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Abstract

[ traguardi sperimentali raggiunti negli ultimi decenni nell’ambito della fisica degli atomi
ultrafreddi hanno reso possibile la realizzazione in laboratorio di sistemi quantistici con
potenziali che decadono con la distanza tramite una legge di potenza.

In questo ambito di ricerca si inserisce il modello di Kitaev bidimensionale su un
reticolo quadrato che descrive un sistema di fermioni spinless. Questo sistema fisico
¢ caratterizzato da un’Hamiltoniana avente un termine di pairing di tipo p-wave che
decade con la distanza secondo una legge di potenza. Il potenziale a lungo raggio con-
ferisce propieta peculiari, assenti per sistemi descritti da Hamiltoniane locali, come ad
esempio delle funzioni di correlazione che possiedono due regimi, il primo in cui tendono
a zero tramite un andamento ibrido, ovvero in modo esponenziale a corte distanze ed
in modo algebrico a lunghe distanze, ed il secondo in cui tendono a zero seguendo un
andamento puramente algebrico. Inoltre, se il termine di pairing é sufficientemente forte,
sono possibili la violazione della legge dell’area dell’entropia di von Neumann anche per
fasi non critiche.

In questo lavoro di tesi abbiamo caratterizzato le fasi del modello di Kitaev bidi-
mensionale che, essendo descritto da un’Hamiltoniana fermionica quadratica, ¢ diago-
nalizzabile in maniera esatta. Lo studio delle diverse fasi del sistema ¢ avvenuto tramite
I’analisi dello spettro energetico, delle funzioni di correlazione e dello scaling dell’entropia
di von Neumann. Questi strumenti di indagine sono stati ottenuti sia tramite risultati
analitci sia tramite simulazioni numeriche. Le proprieta ottenute utilizzando questo ap-
proccio sono state riassunte in un diagramma di fase posto nell’ultimo capitolo di questo
elaborato.
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Introduction

Quantum many body systems can be often described in terms of local Hamiltonians.
However some interesting situations exist, like those arising in the contexts of atomic,
molecular and optical physics (see |1]- [4]), in which the description by means of local
interactions is only an approximation, and not always a good one. For example recent
developments in the field of trapped ions (see [5]- [7]) make possible to create long-range
interactions decaying as a power-law with the distance ¢ like 1/¢%, with o which can be
continuously tuned in the range of values 0 < a < 3. These experimental achievements
give rise to a renewed theoretical interest in the field of long-range interactions which
represent a prominent source of new physics and novel phases of matter.

In one spatial dimension solid results exist about the behaviour of physical properties
of systems described by local Hamiltonians. For example the correlations have an expo-
nentially decay in non critical regions (see [30]) or the entanglement entropy for ground
states generally follows an area law in gapped regions (see [23]). These properties cease
to be valid for systems with long-range interactions.

Another promising research field is that of topological phases of matter (see [22]).
The quantum theory predicts a multitude of different phases like those of superconduc-
tors, ferromagnets, antiferromagnets, Bose-Einstein condensates and many others. All
these situations can be described in terms of the Landau phenomenological theory of
phase transitions based on the existence of local order parameters and on the concept of
symmetry breaking. Instead a topological phase is a state of matter whose physics is not
captured by local order parameters but which is linked to topology and to topological
invariants, i.e. global quantities insensible to smooth changes of the parameters of the
Hamiltonian unless a phase transition appears.

The Kitaev model (see [15]), describing a one dimensional p-wave superconductor
made by spinless fermions, has a topological gapped phase characterised by the appear-
ance of degenerate low-energy lying states separated from other states through an energy
gap. These states can be, depending on boundary conditions, edge states, i.e. quasi-
particles described by eigenfunctions mainly localised at the boundaries of the system,



decaying exponentially from the edges of the chain. These edge states, being robust
against decoherence, have attracted lot of interest because they could be successfully
employed in the field of quantum information theory as qubits.

The one dimensional long-range generalisation of the Kitaev model (see [16]) repre-
sents a bridge between topological phases and long-range physics. This model is described
by a Hamiltonian with a long-range p-wave pairing depending on the distance £ as 1/¢%,
for some power a. The long-range nature of the Hamiltonian enriches this system with
peculiar properties. For example correlation functions have a hybrid exponential power-
law behaviour becoming purely power law when the power a assumes sufficiently small
values. Also the entanglement entropy behaves in an exotic way. In fact, for sufficiently
strong pairing potentials, it can violates the area law also in the gapped phase. More-
over this model, for o < 1, is found to break the conformal symmetry along one critical
line. The topological properties of the Kitaev chain are not destroyed by the long-range
pairing. In fact this system still exhibits, in the case of an open chain, zero mode edge
states degenerate with the ground state.

