreover, all its eigenvalues are non-zero in
this case. This makes possible the following:

Definition 3.1.5 (Singular values). Let A be a bounded compact operator acting in a Hilbert
space and let A* be its adjoint operator. Let

M(ATA) 2 Ag(A"A) 2 --- 2 0

be the sequence of all non-zero eigenvalues of the operator A* A, with their multiplicity taken
into account. Let the eigenvalues of A*A be labelled by an index from a set I C N. Then, the



3.1. THE MATHEMATICAL FRAMEWORK OF QUANTUM SPIN SYSTEMS 21

i-th singular value of A is the number
Sl(A) = /\Z(A*A)

fori e 1.

Definition 3.1.6 (Trace-class operator). Let A be a bounded compact operator acting in a
Hilbert space with singular values s;(A), for ¢ € I C N. Then A is called a trace-class operator
whenever

D si(A) < 0.
el

For a separable Hilbert space H, we denote by S; the set of all trace-class operators. The latter
may be endowed with the trace-norm

1ALl = si(A),
i€l
for all A € &;.

The functional tr introduced in Def. 3.1.3 on the set of the finite-rank operators F(H) defined
on ‘H may be extended by continuity to &1, with respect to the trace-norm above.

For trace-class operators, the trace can be explicitly expressed in a particularly straightforward
form.

Theorem 3.1.2 (Lidskii Theorem). Let A be a trace-class operator, A € Si, and let \i(A),
i € I CN, be the non-zero eigenvalues of A, with their multiplicities considered. Then:

trA=> X(A).

el
Proof. Cf. e.g. Theorem 6.1 in Ref. [GGKO00|. O

Before concluding, we also recall the cyclic invariance property of trace.

Theorem 3.1.3. Let A, B be linear operators acting in a Hilbert space such that both AB and
BA are trace-class. Then the trace is invariant under cyclic permutations:

tr (AB) = tr (BA).
Proof. Cf. e.g. Theorem 5.8 in Ref. [GGKO00]. O

3.1.2 States in CAR Algebras and Entanglement

After the short review of the relevant fundamental theoretical topics in the previous Section,
we now move forward and define the mathematical properties of a state describing a quantum-
mechanical system of relativistic fermions in the formalism of C'*-algebras.

Definition 3.1.7. A state w over a CAR algebra Ay on the Hilbert space H is a linear functional
w: Ay — Cwith w(l) =1 and w(X*X) > 0 for all X € Ay.

According to Example 5.2.20 in Ref. [BR02] and Chapter 3 in Ref. [Ara70] (cf. especially Lemma
3.3 therein for the proof of uniqueness), we introduce the concept of quasi-free state.
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Definition 3.1.8 (Quasi-free state). A state w over a CAR algebra Ay is called quasi-free if
there exists a bounded linear self-adjoint operator D € Ay with 0 < D < I, such that

0 ifm#n
wa* 1...&* a 1...a —
(@ () (fmda(gr) - algn) {det<gi,ij> i i<iem
for any finite set {f1,..., fm,91,.--,9n} € H and n,m € N. The operator D is called the one-
particle density operator of the state w. The relation between quasi-free states and operators
with the properties mentioned above is bijective.

Let H,(t) be the Rényi entropy function for ¢ € [0, 1] and Rényi index a € (0, 1) as in Def. 2.4.2.
Since the one-particle density operator D associated with a quasi-free state satisfies the operator
inequality 0 < D < I, the Spectral Theorem for self-adjoint operators ensures that the operator
H, (D) is well-defined (cf. e.g. Ref. [Car09]). The following definition, stemming from that of
the von Neumann entropy, is therefore adequate.

Definition 3.1.9 (Rényi entropy of a quasi-free state). Let D be the one-particle density oper-
ator that identifies the quasi-free state w and let @ € (0,1) be the Rényi index. In case that the
operator H, (D) is trace-class, we define the Rényi entropy of w as

Sa(w) = tr Hy(D).

We now proceed towards the definition of a suitable measure for the entanglement of a system,
when it is split into two subsystems. Given a state w and a bipartite orthogonal decomposition
H = Hy & Hs of the underlying Hilbert space into two closed subspaces H; and Ha, we use the
isomorphism between the C*-algebras Ay and Ay, ® Ay, to define partial states wy, we on the
subalgebras Az, and Ay, by

w1<X> :
WQ<X> :

(X®I), XecAy,

w
wI®X), Xe€ Ay, (3.2)

respectively.

If w is a quasi-free state, then the partial states wy, we identified through Eq. 3.2 are quasi-free
as well. If w is characterized by the one-particle density operator D on the Hilbert space H, then
the partial states are characterized by the pinched operators D; := P,DP; (cf. Ref. [Davh9|),
where P; : H — H,; is the orthogonal projection from H onto H;, for i =1, 2.

In the literature, several proposals for suitable measures of entanglement have been suggested and
investigated based on the von Neumann entropy, including the relative and the mutual entropy
of the bipartite system, cf. e.g. Ref. [Nis18|. The latter was also employed by Longo and Xu in
their treatment [LX17]|. It seems therefore reasonable and immediate to extend the concept of
the von Neumann mutual entropy of a bipartite system to the Rényi case as an estimate of the
amount of quantum correlations between the subsystems described by w1, w2 with respect to the
original state w.

Definition 3.1.10 (Bipartite Rényi entanglement entropy). Let w be a quasi-free state of a
relativistic fermionic quantum system and let us consider a bipartition into two subsystems
characterized by quasi-free states w,ws, according to Eq. 3.2. Let o € (0,1) be the Rényi index.
Then the bipartite Rényi entanglement entropy between the quasi-free states w and wy ® wo reads
(cf. Def. 3.1.9)

ASy(w,w; ®wa) 1= Su(w) @ wy) — Sa(w).
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Proposition 3.1.4. For the bipartite Rényi entanglement entropy from Def. 3.1.10 between states
w and wi; @ wy and Rényi index o € (0,1), it holds:

ASy(w,w1 ®wa) = Sa(w1) + Sa(w2) — Sa(w),

whenever the Rényi entropies of the states w,w1,ws are well-defined.

Proof. According to e.g. Chapter II, Section 2 in Ref. [Thi02], the Rényi entropy of states wj,
i € {1,2} may be written as S,(w;) = ﬁlntr W where W; is a density operator in the

fermionic Fock space F(H) upon the Hilbert space H.

Therefore:
1

—

Sa(w) @ we) = : In(tr (W7 ® Wa)?)

1
=1 In(tr W{* - tr W3¥)

—

= - L (e W) + (e wg)

—

= Sa(w1) + Sa(w2)

where, in the second line, we used the property tr(A ® B) = trA - trB for trace-class operators
A, B. O

Motivated by Def. 3.1.9 and Proposition 3.1.4, we consider the following:

Definition 3.1.11 (Bipartite Rényi entanglement entropy operator). Let a € (0,1) be the
Rényi index. Let P; be the orthogonal projection operators from the Hilbert space H onto the
subspaces H;, i = 1,2. Let D be a one-particle density operator in Ay and let D; := P;DP; be
the corresponding pinched operators with ¢ = 1,2. We define the bipartite Rényi entanglement
entropy operator as

1
O'(Oé, D, Dy, Dg) = m(—Pl hl(Da + (I — D)a)P1 + P ln( (11 + (Pl — Dl)a)Pl

— P ln(Do‘ + (I — D)a)P2 + P ln( g + (PQ — D2)a)P2), (33)

under the necessary condition that the operator o(a, D, Dy, D9) is trace-class.

By Defs. 3.1.10 and 3.1.11, the bipartite Rényi entanglement entropy between the composite
state w, characterized by the one-particle density operator D and the state wi ® wo, where w;
are characterized by the one-particle density operators D;, i = 1,2, simplifies to the trace of
operator o(«a, D, D1, D3):

ASy(w,w1 ®wa) =tro(a, D, Dy, Ds). (3.4)

Eq. 3.4 is at this point just a formal one. To award a physical significance to it, two important
questions must be clarified.

On one hand, the question concerning the traceability of the Rényi entanglement entropy operator
o, such that Eq. 3.4 is well-defined at all. This point will be analyzed in detail in Section 3.6,
at least for the operator o of a system of quasi-free fermions distributed on a finite subset of the
real line.

On the other hand, the question concerning the positivity of the trace in Eq. 3.4 in the Rényi
context. The von Neumann mutual entropy is known to be positive-definite, owing to the sub-
additivity property of the von Neumann entropy. The positivity of the Rényi operator will be
addressed in the next Section starting from general considerations on its concavity.
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3.2 Concavity of the Rényi Entanglement Entropy Operator

In this Section, we investigate the concavity property of the bipartite Rényi entanglement entropy
operator that we introduced in Def. 3.1.11, which leads to the positivity of the quantity in Eq. 3.4.

As a high-level motivation for the present topic, we note along with Lieb [Liel4]| that concavity
is an essential property for the theory of thermodynamics as it was developed by Maxwell and
Gibbs. Moreover, the positivity of the bipartite Rényi entanglement entropy operator o also
stems from the concavity property and, additionally, this has further important implications on
its traceability, as we shall prove in Section 3.6. Therefore, concavity ensures that the bipartite
Rényi entanglement entropy 3.4 is meaningful at all.

Definition 3.2.1. A function f: I — R, I C R™, is said to be operator-monotone whenever
A< B = f(A) < f(B)
for all positive operators A, B > 0 defined on a Hilbert space with spectra o(A),o(B) C I.
Definition 3.2.2. A function f: I —+ R, I CR™", is said to be operator-convex whenever
F(L=t)A+1tB) < (1—1)f(A) +tf(B)

for all positive operators A, B > 0 defined on a Hilbert space with spectra o(A),o(B) C I and
0 <t <1. A function f is said to be operator-concave if — f is operator-convex.

Lemma 3.2.1. The function t — 1 —t, defined on R, is operator-convex and operator-concave.

Proof. The claim follows from the operator equality I —((1—t)A+tB) = (1—t)(I—A)+t(I—B)
that holds for all positive operators A, B. O

Lemma 3.2.2. The set of operator-concave functions and the set of operator-monotone functions
are closed under conical combinations.

Proof. We consider two operator-concave functions f; : Iy = R, fo : I = R, I;,I5 C R*, and
two non-negative weights a1, a2 > 0. Due to concavity, the relations

fil(L=t)A+tB) > (1 =) fi(A) +tfi(B), i=1,2
hold for all positive operators A, B defined on a Hilbert space with spectra o(A),o(B) € I N Is.

Therefore:

(a1 f1 +azf2)((1 —t)A+tB)

a1 fi((1 =t)A+1tB) +azfo((1 —t)A +tB))
ar((1 =) f1(A) +tf1(B)) + az((1 — t) fa(A) + tf2(B))
= (1 =t)(arf1 + a2 f2)(A) + t(ar fr + a2 f2)(B),

since a1, ag are non-negative. Hence the function aif; + aofo, defined on I; N Iy is operator-

v

concave.

We now consider two operator-monotone functions ¢; : I; — R, g9 : Io — R, with I, I> as above.
Then, for positive operators A < B defined on a Hilbert space with spectra o(A),o(B) € 11N Iq,
we get

a191(A) + azg2(A)
< a191(B) + a2g2(B)
(a191 + a292)(B)

(a191 + a2g2)(A)

since a1, ag are non-negative, and hence the function aig; 4+ asg2 is operator-monotone. O
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Theorem 3.2.3 (Lowner-Heinz). Let t € [0,1]. For —1 < p < 0, the function f(t) = —tP is
operator-monotone and operator-concave. For 0 < p < 1, the function f(t) = tP is operator-
monotone and operator-concave. For 1 < p < 2, the function f(t) = tP is operator-conver.
Furthermore, let now t € (0,1). Then, f(t) = Int is operator-concave and operator-monotone,
while f(t) = tint is operator-convezx.

Proof. Cf. Refs. [Car09, Fur08|. O

Theorem 3.2.4. Let S, T be bounded self-adjoint operators on a Hilbert space. Then:
0<S<T = S“<T*

for each « in the interval [0, 1].

Proof. Cf. Ref. [Low34|, Theorem 3 in Ref. [Hei51|, as well as Ref. [Ped72]. O

Lemma 3.2.5. Let g : I — R, I C R™, be operator-concave and operator-monotone and let
f:J—= R, JCRT, such that f(J) C I, be operator-concave. Then go f is operator-concave. If
the function f is additionally operator-monotone, then g o f is operator-monotone as well.

Proof. Because function f is operator-concave, the relation
F(1= A +1B) = (1— ) f(A) + t£(B),

holds for all operators A, B on a Hilbert space with spectra o(A),o(B) C J and every 0 <t < 1.

Therefore, it follows

(o N1 =t)A+1tB) = g((1 = t)f(A) +tf(B)) = (1 —t)(g o f)(A) +t(g o f)(B),

where we used, in the first inequality, the operator-monotonicity of g as well as the operator-
concavity of f and, in the second inequality, the operator-concavity of g. This proves that go f
is operator-concave.

In case f is additionally operator-monotone, we get for positive operators A < B that

(90 f)(A) =g(f(A) < g(f(B)) = (g° f)(B).

Theorem 3.2.6. Let a € (0,1). Then the Rényi entropy function Hy : [0,1] — R, Hy(t) :=
In(t* 4+ (1 — t)) is operator-concave.

Proof. By Theorems 3.2.3 and 3.2.4 the function g : [0,1] — R, g(t) := t%, with a € (0,1)
is operator-monotone and operator-concave. By Lemma 3.2.1, the function f : [0,1] — R,
f(t) =1 —t is operator-concave. Using Lemma 3.2.5 we may conclude that (go f) = (1 —¢)“ is
operator-concave. Lemma 3.2.2 guarantees the operator-concavity of the function t* + (1 — ¢)*.
Again, by Theorems 3.2.3 and 3.2.4 and Lemma 3.2.5 the claim follows. O

Theorem 3.2.7 (Davis-Sherman inequality). For all operator-convex functions f on RY and all
orthogonal projections P, the inequality

Pf(PAP)P < Pf(A)P

holds for every bounded self-adjoint positive operator A defined on a Hilbert space.
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Proof. Cf. Refs. [Dav57| and |[Dav59). O

Theorem 3.2.8. Let f : RT — R, t +— f(t) be a continuous function. If f is operator-monotone
increasing/convex/strictly conver, so is the mapping A — trf(A), for every bounded self-adjoint
positive operator A defined on a Hilbert space.

Proof. Cf. Theorem 2.10 in Ref. [Car09]. O

It was pointed out in the literature [AIDS03], that plugging the Rényi entropy function directly
into the definition of a mutual entropy is critical, since the trace of the Rényi bipartite entan-
glement entropy operator may become negative for some values of the Rényi index a. In the
following result, we rule out this issue, in the o € (0, 1) interval that we study in this Thesis.

Theorem 3.2.9. Let o € (0,1). Then the Rényi bipartite entanglement entropy operator
o(a, D, D1, Do) originating from the one-particle density operator D and the pinched one-particle
density operators D; := P;DP;, i = 1,2 (c¢f. Eq. 3.8) is positive. Moreover, the bipartite Rényi
entanglement entropy satisfies the inequality

tra(a, D, Dl, DQ) > 0.

Proof. By Theorems 3.2.6 and 3.2.7, by Def. 3.1.11, and recalling that the one-particle density
operator D is by definition self-adjoint (cf. Def. 3.1.8), we get

—P;In(D* + (I — D)*)P; > —P;In(D§* + (P; — D;)*) P,

for both i = 1,2, whence o(«, D, D1, D3) > 0.

By Theorem 3.2.8, the trace preserves operator inequalities. Therefore, we get
tr(P;In(D* + (I — D)*)P;) < tr(P; In(D5* + (P, — D;)*)P;)
and the second claim follows immediately. O

The Theorem above completely answers the second of the questions listed at the end of Sec-
tion 3.1.2. Therefore, our definition 3.4 as a mutual entropy is adequate as a measure of entan-
glement.

The issue of the traceability of the bipartite Rényi entanglement entropy operator remains still
open and will be discussed later in Section 3.6. We shall see that even in the proof of traceability
the positivity enters as a central necessary requirement.

3.3 Fermionic Quasi-Free States on the Real Line

Here we intend to make the formal discussion from the previous Sections more concrete. Since
we are going to study in detail a 1D system, we introduce the definition of the Hilbert transform
and the related concept of projection operator onto the Hardy space on the real line.

We start with the well-known definition of the Hilbert space L2.

Definition 3.3.1 (Hilbert space L? on the real line). Let D C R be a Lebesgue-measurable set
and let

L*(D) :={f : D — C: f Lebesgue-measurable, | f|* Lebesgue-integrable}
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be a vector space over C with scalar product and seminorm defined by, respectively,

(f,9)12(p) = /dxf(a:)g(a:), HfHL?(D) = V(f, Fre

D

for f,g € L?(D). We define the Hilbert space £?(D) as the quotient space L?(D)/{f € L*(D) :

Hf||L2(D) = 0} with scalar product ([f], [9]) c2(p) := (/, 9>L2(D) and norm Hm”zﬁ(D) = HfHL2(D)
for [f],[g] € £2(D). As customary in the mathematical literature, and to avoid cumbersome
notation, we identify the space £2(D) with the space L?(D), i.e. we do not distinguish between
equivalence classes in £2(D) and their representants in L?(D).

Following Ref. [RR94|, we now define the Hardy space H?(II;) on the upper half-plane and
from this we subsequently introduce the Hardy space on the real line as the vector space of the
boundary functions of functions in H?(IL, ) in the limit of vanishing imaginary part.

Definition 3.3.2 (Hardy space on the upper complex half-plane I1). Let

+00
H*(T1;):={ F:I; — C: F holomorph on II; and sup < / dz |F(z +iy)\2> < 00
y>0

—00

be a vector space over C with scalar product and seminorm defined by

+00
(F, G2y = Sup ( / dr F(z +iy)G(z + iy))v 1Fl g2,y = A/ F F) 2y
y

for F,G € H*(Il;). We define the Hilbert space H2(I1.) as the quotient space H2(ILy)/{F €
H2(I1y) : 1F|l g2,y = 0} with scalar product ([F], [G])32qm,) = (F,G)u2q,) and norm
IF 2,y = 1F N g2,y for [F,[G] € H2(T1;). In analogy with our convention in Def. 3.3.1,
we identify the space H?(I1) with the space H?(ILy).

Referring to Refs. [RR85,RR94|, we specialize Def. 3.3.2 to the limit case of the real line.

Definition 3.3.3 (Hardy space on the real line). The Hardy space over C on the real line is
defined as the Hilbert space

H%*(R) := {f 'R — C:3F € H*(I1,) such that f(z) = liﬁ)lF(x+iy)},
y

with the same scalar product as L?(R), i.e. (f, 9 a2w) = ([, 9) 2w), for f,g € H2(R).

With the help of a Theorem due to Riesz (cf. e.g. Ref. [RR94|), the following operator is
well-defined and bounded.

Definition 3.3.4 (Hilbert transform). The Hilbert transform is the operator on L?(R) onto
itself that maps any ¢ € L?(R) into the function

+o0
) =+ [ ay 22

which exists almost everywhere on the real line with respect to the Lebesgue measure. The
integral above is intended as the Cauchy’s principal integral.

We come now to a fundamental result from the theory of Hardy Spaces:
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Theorem 3.3.1. Let H be the Hilbert transform operator on L*(R) (cf. Def. 3.5.4) and let PY
be the projection operator of the Hilbert space L*(R) on the Hilbert space H*(R). Then:

P = %(I —iH), (3.5)
i.e., equivalently,
1 1T e)
0 _ 1t Y
(FEO)() = g0lo) + 55 =

for any ¢ € L2(R). The integral above is intended as the Cauchy’s principal integral. Moreover,
the projection operator Plg 1s orthogonal.

Proof. Result 3.5 follows from Ref. [RR94]|, Section 5.

The orthogonality of the projection operator PJR? follows from the fact that the Hardy space
H?(R) is a closed subspace of the Hilbert space L%(R), cf. Ref. [Bel92]. O

The orthogonal projection operator P]R9 from Theorem 3.3.1 above is of central significance.
Since it is orthogonal, it is additionally self-adjoint and symmetric and it satisfies the relation
0< PH% < I. Therefore, it describes a quasi-free state of a system of scalar particles.

For relativistic massless spin-1 particles, the system may be decomposed into states of definite

chirality. Considering a spin-3 fermionic field in 1+1 time- and space-dimension, we choose the

gamma matrices
Wi=0y = L Ve oy = !
=o=\y o) TV 2=\1 o)

as a basis of the 2-dimensional Clifford algebra [Pai62, Ken80|, where we denote by o7 := <(1) é)

and o9 := <(Z) 0

Z) the first two Pauli matrices.
We define the chirality operator as 73 := 799! (cf. e.g. Appendix A.2.1 in Ref. [Frél12]), and
from this it follows immediately that it is Hermitian and fulfils the property 7372 = I.

Operator P may be generalized in the case of fermions as follows® (cf. Refs. [CH09b, CH09al):

Pg = %(I —iH~?). (3.6)

In the scientific physical literature (cf. e.g. Refs. [GR96|, [Ker98]), the Dirac correlation
operator describing a fermionic field for a pure quasi-free state in the massless limit is de-
fined as the integral kernel C(z,y) of operator Pgr in Eq. 3.6. We implicitly define C' by
(Pro)(x) = fjozo dy C(z,y)é(y) for any 2-vector ¢ € L?(R,C?).

According to Ref. [CHO9b|, the operator Pg is positive with eigenvalues in [0, 1]. Therefore, it
represents a valid one-particle density operator which generates exactly one fermionic quasi-free

Note that, to avoid cumbersome notation, we employ throughout this Thesis the same symbol I for several
identity operators defined on different spaces, e.g. on L? (R) in Eq. 3.5, on C? in the discussion of the chirality
operator and on L?(R,C?) in Eq. 3.6.
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state w in the C*-algebra on the Hilbert space L?(R,C?) (cf. Def. 3.1.8). The quasi-free state w
is characterized by

0 ifm#n
det(g;, Prfj) ifm=n,1<i<n1<j<m

w(a*(f1)---a*(fm)algr) - --algn)) = {

for any finite set {f1,..., fm,91,--->9n} C L*(R,C?) and m,n € N.

3.4 The Regularized Rényi Entropy Operator

In this Section, our aim is to calculate the bipartite Rényi entanglement entropy tr o(«, D, D1, D3)
for o € (0,1) (cf. Def. 3.1.11 and Eq. 3.4), where D is the one-particle density operator describing
the fermionic quasi-free state of a multiparticle system and D, Do are the one-particle density
operators of a partition of the system.

According to our discussion in Section 3.3, we take as one-particle density operator the self-adjoint
orthogonal projection operator from Eq. 3.6. Therefore, we make the identification D := Pg.

Relying on the Spectral Theorem, we plan to plug the one-particle density operator D into the
bipartite Rényi entanglement entropy operator o (cf. Def. 3.1.11), and we intend to employ our
Nevanlinna-Herglotz integral representation of the Rényi entropy function that we derived in
Theorem 2.4.1. However, the restriction of the Nevanlinna-Herglotz integral representation to
the real line is defined on the open interval (0, 1) only, while the one-particle density operator
satisfies the weaker inequality 0 < D < [I. Therefore, care is required when plugging D into
operator o.

To circumvent this issue, we introduce the regularized operator F, := ﬁ(D + eI), which may
be plugged into o without concern because
€ 1+e€
0< <FE < I<I 3.7
1+2¢ = 7 14 2¢ (37)

for € > 0. On the other hand, in the ¢ — 0 limit, the regularized operator E, tends to D strongly,
since the limit

(D+eI)H = |2D-1] =0

14 2¢

D—
H 1+ 2e

holds in the L?(R,C?) operator norm.

In our Nevanlinna-Herglotz integral representation of the complex Rényi entropy function (cf.

Theorem 2.4.1) a central role is played by the function R,(\) := ﬁ in Eq. 2.29. By virtue
2

of the Spectral Theorem for self-adjoint operators, inserting the regularized operator E. into R,
we get the expression
1 -1
e = (.~ (1))

- <1+12€(D+d) - (; —)\)I)_l
— (14 20) (D - G - (1—1—26))\)[)_1

= (1+2¢)Rp((1+ 2¢)A), (3.8)

which represents the resolvent of operator E. on L?(R), defined for values of A for which the
operator F, — (% — )\)I is invertible.
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In Theorem 3.5.1 we shall address the question for which real A values the inversion of the latter
operator is possible and the resolvent is well-defined, at least for the special case of a system
of fermions distributed on the real line. We anticipate here that this is possible on the set

R\ [—l 1]. Therefore, by Theorem 2.4.1 and Eq. 3.8, we are allowed to plug without concern

272
the regularized operator E. into our Nevanlinna-Herglotz integral representation of the Rényi

entropy function.

Therefore, the Rényi entropy operator reads

In(E + (I — Eo)®) =

—
Bla) 1 [ 1o L
J (3-A)"+1 (5+XA)"+1
2
Ba) 1 [ A
(6%
-2 [ e 2)<RD<A>—RD<—A>
1(1+2¢)
1 A 1 A
RS B = e ) (3.9)
(%_ 1+)\2€) +1 (%_F 1‘?26) +1

where the functions B and f, were defined in Defs. 2.23 and 2.24 and as usual a € (0,1).

3.5 Integral Representation of the Bipartite Rényi Entanglement
Entropy Operator

3.5.1 Quasi-Free Fermionic States

We want now to apply Def. 3.1.11 of the bipartite Rényi entanglement entropy operator to a
concrete quantum system that may be treated analytically.

To this aim, we define in detail the spatial domain of the system. Let us pick n € N, choose
2n real numbers in ascending order, a1 < b1 < ag < by < -+ < a, < by, and denote the index
set Ny, := {1,...,n}. Let T := [J;cy, Zi be the finite set where the intervals Z; := (a;,b;) are
pairwise disjoint, i.e. Z; ﬁfj =0,4,7 € N,, i # j. We consider the case of a fermionic quasi-free
system stretched across the open set Z C R on the real axis.

Since we aim at calculating the bipartite Rényi entanglement entropy of the system, we partition
it into two disjoint subsystems, distributed on the sets Z',Z? of the real axis respectively. To
this purpose, we choose two integers ni,ne > 0 such that n; + ny = n and we take two index
partitions I, Iy C N,, of ni,no elements each, such that I; UI, = N,, and I; N Iy = (). We then

set T := Ujeli Z;, i = 1,2, in the notation discussed above.

3.5.2 Resolvent of the One-Particle Density Operator

We denote by Dz the one-particle density operator derived by D := Pgr (cf. Section 3.4),
restricting the Cauchy’s principal value integral to the real set Z defined in Section 3.5.1. The
corresponding pinched one-particle density operators of the two system partitions are then given
by D71, Dy, through restrictions of the Cauchy’s principal value integral to the subsets Z'1,Z2.

Eq. 3.9 expresses the Rényi entropy operator in an integral form that is suitable to eval-
uate o(«a, Dz, D71, D12), since the system’s one-particle density operator Dz appears in the
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Nevanlinna-Herglotz integral representation only through its resolvent

R, (A) = (DZ _ <; _ A) 1>_1 (3.10)

calculated in the point % — A, for real A > %(1 + 2¢). In the following Theorem, we prove that
Eq. 3.10 is well-defined, and we seek an explicit form of the resolvent.

Theorem 3.5.1. Let D1 be the one-particle density operator such that

1 1 1
D = — [d 3 11
(D29)(w) = 36(0) + 5 [ dy——"0(0) (311)
T

for any ¢ € L*(Z,C?), v € I, where the integral above is intended as the Cauchy’s principal
integral value. Let Rp,(X\) be the inverse of the operator Dz — (% — )\)I (cf. Eq. 3.10).

Then the operator Rp, () is well-defined for A € C\{z € C| — £ < Rez < 1,Imz = 0} and reads
explicitly

1 1
(R0 (@) = 55— (Ax<x> g LT ﬂc,y)x(y)> (312)
-3 i J
for x € H*(T,C?), where the integral is again intended as the Cauchy’s principal integral value.

The integration kernel in 3.12 reads

Kava) = bew (G551 ) @) - Z0n*). 6y

with the definition

M (000 1

HieNn (w — b;)
Proof. We search for complex numbers pu, such that the equation:

(D1 — pl)¢)(x) = x(x), (3.15)

has a solution for any function x € H?(Z,C?).

Zz(w) = 1H<

Eq. 3.15 is equivalent to the singular integral equation

2 271 Yy—x

(1 - u) o(x) + L /dy L73<25(y) = x(z), (3.16)
s

where as usual the integral above is intended as the Cauchy’s principal integral.

The general solution of a singular integral equation of the type above for an integration contour
of n disjoint arcs of continuously changing curvature was derived in §27 of Ref. [Mik64| and
Chapter 14 of Ref. [Mus53]. Recalling that, in our definition, Z is a subset of the real line and
therefore, it may be interpreted as the image of n curves of constant curvature, the results from
Refs. [Musb3, Mik64] may be employed. However, special caution is required since Eq. 3.16,
owing to 73, represents a linear system of equations with matrix coefficients instead of a single
scalar equation.

The general solution of Eq. 3.16 reads

oa) = ((; ~n)xte)
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o 1(0) S / I (2=2) " o)

keNy,
(3.17)

where a := (% — N)I, b:= %73 and m is a function of a,b. The exponent m may be explicitly

expressed by

M= 2; (In(a + b) — In(a — b))
() ()
=:;ﬁ;j H(125) o ney

2k-+1
— i Z 1 ( 1 ) (73)2k+1
mk:02k:—|—1 1—2u
1 1
= — arctanh 3
—; arctan <1_2M>'y

1 pw—1\ 5
=—1In{—— 3.18
271 n( 1 )7 ’ ( )

where we used the identities arctanhz = 4 log<1+x>, (73261 = (4343)k~y3 = 43 and the fact

that the factor (—1)"*! 4+ 1 = 2 for odd values of n while it vanishes for even values of n.

Solution 3.17 is only well-defined for © € C\ {z € C|0 < Rez < 1,Imz = 0}, since the argument
L=1 of the logarithm in Eq. 3.18 must be strictly positive when restricted to the real axis and

moreover, the denominator (% — u)2 — Z in 3.17 must not vanish. Therefore, the invertibility of

operator Dz — ul is guaranteed on the Complex domain C\ {z € C|0 < Rez < 1,Imz = 0} only.

Rearranging the terms in 3.17 and setting p = 5 — A, Eq. 3.17 leads to the claim. O

Proceeding towards a suitable representation of operator ﬁ In(D$ + (I — D1)®) in integral
form, we recall that the difference of the resolvent operators Rp,(\) — Rp,(—A) appears in
the Nevanlinna-Herglotz integral representation (cf. Eq. 3.9). Therefore, we investigate this
difference more thoroughly.

Lemma 3.5.2. The difference of the resolvent operators of Dt calculated in £X for values
AeRN [—%, —i—%] 1s expressed by the operator

(Rps(N) — Rpy (—\)) (@) = 1nm+/@Am@mmmw

A2 — 1

for x € H?(Z,C?). The integration kernel reads

AKI(/\¢:L'ay) = ! 1) (KI(Avxay) - KZ(_)any))

=1y
sin( g (351 ) () - Zf(x)))I (3.19)
B W()\z—g)(y_x) ’ |

and is defined for A € R\ [—%, %} and x,y € T.
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Proof. The statement follows from Theorem 3.5.1 by direct calculation. Indeed:

(Bp;(A) = Rp, (=A)x)(z) =
2 1

o 7 [ a0~ Kroh 2 p)x)

z
where (cf. Eq. 3.13)

1 22—1 2241

Kz(\z,y) — Kz(—\ x,y) = r i 1‘73 (eﬁ 1“(2A+1)(Zf(y)7zz(x))73 — eﬁ ln(2A71)(ZI(y)*ZI(I))’Y3)

_ 1 ’Y3 (eﬁln(%xzz(y)—zz(m))vg’ _ e—ﬁln(%)(zz(y)—zz(l‘))vs)

y—x
1 «—1/1 2A — 1 "
= — | —1 Z —Z 1— (=DM ()t
2 (g (g ) e - z2e) -
2 o 1 1 [(2a-1 2k
— - 7 _7z _\2k+1 3\ 2(k+1)
y_xkzzo(%ﬂ)!(% a(B7) @ - ze))
2 o~ (=DF /1 /2a-1 kL
= —In( ==— | (Zz(y) - Z I+t
y—xkzo(2k+1)!<27r n<2)\+1>( z(v) Im))
27 1 22 -1
=— in[ —1 Z -7 1
sG55 ) ) - Za(a))
where we exploited the property of the chirality operator that v3y3 = I and the fact that
1 —(=1)" = 2 for odd values of n whereas it vanishes for even values. The last equality
immediately yields the claim. O

To simplify the notation, from now on we shall suppress the identity operator I appearing in the
definition of operator AK7 or any other operator derived from it. We tacitly assume that I is
always present whenever operators are applied to y.

3.5.3 Integral Kernel of the Bipartite Rényi Entanglement Entropy Operator

The operator o(«, Dz, D71, Dz2) with a € (0,1) from Def. 3.1.10 contains two terms of the form
1

1l -«

(~Pin(D$ + (I — D7)*)P; + Piln(D: + (P, — Dz:)*)P) (3.20)

arising from each of the disjoint subsystems ¢ = 1,2 in which we split the fermionic quasi-free
state under investigation (cf. Section 3.5.1). By Eq. 3.9, operator 3.20 in its regularized form
(cf. Section 3.4) admits an integral representation involving the resolvents of Dz and Dz: only,
each of which evaluated in the points A and —\. For any x € H?(Z,C?) and i = 1,2, we get the
following form of the ¢-th part of the regularized bipartite Rényi entanglement entropy operator

+oo
1 A
o / dA fa <1+26) (PiRp; (NP — PiRp,(=A) P — PiRp_, (AP + PiRp_, (=A) Py)x)(2)
2(1+2¢)
o A
—ts [ on(iy) @K - ARnO ). 621
5(142¢) T

Note that the integration domain in the inner integral of Eq. 3.21 is restricted to the interval
T¢ only where subsystem i is localized as a result of pinching the resolvents Rp, (&) with the
orthogonal projection operator P; onto the spatial domain of subsystem 1.
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The integral kernel AK7(\, x,y) — AKzi(A\, z,y) in Eq. 3.21 does not contain any information
about the functional form of the underlying entropy which describes the fermionic system, i.e. the
same kernel applies equally well to either the von Neumann or the Rényi entropy. It only depends
on the spatial domains Z and Z',Z? of the whole system and of the two subsystems, according
to Eq. 3.19. Its analytic properties are summarized in Lemma 3.5.3 below. Instead, the detailed
information on the functional form of the entropy is localized in the function ﬁ fa(ﬁ»
where as usual f, comes from Eq. 2.24. We recall that the latter function may be interpreted
as the derivative of the generating function of the measure in the Nevanlinna-Herglotz integral
representation (cf. Lemma 2.1.4).

Lemma 3.5.3. Fori=1,2 and on the domain Dg, = (%,—l—oo) x It x T, it holds:

1
Grz(h ) = (¥ = ] ) (ARz(2.0) Az (\ 1)

sin( L ln(2)‘ 1)(Z1( )— Zz(x)))—sin( L ln(

= y— if x 7é )
£ In(BH) (2 () - Z4() Fa=y.

)(Zzz (y)— ZIz (:B)))

The functions Zz, Zzi are defined in 3.14 and their derivatives read

Zr(z) =) <x_1aj - x_lbj>, 78 (x) = Z(x_laj - x_lbj>. (3.22)

JEN, J€I;

Moreover, the kernel Gz 7i(\, z,y) as a function of \,x,y is continuous in each of the variables
on the definition domain Dg, and is bounded according to inequality

2)\+1>

M
i < —

for a positive constant M.

Proof. As discussed before the claim of the present Lemma, operator Gz 7: does not depend
on the explicit functional form of the entropy. Therefore, we inherit here the results from
Lemmas 3.13 and 3.14 in Ref. [LX17], that were derived in the case of the von Neumann-entropy.

Formulas 3.22 follow from 3.14 by direct calculation of the first derivative. O

Combining Egs. 3.20 and 3.21 with the help of Lemmas 3.5.2 and 3.5.3, the contribution of the
regularized operator E. from subsystem ¢ to the bipartite Rényi entanglement operator reads

(- Pn(BS A+ (T~ B)*)Ps + PIn((REP)® + (P — PLEP)*)P))(x)
+oo
A
— it [ (i) [ @R - ARz )
%(1+25) i
A
=W— / dAfa(1+2 )AQ /dszIzu 9)x(y) (3.23)
2(1+2€)

for any x € H*(Z,C?).
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3.5.4 Analytic Properties of the Integral Kernel

To study the behaviour of operator 3.23 in the ¢ — 0 limit, we introduce yet another integral
kernel,

“+oo
- 1 A\ Gzzi(Az,y)
K’i s Xy by = « : ’ 24
(e,,2,y) (1—a) / dA f <1+26> N1 (3.24)
%(1—}—25)

with definition domain (0, +o00) x (0,1) x Z* x Z%, i = 1,2, and image in R.

To start with the analysis of K;, we first prove two straightforward properties of the function f,
that, as we recall, represents the derivative of the generating function of the Nevanlinna-Herglotz
measure and summarizes the whole information on the exact form of the entropy.

Lemma 3.5.4. The function

(07
<2)‘—_1) sin arr

1 22+1
fa(A) := — arctan il
T 1+ (g;‘_&) cos am

from 2.24 is continuous and strictly monotone increasing on the interval A € [%,—{—oo) for any

fized o € (0,1).

Proof. The function f, is continuous as composition of continuous functions.

22—1
2241

sidered interval since its first derivative with respect to A reads i

is strictly monotone increasing in the con-
)2 > 0

Regarding monotonicity, we first observe that

2)\+1

221

1
Moreover, for A > = 551 +1,

29
—1<C<1land0< S <1, the function T fc

first derivative with respect to variable y reads

and setting y := C := cosar and S := sinam, with 0 < y < 1,
is strictly monotone increasing as well, since its
aS
o (14yoC) N

The statement follows because f, is the composition of strictly monotone increasing functions.

O
Lemma 3.5.5. Let o € (0,1). Then, it exists a positive constant N, such that
0= ) = 1] < 3 (A 3)
for X € [%, +oo).
Additionally, the following upper bound holds as well:
1
No < = (3.25)

dependent on the value of the Rényi parameter o.

Proof. The function giﬁ is continuous and strictly monotone increasing for A > %, with bounds
0<3 2 5T +1 < 1 (cf. proof of Lemma 3.5.4). Therefore, f, is by definition always non-negative in

the A\ interval.

Combining the inequality arctan x < x for non-negative x values with the inequality

(2 L (21 "“’ > ‘
COS (v — COS ¥ — [ COS ¥
IA+1 = A+ 1 = s
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we get

2-1\% i o . o
1 (21 s o < sin am <2)\ — 1) < sin o ()\ 1)
T (gﬁj)acosaﬂ “a(l—|cosar|)\2A+1) ~ w(1—|cosan|) 2

fa(A) <

whence the assertion follows, since 0 < |cosan| < 1 for « € (0,1).

We consider now N, := 1 S0 O

. . . . _ l
=] cosan])” As a function of o, N, is symmetric with respect to a = 3,

since sin (% + ZE)?T = sin (% — 9:)7r and ‘cos (% + x)w‘ = ’—cos (% — x)ﬂ = !cos (% — x)7r| for
0<x< % Therefore, we restrict our analysis to the smaller interval o € [5, 1), where we may

write N = —S22"__ We find that N, is strictly monotone increasing, since its first derivative

7(1+cos am) )
reads (1110600:5;32 = 1+Césm > (0. Moreover, % = O((1 —a)7!) in the & 1 1 limit. This
implies inequality 3.25. O

We now turn to the analysis of the improper integral in the definition of the integral kernel K;
in Eq. 3.24. Using Lemmas 3.5.3 and 3.5.5, the integral in the variable A may be majorated as
follows:

400 +o00 2\
N1+ 2 A2 —1 T 2n 2 - |
%(1+2€) %

with constants M, N, > 0.
In the Lemma below, we address the convergence behaviour of the latter integral.

Lemma 3.5.6. For any fired o € (0,1), the improper integral 3.26 exists and is equal to a

non-negative constant P,. In the von Neumann limit o T 1, it follows Py = %2.

Proof. By variable substitution we get
20+ +o00

+/OOdA (A—1>aln<”‘): /dtt (3.27)
/ 3) Tx_ ICEND '

2

—_

==

Because the integrand satisfies ﬁ = O(t'7) in the t — 0 limit and ﬁ = O(te~*") in
the ¢ — oo limit, the integral in 3.27 converges to a number P,.

Moreover, the integrand in 3.27 is non-negative in the interval ¢ € (0, 400), whence the non-
negativity of the integral follows.

The claim for P; follows from Lemma 3.15 (2) in Ref. [LX17]. O

With the results of Lemmas 3.5.4, 3.5.5 and 3.5.6, we may now start the investigation of the
analytic properties of the integral kernel Kj.

Lemma 3.5.7. The integral kernel K;, i = 1,2 defined in Eq. 3.24 is continuous in the variables
€, a,x,y on the domain (0, %) x (0,1) x T¢ x T".
For a fized o value, K; converges uniformly according to
+00
~ 1 T x
Ki(e, a,2,y) = Ki(a,z,y) == (—a) / dA fa()\)W

=
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for e = 0 and (o, z,y) € (0,1) x % x T°.
Moreover, the family {f(z, e > 0} for a fired a value is uniformly bounded.

Proof. We define the sequence (sy (e, o, z, y))ren for any (e, o, 2, y) € (0, %) x (0,1) x T* x I and
a fixed 7 by

k
1 A Grzi >‘7 )
Sk(67a7xay) = ; / d)‘fa(l +2€> LI ( )

1(142¢)

For any € € (O, %) and Yk € N it holds %(1 + 2¢) < k. Then, by Lemma 3.5.3 and since by
definition f, is bounded as |fa| < % (cf. Lemma 2.3.1), we get

- 1 r A Grri(\2,y)
|(1—oz)KZ(e,oz,3:,y)—sk(e,a,z,yﬂ—W‘ /dAfoc<1+2€> )\2_%
k
+oo
<1/d)\f A |Gz 7i(A 2, )
s N1+ 2 )\2—%
1 - G T Aa )
S/dA| 77i( 915?4)|
27T )\2—1
k
+oo
M /dA In(%4)
~ 42 A2 —1
k
+oo

M 22+ 1Y)?
< - -
=82 <ln(2/\—1)>
M 2k + 1Y)\
82 2k —1

that converges to 0 in the & — oo limit. Since none of the variables ¢, o, = and y appears
in the last expression on the r.h.s. of the inequality chain above, the convergence of the se-

quence (sk(€,a,x,y))ken is uniform, and this implies that the improper parameter integral in

the definition of Kj(e, v, z,y) in Eq. 3.24 is continuous on (O, %) x (0,1) x T x T* and therefore,

K;(e,a,x,y) is continuous as well on the same domain.

k

The uniform boundedness of the function family {K; (e, a, z,y), € > 0}, for a fixed value a € (0,1)
and for any € > 0, follows from Lemmas 3.5.3, 3.5.5 and 3.5.6:

+oo
- 1 A\ Gzzi( A z,y)
K’i s by by = 1T dA a :
1(1+2¢)
7 A \[Gzz(hz.y)]
i\A T, Y
< - A fa LI
(1l —a) / f<1—|-26> A2 —1
1(1+2¢)
+oo A
.M / ax (2 In(%+)
~272(1 —«) N1+2¢) 21

1(142¢)
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+o00 2)+1
a In( 58
< MN, ) / d)\( A 1> <2>\—1>

212(1 — a 1+2 2 A2 -1
1(1+2¢)
+oo A
T ()
~272(1 — «)? 1+2 2 A2 -1
1(1+2¢)
+
Y [ a(a-g) n(3)
272(1 — «)? 2 A2 _ 1
1(1+2¢)
—+00
Y [a(-3) in(3)
2712(1 — )2 2 A2—1
1
2
_ MP,
- 272(1 — a)?’

since the last expression does not depend on €, z,y.

We now focus on the convergence property of the integral kernel f(}(e, a,x,y) in the e — 0 limit,
for a fixed value a € (0,1). To this aim we consider the function

a L 1 A GI,Ii(Awrvy)
kn()‘vxay) = 7T(1 — Oé) fa (1 + Z) A2 — % X(%(l-ﬁ-%),ﬂ-oo) ()‘)7

for an integer n € N, where we denote the indicator function on a real interval A C R by x 4.

We have that k5 (N, z,y) — k*(\, z,y) :== W(ll_a) fa(N) Gz’ié(j\f’y) pointwise. We also observe that
4

fa(A) > fa (H%) for n € N by Lemma 3.5.4, and therefore we may find an integrable function
that dominates |k&(\, z,y)|, for any (z,y) € I x I

Grri(\ z,
k(A2 y) = — ! )fa< A ) I’;(_ y)X(;(1+3),+oo)(/\)

(1-a 1+ 2 1
1 A \Gzzi( N z,y)]
< fa 2 ’ 2 1
1 |GI,Ii()"$7y)|
_ﬂ(l—a)fa(/\) Az -1
1
A
< M f (A)ln(g,\ﬂ)
T 2m2(1—a)’ T N2 -

M (A 1)“110(3&*1)

[ —
~272(1 — «)? 2 A2 -1
2241
< M \ 1 1“(2,\:)
~272(1 — «)? 2) X—-1 -
The integrability on (%, +oo) of the function
ln<2x+1)
M 1 22—1

E“ (A =A== | — 3.28

(Az.y) W(l_a)Q( 2) T (3.28)
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on the last line of the inequality chain is ensured by Lemma 3.5.6.

By Lebesgue’s Dominated Convergence Theorem, the uniform convergence follows:

“+o00
- (1
0 < lim ‘Ki(,a,m,y> — Ki(a,m,y)‘ < lim / AN ES (N z,y) — kYN, z,y)| = 0,
n—00 n n—o00
3
for a fixed a € (0,1). O

3.6 Traceability of the Bipartite Rényi Entanglement Entropy
Operator

In this Section we want to answer the last of the open questions from Section 3.1.2, that is
concerned with the traceability of the operator o(«, Dz, D71, D12) that we expressed in integral
form in Section 3.5.3.

The positivity of o, that we already proved in Theorem 3.2.9 starting from general considerations
about operator-concavity, plays an essential role.

The finiteness of the spatial definition domain Z of the fermionic system and, consequently of
the two partitions Z',Z? as well, is also a necessary requirement.

Theorem 3.6.1. Let X C R and let A > 0 be a positive Hilbert-Schmidt integral operator on
the Hilbert space L?(X) with integral kernel a(x,y) defined on X?. Let a(x,x) be the diagonal
component of the kernel averaged upon symmetric intervals of the real line centered in the origin,
[—7,7], r > 0, defined by

T

1
a(xz,x) = lg% o /dta(:c +t,x+1). (3.29)

If a(x, ) exists almost everywhere on X with respect to the Lebesgue measure, then the integral
operator A is trace-class if and only if the integral T := fX dza(z,x) is finite. In this case
trA="T.

Proof. This is a simplified version of Corollary 4.4 in Ref. [Bri88]| restricted to the real line.
The averaging procedure 3.29 was derived from Section 3 in Ref. [Bri88]. O

Theorem 3.6.2. The bipartite Rényi entanglement entropy operator o from Def. 3.1.11 of the
system discussed in Section 3.5.8 is trace-class.

Proof. We focus here on the subsystem ¢ = 1 of the operator o, that may be written in integral
form as shown in Eq. 3.23. The analogous operator of the remaining subsystem, for ¢ = 2, may
be treated in exactly the same way.

As shown in the proof of Theorem 3.2.9, each of the two subsystems of the bipartite Rényi
entanglement operator o(«, D, D1, Do) is positive. This ensures in turn (cf. Eq. 3.23 and recall
that f, > 0 by Lemma 3.5.5) that the integral operator A} defined by

(Aly)(z) == / dy Gz (\ 2, 9)x(v) (3.30)
Il
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for any x € H?(Z,C?) is positive as well whenever \ € (%, —|—oo). We also note that H?(Z,C?)
L*(Z,C?), and T C R.

Moreover, A}\ is a Hilbert-Schmidt operator. Indeed, by Lemma 3.5.3, there exists a positive
constant M such that

2
M? 20 +1
/dx/dy|GIp N\ z,y)* < 2 (ln<2)\_1> Z(bj—aj)> < 00
71

Jjeh

for any \ € (%, —i—oo).

Following Def. 3.29 and Section 2 in Ref. [Bri88|, we focus now on the averaged diagonal com-
ponent GZ 1 of the integral kernel G 71 on the interval [—r,r] C R centered in the origin of the
real line and of length 2r, for arbltrary r > 0. We get

—

- _
Gz,zl (r,x):= 7lﬂl_r)l% o

dt GI,Zl ()\,l'+t,$—|—t) (331)

'

By Lemma 3.5.3:

2

1 [2x+1 1 1
— ] _
or n(zA—1><Z<x+t—aj :c+t—bj>

JENR

_Z(x—i-t—aj x+tl—bj))

jely

1 220 +1 1
_ L 32
27 (2)\—1>z]:<m+t—aj :C—I—t—bj>’ (3:32)

1 22 +1
GronOhvatta+0) =5 tn( 0 ) (Zho 40 - Zn(o+1)

since N, \ [} = .
Combining Eqs. 3.31 and 3.32, it follows

~ 1 22+ 1 1 / 1 1
A .
=——In|{ —— lim — [ dt —
GI’Il(xjx) 47‘(’ n<2)\—1> ‘ 7‘1—I>rll)’r‘/ <x+t—aj $+t—bj>
JEl2 =
1 220 +1 1
=——1In lim —In
47 22 —1 4 r—07r
J€El2
1 22+ 1 b, —a;
—1In ( ) J J , (3.33)
T or 22 -1 ]62;2 (x —aj)(xz —by)

where we used the Taylor expansion

i

in the determination of the » — 0 limit.

(r+a—a;)(r—x+0b;)
(r—a+a;)(r+x—0b;)

(r+x—aj)(r—x+b))
(r—z+aj)(r+a—by)

)=ty o)

The averaged kernel GI 71(z, x) is well-defined for values x € Z, since Z is a finite set union of
open intervals.
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Starting from Eqgs. 3.30 and 3.33, we deduce the boundedness of the integral

. 1 (2041 <
= /dm Crp(eo) =5 <2)\ - 1> Z / (z— a] xj— by = (3.34)
Il

since the integrand function does not have any singularity in Z'. Indeed, the poles a;,b; of the
intervals in Z2, with j € I, all lie outside the integration domain Z'. Moreover, we note that,
whenever x € 7, the two terms = — a; and x — b; are both either strictly positive or negative,
for any j € Iy, since (aj,b;) C Z? and (aj,b;) NZ' = (. Therefore, the function m in
the integrand in Eq. 3.34 is always positive, and so is the integral T). ’ ’

Finally, we may now apply Theorem 3.6.2 to the positive Hilbert-Schmidt operator A%\, and we
deduce its traceability with trace Ty > 0, for any A € (%, +oo). The traceability of the bipartite
Rényi entanglement operator o(«, Dz, D71, Dz2) follows from that of operator A}\ and from the
linearity of the trace, as well as from Lemma 3.5.6. O

3.7 Entanglement Entropy of Quasi-Free Fermionic States

Here we shortly recall and summarize what was proven until now. After defining the regularized
one-particle density operator E. of the system, we expressed the contribution from the subsystem
i to the bipartite Rényi entanglement operator through the integral kernel f(i(e, a,x,y) defined
in Eq. 3.24. In Lemma 3.5.7 we analyzed the behaviour of K; in the e — 0 limit.

Since the bipartite Rényi entanglement entropy is defined as the trace of the corresponding
entanglement entropy operator in 3.3, it is now necessary to focus on the trace of the operator
expressed by the integral kernel K;, and especially to study its behaviour in the ¢ — 0 limit.
The following general Theorem clarifies how to calculate the trace of an operator that is defined
by means of an integral kernel.

Theorem 3.7.1. Let K be an integral trace-class operator on L?(R) with continuous integral
kernel K, i.e. (K¢)(z fdyK z,9)0(y), for ¢ € L2(R). Then:

trK:/dx.f((:L’?a:).

Proof. Cf. Theorem 3.1 in Ref. [Bri88] and Theorem 8.1 in Ref. [GGKO00]. O

Proposition 3.7.2. Leti = 1,2 and « be a fized number in (0,1). Then the trace of the operator
defined through the integral kernel K; (cf. Lemma 8.5.7) is given by

/dei(a,x,x) = lim dx.f(i(e,oz,x,x).

e—0
d i

Proof. The existence of the € — 0 limit of the parametric integral fIi dx f(i(e, a,x,x) is ensured
by the uniform convergence of K; shown in Lemma 3.5.7 for a fixed a.
By Theorem 3.6.2 we know that the integral operator with kernel Kj; is trace-class. It is therefore

possible to apply Theorem 3.7.1 to K;, which directly yields the claim. O

The contribution of the regularized operator E, from the first subsystem to the bipartite Rényi
entanglement operator in the ¢ — 0 limit is now given by

1
lim tI‘( P1 ln(Eea + (I - Ee)a>P1 + P1 ln((PlEePl)a + (Pl - P1E5P1)Q)P1)

1—Oze—>
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=lim [ dx Ki(e, o, x, 2)
e—0
I

= /dyKl(a,x,x), (3.35)
I

where we employed Eqgs. 3.23, 3.24 and Proposition 3.7.2.
We now deduce an explicit expression for this trace.

Lemma 3.7.3. Let I, Iy be index partitions such that T := Ujeli (aj,b5), i = 1,2, according to
our definition in Section 8.5.1.

The contribution of subsystem 1 to the Rényi-entanglement entropy of a 1-fermion system reads

/dyKl(a,x,x) =>>»> 1n<|‘” —ayllbi = bj') %2(1 70d)\ fa(A)ln(%ﬁ). (3.36)

- hllb — o _ 2 _ 1
J & la; — bj||b; — aj] 1—a) / A i
2

The contribution of subsystem 2 is identical to that of subsystem 1 above.

Proof. We start with subsystem 1. From Eq. 3.35 and Proposition 3.7.2, we have

/dyKl(oz,x,x) = lin% dz K (e, a, z, )
e—
Iy 71!
+o0o
1

) A 1
S rl—a) o dAfa<1+2€>H/dez,zl(m,x)

1(142¢) 1
1 +oo )
:m / dAfa(A)W/deI,Zl(Avxux)v (337)

Il

N |—=

where the exchange of limit and integral is allowed by Lemma 3.5.7 (especially the result con-
cerning the uniform boundedness of K in the € — 0 limit).

By Lemma 3.5.3, the function Gz 71 is expressed by
1 | (2)\+ 1

G:LII()\,JT,I) = ——1 2)\7_1

L )(24) - Zis (o) (3.38)

where, recalling that Io = N,, \ I; (cf. Section 3.5.1),

Z1(x) — Zp (z) = Z(x_laj_w_lb)_z:(m—laj_w—lbj)

jeNn jejl

=Z<x_lajx_16j>- (3.39)

J€l2

Integrating Eq. 3.39 upon the domain Z', it follows

[z - zp@n =% [ar (20 - 25 )

71 jelap
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yy [ <HJ —=)

i€l jelz2 a;
_ Z Z |z — a4l
|z — b
i€l jelz
ajlla; — by
_ 3.40
=22 <b—b|raz—ag\ (340)
i€l gels

Therefore, from Eqgs. 3.37, 3.38, 3.39 and 3.40 we deduce the first claim.

The contribution of subsystem 2 may be obtained from 3.36 by exchanging the index sets Iy
and Is in the summations. However, the argument % of the logarithm is invariant
under the exchange of indices ¢ and j. Therefore, the contributions of subsystems 1 and 2 are

identical. ]

To simplify the result in Lemma 3.7.3, we introduce the following shorthand notation that char-
acterizes in a compact manner any union of open intervals on the real line.

Definition 3.7.1. Let I be a finite index set and let J := (J;c;(as,b;) be the set union of
intervals where the numbers a;, b; are chosen in increasing order as in Section 3.5.1. Then we
define the number

:ZZIH’I)Z‘—CL]" — Z ln\ai—aj| — Z]H’bz—bj|

el jel i,j€l i,j€l
1<J 1<J

Let I, I3 be as usual the index sets that characterize the two partitions of a bipartite system,
ie. I := Ujeli(ajvbj)7 i =1,2, and T = Z' U I?, according to our definition in Section 3.5.1.
The index set of 7 is then N,, = I U I5.

Lemma 3.7.4. The following relation holds:

n |az—aj||bl—bj‘ _ 0 2y
QZZI (’ai—ijbi—aj‘) 9(Z") +9(Z%) — 9(2).

i€ly jel2

Proof. According to Def. 3.7.1, and by direct calculation:
9(T) — 9(T") — g(7%) = g(T' UT?) — 9(T") — 9(T?)

= Z Z ln]bz-—aj]— Z ln\ai—aj]— Z ln\bi—bj]

i€1Ulp jel1UIlo 1,j€11UI5 1,j€I1UI5
1<J 1<j
—ZZln\bi—aj\—i— Z ln|ai—aj\+ Z 111|b7;—bj|
i€l jel i,j€h t,j€nh
1<j 1<J
—ZZln\bi—aj\—i—Zln]ai—aj\—&—Zln]bi—bj\
i€l jEI i,j€I i,j€I
1<j 1<j
:ZZhl‘bi—aj‘— Z 1n|ai—aj\— Z ln|bi—bj\
i€l jel2 i€ly,jel2 i€ly,jel2
i<j i<j
—I—ZZln‘bi—aj‘— Z ln|a¢—aj]— Z 1I1|bi—bj’
i€l jely Z'EI;,]EIl 1€z, j€N

1<) 1<)
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- S 2 G

el jelz i€l jeh

As noted in the proof of Lemma 3.7.3, the two terms in the equation above are identical, from
which the claim follows. O

Now, collecting the results of the previous Lemmas, we establish our central result in this Thesis.

Theorem 3.7.5. The bipartite Rényi entanglement entropy AS, of the system described by the
relativistic quantum state w of N quasi-free fermions spatially distributed on the real-line set
I =T'UTI? reads

ASq(w,w1 @ wz) = NE(a)(g(T") + 9(Z%) — 9()) (3.41)
where
+00 2241
_ 1 ln(2,\71)

1
2

is a number depending on the Rényi index o € (0,1). We name Z(«) entanglement coefficient.

Proof. The claim follows from formula 3.4, applying Lemma 3.7.3 to each component of the
bipartite system, and employing Lemma 3.7.4.

The number =(«) is well-defined thanks to Lemmas 3.5.5 and 3.5.6.

We now observe that the bipartite Rényi entanglement entropy for a quasi-free state of IV fermions
is N times the bipartite Rényi entanglement entropy of the 1-fermion state. In fact, the trace
operator on the N-particle Hilbert space @f\i L L*(R) is N times the trace operator defined on
the 1-particle Hilbert space L2(R). This yields the linear proportionality of the bipartite Rényi
entanglement entropy on the number N of quasi-free fermions in the system. O

Our Theorem above generalizes the results of Section 3.1.7 in Ref. [CH09a| and Theorem 3.18 in
Ref. [LX17], that were obtained assuming that the underlying quantum entropy form is of von
Neumann type. We formalize this observation in the following:

Corollary 3.7.5.1 (of Theorem 3.7.5). The bipartite von Neumann entanglement entropy ASy
of the system described by the relativistic quantum state w of N quasi-free fermions spatially
distributed on the real-line set T = I UZ? reads

N (@) + 9@ - 9(@)).

AS)(w,w) @wsy) = 13

Proof. The entanglement coefficient =(«), defined in Eq. 3.42 of Theorem 3.7.5 reduces in the

von Neumann limit to
—+oo
=(1) :=— /d)\f ) 1/d)\)\11n( /d)\
=(1) = 272 ! T ox2 2) x2_1 T o2 %
(3.43)

according to the discussion in Section 2.5.

»N»—' »—'
W= >—-

NI

Integral 3.43 was calculated in Lemma 3.15(3) in Ref. [LX17] and its explicit value reads &. The
claim stems from Lemma 3.7.4. U
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3.8 The Entanglement Coefficient =(«)

In the important case of the logarithmic negativity, i.e. a = %, the entanglement coefficient may
be calculated explicitly.

Lemma 3.8.1. The logarithmic negativity entanglement coefficient reads
(1) _1
=\3) =%

Proof. Employing the definition 2.24 of the function f,, by the variable substitution t = (%)

the entanglement coefficient from Eq. 3.42 becomes

1
tsin am Int
=) = dt arctan —
(@) 27r3a2 1—a) / <1+tcosom> t
0

Recalling the Taylor series of the arctan function, valid for |¢t| <1,

0 t2n+1
tant = 1) —,
arctan nZ:O( ) T 1
we get, integrating by parts:
1
4 2n
= dt Z t Int
0
1 1
4 & = 2n+1 2
n=0 0 0
4 (-1
= HZ:: Bt P (3.44)

which yields the claim since > "7 (Qn-‘yl-){;?’ = g%

The exchange of integral and infinite sum in Eq. 3.44 is possible by Fubini’s and Tonelli’s Theo-
rems applied to the special case of the measure defined by the product of the counting measure

on NU {0} and the Lebesgue measure on [0,1], since Y 7 fol dt|fu(t)] = D02 2n+1)3 < o0
: —1)" op
with f,(t) := %tQ Int. O

The result from Lemma 3.8.1 is a special case of a more general formula that expresses E(«) on
the whole v € (0, 1) interval.

Theorem 3.8.2. 2 Let a € (0,1). Then the entanglement coefficient may be written as

=(a) 114+«
o) =— .
24 «
[0
Proof. By the variable substitution t = <§§ﬂ> the entanglement coefficient defined in Eq. 3.42
becomes
1 i 1
sin am nt
Zla) = —5—5—— [ dt arct — | —. 3.45
(@) 2m3a?(1 — ) / are an(t + cos om) t (3:45)

1

2Proof devised by Prof. Dr. W. Spitzer.
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We denote the integral in Eq. 3.45 by I(«a) := 1+°° dt arctan( sinam )mt Processing ()

t+cosar | t °
further, we obtain

1 ' oo g o (Int)?
sin ar n
I(a) = = arct — " )(Int)? — §i dt
(@) g A1° an<t+cosa7r)(n ) 1 +281na7r/ 2+ 2tcosar + 1
+oo
1. /dt (Int)?
= —sinam
2 t2 + 2tcosam + 1
1
o 1 1
=—— [ dt(Int)? — — : 3.46
42/ (Il) <t+ezo¢7r t+e—zaw>’ ( )
1

where we integrated by parts and we employed 2 + 2t cos am + 1 = (t + €¥™)(t 4 e~%@™),

Again, by the variable substitution u = Int, and expressing the fractions in the integrand as
geometric series®, Eq. 3.46 yields

—+00

I(a)z—i, duuQ( ! ! )

1+ e—u+ia7r B 1+ e—u—icwr

+o0o
1 = . > ,
= n du u? (Z(_l)"e—”u+lnaﬂ _ Z(_l)ne—nu—mom>
1

0 n=0 n=0
1 i
— _Z (_1)n(€zna7r o efmonr) / duu267”“
1
n=1 0
00
1" . .
= % ( ng) (emowr - efmcwr)7 (347)
n=1

where the integral f0+°° duue ™ = % was evaluated applying integration by parts twice.

We now define the polylogarithm of order s € C for complex z € C with |z|] < 1 [Jon89|,
. — 2"
Lis(z) := — (3.48)

ns’
n=1

The polylogarithm satisfies the addition formula (cf. Eq. 1 in Ref. [Jon89])

Lis(2) + (—1)°Lig(z~1) = — (2:')333 (g;j) s €N, (3.49)

where (cf. e.g. Section 23.1 in Ref. [AS70])

By(z) =)
n=0

represents the Bernoulli polynomial? of order s.

nil Z<_1)k<2) (z+k)° (3.50)
k=0

3Note that [e”“*""| < 1 in the interval u € (0, +00).

“Note that the Bernoulli polynomials are defined in Ref. [Jon89] by means of the generating function Eff: =
> ooy Bs(2)t°, whereas our definition in Eq. 3.50 relies instead on the generating function etf: =3 Bs(z)’;—s!
for |t| < 2m. This discrepancy in the definition leads to the additional factor 5 in Eq. 3.49.
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Figure 3.1: Plot of the entanglement coefficient Z(«) defined in 3.42 and of our hyperbolic formula
from Lemma 3.8.2 on the Rényi-index interval o € (0,1). The entanglement coefficient values
Z(3) (logarithmic negativity, cf. Lemma 3.8.1) and (1) (von Neumann limit, cf. Eq. 3.43) are
also marked (cf. points at o = % and o = 1). The horizontal asymptote is shown as a dashed
line.

By Egs. 3.48, 3.49 and 3.50, and taking s = 3 and z = —e'®™, we may rewrite integral 3.47 as

I(0) = 4 (Lig(~e ") — Liz(~e™)
_ %(Lig(ei(l+a)ﬂ) _ Li3(€i(1ia)ﬂ-))
i (2mi)?
_ _5 (23!) Bs (;(a + 1)>
71_3
= E04(1 —a?). (3.51)

In Eq. 3.51 we employed the explicit representation Bz(z) = 2% — %ZQ + %z of the Bernoulli
polynomial of order 3 (cf. e.g. Table 23.1 in Ref [AS70] for the polynomial coefficients).

Combining Egs. 3.45 and 3.51, the claim follows. O

The agreement between the entanglement coefficient Z(«) calculated numerically from its defini-
tion in Eq. 3.42 and the hyperbolic formula from Theorem 3.8.2 is demonstrated graphically in
Fig. 3.1. Remarkably, our formula i% is identical to the scaling law derived in Ref. [LSS14]

and it agrees with the von Neumann result in Ref. [LX17].
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Chapter 4

Advanced Topics and Outlook

In this Chapter we deal with several generalizations of our bipartite Rényi entanglement entropy
results from Chapter 3. Here we only provide a short discussion, we sketch our proposals of
method extension and we give best guesses of the expected generalized results. However, we
refrain from detailed and formal proofs, which lie outside of the scope of this Thesis.

4.1 Quasi-Free Fermions on a Jordan Curve of Smooth Curvature

The method we employed in Chapter 3 and especially in Section 3.5.2 for the determination of
the Rényi entanglement entropy relies on the explicit form of the resolvent of the one-particle
density operator.

The resolvent was provided in Theorem 3.5.1 and the proof was based on classical results of
the theory of singular equations from Refs. [Mus53, Mik64|, applied to the special case of the
integration domain Z C R. The latter was chosen as the union of finitely many open real intervals.

Our main result in Theorem 3.7.5 may be readily generalized to the case of a finite open subset
of a suitable integration contour. To this aim, we define a closed Jordan curve of continuous
curvature in the plane « : [0,1] — R?, with v(0) = v(1)! and we assume that the orientation of
the curve is chosen in such a way that the region bounded by - lies to the left. We then use the
orientation on v to orient any subset of ([0, 1]).

In complete analogy with our definition in Section 3.5.1, we choose 2n real numbers 0 < a3 <
b1 <ag < By < - <ap < B, <1, and we now assume that the fermionic quasi-free state is
defined on the domain K C ([0, 1]), which we define as the set union K := (J;c, Ki, where the
sets KC; := v((ou, B;)) are pairwise disjoint for i € N,,.

Moreover, as customary, we partition the domain K into two subdomains K¢ := ek, v((ey, B5)),
1= 1,2, with index sets

K, Ko C N,,

[K1| = na, [Ka| = ng
KUKy =N,
KiNnKy,y=10

where ni,n9 > 0 and ny + ngy = n.

"We identify here the equivalence class of the Jordan curves with one of its elements by choosing a specific
parametrization.
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Theorem 4.1.1. Lety be a Jordan curve as described above, and let L. be the arc length between
any two points on . Moreover, let Z(«) be the entanglement coefficient defined in Theorem 3.7.5
for any Rényi-indezx o € (0,1). Then the bipartite Rényi entanglement entropy ASa of the system
described by the quantum state w of N quasi-free fermions distributed on the set K = K U K2
on the Jordan curve v as described above reads

ASY (w, w1 ® w2) = NE(a)(g5(K") + g5(K?) — g4(K)) (4.1)

where

=3 N (L, 8)) = Y W(Ly(ai, ) — > In(Ly(Bi, B))),

€K jeK i,jeK i,jeK
1<j 1<J

and analogous definitions hold for g,(K') and g,(K?).

4.2 The o > 1 Case

For a Rényi index o« > 1, the method we developed in this Thesis cannot be directly extended.
This difficulty arises from the fact that our method relies on the canonical integral representation
of the Rényi entropy function (cf. Section 2.4.1) that we derived from the Nevanlinna-Herglotz
theory. However, the power function z : C\ {# € C|Rez < 0,Imz = 0} — C with z — 2¢
is not NH in the present case. This may be shown explicitly considering the power (rel®)® =
r*(cosa¢ + isinag) (cf. Section 2.2.2) of a complex number in the open upper complex half-
plane, i.e. re’® € II, with r > 0,¢ € (0,7). Since a > 1, it follows that a¢ may become larger
than 7 and therefore sin a¢ may also possibly take negative values. This means that the power
function is not a self-map of the open upper half-plane I, and, as a consequence, it fails to be
NH according to Def. 2.1.1.

In this Section we sketch an alternative method that may be applied for arbitrary values of the
Rényi index a € (0,1) U (1,+00). The method relies on the analytic functional calculus, which
is founded on the following fundamental theoretical result that precisely describes the conditions
under which an operator may be inserted into an analytic scalar function.

Theorem 4.2.1. Let T be an operator defined on a Hilbert space with spectrum o(T), and let U be
an open set such that o(T) C U. Let f be an analytic function in a domain containing the closure
of U, and suppose that the boundary OU of U consists of a finite number of closed rectifiable
Jordan curves, oriented in the positive sense customary in the theory of compler variables®.
Then f(T) may be expressed as a contour integral over OU by the following formula:

1
2mi

(1) = 74 dz f(2)(2] - T)!

ou

where (zI —T)~ is the resolvent of operator T in z.
Proof. Cf. Theorem 10 in Ref. [DS57]. O

The power function is well-defined on its definition domain even for a > 1, and so is the complex
Rényi entropy function (cf. Def. 2.4.3) H, : Dy U{0,1} — C, with z — 2 In(2* + (1 — 2)®)
on the domain

Dg:=C\ ({z € ClRez <0,Imz =0} U {z € C|[Rez > 1,Imz = 0}) = II, UII_ U (0,1),

2Cf. definition in Section 4.1.
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and H,(0) = H,(1) = 0. The function H, is additionally analytic on Dg.

In Section 3.4, we introduced the regularized operator E,, which converges strongly to the op-
erator D in the ¢ — 0 limit with respect to the L?(R,C?) operator norm. We now define

the open disk A(za 2(1+€)) = {z eC: |z 2‘ < 1+€)}, and we note that, by the operator
inequality 3.7,

e l+4e 11 1 1
C ~- = - - - - _
o(B) & [1+26’ 1+26] CA<2’2(1+6)) CA<2’2(1+6)) < P

and therefore Hy, is analytic on the closure of A(Q, (ite )> for any € > 0.

Moreover, we denote by 8A<2, S(i+e )) the circle centered in the real point % and of radius 72(11“)

and oriented counterclockwise.

According to our treatment in Section 3.5, we focus here on the contribution of subsystem 1 to
the Rényi entanglement entropy operator o(«, Dz, D71, D72), cf. Def. 3.1.11. The corresponding
contribution to the Rényi entanglement entropy is given by the trace of operator o.

By Theorems 3.5.1, 3.7.1 and 4.2.1, Proposition 3.7.2 and employing Eq. 3.40:

1
1 111% tI‘(—Pl ln(Eg —+ (I — Ee)a)Pl + P1 hl((PlEePl)a =+ (P1 — PlEepl)a)Pl)
— X e~

= 27”.(11_0[) lgl(l) f dz In(2* + (1 — 2)%) 'tr((zI — DI1)71 — (21 — Dz)fl)

et

:Wl_a)lii% 7{ dzln((;_Z)a+(;+z)“)tr(RDﬂ<z>—RDz<z>)

04 (0,577
B 1 : n((3-2)"+(5+2)")
T a1l -a) i 7{ dz e
08 (0,57 )
lim [ dy (Kz(z,2,y) — K71 (2, 2,9))
Y
Il
L (3= + (327 | (241
~ 8mi(1— q) lg% 7{ dz 22— 1 ln<2z—1>
01 (0,577
| @ (Z4) - 23 ()
Zl
L (3= + (327 | (241
"~ 8mi(1— a) lg% j{ dz 22— 1 ln<2z—1>
02 (0,577
aJHaz bjl
P (e 2
i€l jels

Combining Eq. 4.2 for both subsystems 1 and 2 with Lemma 3.7.4, we may now state a generalized
form of Theorem 3.7.5 for Rényi-index o € (0,1) U (1, 4+00). We get

ASa(w,w1 ®w2) = NE(a)(g(T") + 9(Z%) — g(T)) (4.3)
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Figure 4.1: Plot of the Rényi entropy function H, (cf. Def. 2.4.2) for a few values of the Rényi
index a € (1,400) on the interval ¢ € [5,1]. The Shannon entropy function (cf. Def. 2.4.1)
obtained by means of the o | 1 limit is also shown for comparison (solid line). The o — +o0
limit represents the min-entropy function (dotted line). The common maximum of all entropy

curves at t = % reads In 2.

where the entanglement coefficient é(a) now reads

o o 1n<2z+1>
- 1 1 1 22—1
= = —j 1 - — — _ 4.4
(a) 8m3i(1 — «) v 7 dz n<<2 z> - <2+Z> ) 2 _ 1 (4.4)

dA (o

w0

We conclude with two warnings. For a > 1 the Rényi entropy function fails to be globally concave,
cf. Fig. 4.1. Our argument for the traceability of the bipartite Rényi entanglement entropy (cf.
Theorem 3.6.2) fails in this case as well, since it requires the positivity of the entanglement
operator that in turn is based on the property of concavity. Therefore, the question of the
traceability must be addressed separately.

Moreover, in the literature it was pointed out that, in the e = 2 case, the Rényi mutual entropy,
upon which our definition of the entanglement entropy is based (cf. Egs. 3.3 and 3.4), is in
general not subadditive and may become negative, e.g. in two-qubit systems [AGS12]. However,
in the same paper it was shown that the a = 2 mutual information for two-mode Gaussian states
is non-negative and it measures the quadrature correlations of the total state.

4.3 Non-Extensive Entropy

The concept of a non-extensive entropy was applied in many physical problems of nonlinear
systems out of thermal equilibrium (cf. e.g. Refs. [GMT04, Cho02]). For any ¢ € R, we define
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the complex non-extensive entropy function as follows:
~ 1
Hy:Df —-C, 2z f(l—zq—(l—z)q) (4.5)
—q

on the same complex domain D defined in Section 4.2. From the point of view of information
theory, even in this case the ¢ — 1 limit yields the usual Shannon entropy, when considering the
restriction H,|R on the real axis.

Applying the same line of argumentation as in Section 4.2, we may adapt results 4.3 and 4.4
with Eq. 4.5, and obtain

ASg(w, w1 ® wa) = N=(q)(g9(Z") + g(I?) — 9(T))

where the entanglement coefficient é(q) now reads

22+1
B(q) = 1 . j{ & (1 1 ¢ 1+ 1 ln(2zi—1>
T BBi(1— q) e : 2~ 27 7)) 2T
04 (0,574

4.4 Fermions on a Discrete Lattice

The one-particle density operator D := %(I— iH~3) we introduced in Theorem 3.3.1 and Eq. 3.6
to describe a system of quasi-free fermions (cf. Section 3.5.2) was defined using the Hilbert

transform operator H from Def. 3.3.4 and the matrix 4% = <(1) 01>.

Assuming now that the system is defined on Z, we search for a discrete expression for the resolvent
of D, in analogy to its counterpart on R in Theorem 3.5.1.

Let f:= {f[i] : i € Z} denote a discrete sequence on Z, where f[i] € C for i € Z. We define the
discrete Hilbert transform of f on the lattice by

1 =
(HAG) == D> HflH (4.6)
k=—00
where
1—(=1)=F ...
I B if j #k
Ha {0 ] if j =k (1)

according to Eqs. 13.175 and 13.176 in Ref. [Kin09]. We note that the matrix Hjj is skew-
symmetric, i.e. Hj, = —Hy;.

In analogy to our treatment in Section 3.3, we now define the domain Z of the fermionic system
as a finite subset of Z, and we take Z',Z? C Z such that Z =7' UZ? and Z' N Z?% = ().

Let H7 mean the discrete Hilbert operator 4.7 with summation restricted to the subset Z of Z.
Then recalling Theorem 3.5.1, we search for the formal resolvent Rp,, i.e. the inverse of the
matrix operator M}t()\) = D%E — (% — )\)I =AM F %HI on Z, for real A\. By the superscript
symbol £ we denote the eigenvalues £1 of the v3 matrix.

By Egs. 4.6 and 4.7, the matrix operator reads
1

2mi

(MEFNA) = £5= > Hipflkl + 2> 5 f[K] (4.8)

kel kel
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for any discrete sequence f on Z.

In general, considering a finite discrete linear space of dimension n € N on which we define a
vector x # 0 and a skew-symmetric n X n matrix A, we get for any real number p # 0 through
matrix multiplication:

(ul — A) - (ul + A) = T — AA = 2T + AT A, (4.9)
Additionally, we note the scalar product

(e, (4% + AT A)r) = 1i2(a, ) + (&, AT Ax) = p(a, 2) + (Aw, Az) = p2|l]2 + [ Az > 0.
(4.10)

Egs. 4.9 and 4.10 together yield det (uI4+A) # 0 and therefore both matrices puJ £+ A are invertible.

From this discussion, since Hjj, is skew-symmetric, we conclude that the matrix :l:%H ik + A0
in Eq. 4.8 is invertible for any real A # 0, i.e. the resolvent matrix exists and may be computed
e.g. numerically. Analogously we may proceed with the matrix operators of subsystems i = 1, 2.

The traces of the resolvent matrices may be then inserted directly into Eq. 3.21 to calculate the
contributions of each subsystem to the Rényi entanglement entropy for o € (0,1) (cf. Def. 3.3
and Eq. 3.4). Then, the treatment follows the same argumentation line already outlined in
Section 3.7.



Chapter 5

Conclusions

In this Thesis we studied the entanglement entropy of a 1D system of N relativistic quasi-free
fermions distributed on the real line. Our results employ the Rényi entropy and generalize
and extend those of Longo and Xu [LX17] who, for the first time, rigorously calculated the
entanglement of such system on the basis of the Shannon entropy.

The idea we pursued in Chapter 2 is to employ the Nevanlinna-Herglotz theory of analytic self-
maps in the open upper complex half-plane to express the Rényi entropy function in a suitable
way for our subsequent treatment. In fact, Nevanlinna-Herglotz functions admit the unique
canonical integral representation 2.4, where the independent variable z only appears in the
rational terms R,(£\) := Z_i o This is convenient since, in a quantum mechanical treatment,
replacing z with a suitable orie—particle density operator D, Rp(+A) may be interpreted as the

resolvent of D in % F A

Unfortunately, the complex Rényi entropy function partly breaks the Nevanlinna-Herglotz prop-
erty since the term (1 — ¢)® for generic real positive « is not a self-map in the upper complex
half-plane. Nevertheless, if we restrict the interval of the Rényi index to o € (0, 1), the Rényi
entropy function may be cast in the form

Ha(t) =

O‘a Int + La(—t), (5.1)

1-— l—«o

as we showed in the proof of Theorem 2.4.1, for values t € (0,1) and for a suitably defined
function L, where the only place where the break occurs is the term —t in the argument of L,,.
In Eq. 5.1 both the logarithm and L, are Nevanlinna-Herglotz functions (cf. Theorem 2.2.1 and
Lemma 2.3.1), and this yields our representation 2.30 of the Rényi entropy in Theorem 2.4.1.
Despite its apparent complexity, a simple structure emerges in Eq. 2.30: The whole informa-
tion concerning the underlying entropy form is summarized in the function fl%(;‘) which may
be interpreted as the derivative of the generating function of the measure in the Nevanlinna-
Herglotz integral representation, while the independent variable z only appears in the term
R.(\) — R.(—A). The term ?EO;) as well as the remaining integral contributions are of little
interest in our treatment, since they are constant and therefore, they do not contribute to the

Rényi entanglement entropy.

Since entanglement is essentially a quantum mechanical concept, we introduced its formal defi-
nition in Chapter 3 in the abstract framework of C*-algebras supplied with canonical anticom-
mutation relations to correctly describe a system of fermions. In this formalism the one-particle
density operator D of the system is essentially expressed by the Hilbert operator on L?(R), as
shown in Theorem 3.3.1. Moreover, since we restrict our treatment to massless fermions only,
chirality is accounted for in the % matrix as shown in Eq. 3.6.
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Splitting the whole system into two disjoint subsystems of one-particle densities Dy, Ds, we
defined the Rényi entanglement entropy by tro(a, D, D1, D2), whereby the operator o is defined
in Def. 3.1.11 simply as the Rényi mutual entropy of the bipartite system. For tro(a, D, D1, D3)
to be a suitable definition of an entanglement measure, its positivity is of course required. To
this aim, in Section 3.2 we first proved that operator ¢ is concave and furthermore that from this
property the non-negativity of its trace follows (cf. Theorem 3.2.9). As a further consequence of
positiveness we could prove in Section 3.6, employing a criterion developed by Brislawn [Bri8§|,
that operator o(«, D, D1, Ds) is traceable. Therefore, in conclusion, our entanglement measure
tro(a, D, Dy, D) is well-defined for Rényi index a € (0, 1).

After this preparatory work, the explicit calculation of the Rényi entanglement entropy is a
generalization of the treatment shown by Longo and Xu in Ref. [LX17]. In Section 3.5.3 we
reduced our Nevanlinna-Herglotz canonical integral representation of operator o(a, D, D1, D2)
in a form involving the same integral kernel G studied by Longo and Xu, that is independent
of the Rényi index «. In fact, this reduction allowed us to partly reuse in a more general
context the techniques of the regularized entropy operator and classical results from the theory
of singular integrals for the explicit analytical computation of the resolvents Rp, Rp,, Rp, of the
one-particle density operators D, Dy, D, respectively.

Our final result for the entanglement entropy in Theorem 3.7.5 is completely analytical. It is
proportional to the the number N of fermions in the system and moreover to a geometric factor
g(TY) + g(Z?) — g(Z), which simply describes the spatial domain of the system as a union of
finite disjoint intervals on the real line. The only dependence on the Rényi index « appears
through the entanglement coefficient Z(«), that is represented by an integral which contains the
derivative ff“f(z) of the generating function of the Nevanlinna-Herglotz integral measure explicitly.
The similarity of our result with Longo and Xu’s formula of the entanglement entropy in the
von Neumann case is striking, and our formula reduces very naturally to theirs by replacing the

derivative of the generating function above with A — %

In Theorem 3.8.2 we established that the entanglement coefficient Z(«) may be calculated ana-
lytically, and this yields the hyperbolic formula =(a) = ilfTa, which is in accordance with the
Z(1) value obtained by Longo and Xu, and the E(%) value of the logarithmic negativity entan-
glement, which we evaluated in Lemma 3.8.1. Moreover, our hyperbolic formula is identical to

the scaling law derived in Ref. [LSS14].

Of course, our results may be extended in several directions relaxing a few of the assumptions we
made in this Thesis. However, although the generalizations provide some more refined statements
in more complicated cases of theoretical and practical interest, our main Theorems 3.7.5 and 3.8.2
still maintain their central theoretical validity. Since these further generalizations lie somewhat
outside the main line and focus of this Thesis, we addressed them as special and advanced topics
in Section 4 giving short sketches, hints and ideas about the possible extension of our method,
but we refrained from formal and detailed proofs which would require further work.

The first and obvious generalization concerns the definition domain of the fermionic system.
In Chapter 3 we chose a quasi-free system of fermions distributed on the real line. This is
a special case of a more general picture, where the particles are confined on a closed smooth
curve in R?. This generalization is straightforward, since our whole treatment rests on the
explicit knowledge of the resolvent of the one-particle density operator, and classical results from
the theory of singular integrals seamlessly extend even to domains defined on Jordan curves of
constant curvature. We addressed this topic in Section 4.1.

Another interesting question concerns the behaviour of the entanglement entropy as the Rényi
index moves into the a > 1 interval. Although our hyperbolic formula from Theorem 3.8.2
extends to this a-interval, a rigorous proof of this generalization is not straightforward. Indeed,



o7

this case is subtly tricky, since the power function 11, — C, z — 2% in the complex upper half-
plane now fails to be of Nevanlinna-Herglotz type. Therefore, the general o > 1 problem requires
a new method.

In Section 4.2 we proposed to employ the Dunford analytic functional calculus, which may be
applied to a much wider function class than the Nevanlinna-Herglotz class, at the expense of being
able to express the results of the entanglement entropy only through a complicated Cauchy line
integral in C. We must additionally point out that the questions of the positivity and traceability
of the Rényi entanglement entropy operator o are still open in the interval a € (1,4+00) and
in fact, it has been pointed out in the literature that the operator ¢ may become negative, e.g.
for a = 2 and two-qubit systems. These questions require to be fully and carefully addressed
separately.

The Dunford analytic functional calculus may be also applied to treat a wider class of problems.
As an example, we applied it in Section 4.3 to treat yet another entropy form, namely the non-
extensive entropy [GMT04], which was employed with success in the study of complex systems.

The last topic we considered in Section 4.4 was a system of quasi-free fermions distributed on
a discrete lattice Z. The main idea here is to work with the discrete version of the Hilbert
transform and its inverse to build up a discretized resolvent of the one-particle density operator
of the system. This reduces to the evaluation of the inverse of a matrix, which may be easily
achieved numerically.
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