In more than one spatial dimension general statements about physical properties like
those concerning the area law for the entanglement entropy can be proved only for few
special cases. We will be interested in fermionic 2d models and in this context a rigorous
proof concerning the area law can be given only for free systems (see [55]).

2d systems have attracted immense attention (see |8]) since the first proposal to
explain quantum Hall effect, whose quantized transport properties were explained in
terms of chiral edge states, by means of topological condensed matter physics. Taking
into account the previous considerations one expects that 2d systems with long-range
interactions can be suited grounds in which new physics may arise.

This master degree thesis inserts itself in this contest. We will analyse a generalization
of the Kitaev model with the long-range pairing on a two dimensional square lattice. This
system is described by a superconducting Hamiltonian of a 2d system with a long-range
pairing term that couples fermions at different lattice sites R; and Ry and that decays
algebraically with the distance £ = |R; — Ry as 1/¢*. This model is quadratic in terms
of fermionic operators and, thus, it is exactly resoluble.

The outline of this work is the following. In Chapter 1 we introduce the main tools
necessary in order to understand different phases of quantum many body systems, i.e.
correlation functions and the entanglement entropy. In particular we underline gen-
eral results concerning the behaviour of two-point correlation functions for short-range
systems, which are not valid for the long-range case, and we describe the concept of en-
tanglement entropy. We focus our attention on the von Neumann entanglement entropy
and we explain how this physical quantity can be computed in the field of quantum
many-boy physics. Finally we take into consideration the concept of area law for the
entanglement entropy.

In Chapter 2 we consider the Kitaev model. We diagonalise its fermionic Hamiltonian
and, taking into consideration boundary conditions and energy spectrum, we explain how



the concept of Majorana edge state emerges in the context of condensed matter physics.
Furthermore we study the Kitaev model with a long-range pairing which represents
the fundamental building block of our 2d generalisation. In order to give a complete
description of this model we analyse the correlation functions, the entanglement entropy
and the edge states.

In Chapter 3 we make a brief discussion about the general pairing potential of a
Hamiltonian obtained through a mean field approximation of the BCS theory. This
analysis will be essential in order to take into consideration the proper pairing term of a
two dimensional superconducting p wave model. Then we introduce the short-range 2d
version of the Kitaev model with a real pairing potential. We characterise this system
through the analysis of the energy spectrum, the codimension and through the scaling
of the entanglement entropy. In particular we study the regions of the phase diagram
which violate the area law and the regions which preserve the area law.

In Chapter 4 we finally study our generalisation of the long-range version of the Kitaev
model on a 2d square lattice. We introduce and diagonalise the quadratic Hamiltonian
of this system which has a real long-range pairing potential. We describe the gapped
and the gapless phases emerging from the knowledge of the energy spectrum. By means
of numerical simulations we take into consideration correlation functions and anomalous
correlators on different paths of the square lattice. Finally we consider the scaling of the
von Neumann entropy with the size of the system. The different phases of this model,
founded both analytically and numerically, are summarized in a phase diagram presented
at the end of this work.



Chapter 1

Entanglement and correlators

This preliminary chapter introduces tools like the two point correlation function and the
entanglement entropy which are necessary to characterize different phases of quantum
many body systems.

1.1 Correlation functions

Correlation functions are powerful tools useful to understand different thermodynamic
aspects of quantum many body systems. For example they are used to study the be-
haviour of systems coupled to an external field (e.g. a magnetic field) especially when
the external perturbation can be treated in the so called linear response theory (see [20]).
Correlation functions play also a crucial role in spin physics in which they measure
the order of a state. A simple Hamiltonian describing a system made by a set of spins S,
placed at each site ¢ of a d dimensional lattice is given by the Heisenberg Hamiltonian

J — —
7/7]

where J is a positive coupling constant and (i, j) means that only next neighbour spins
are coupled together.

For the model described by one expects (see [28]) an ordered phase at low
temperature (the majority of spins are aligned in the same direction) and a disordered
phase at high temperature. The two phases are linked by a critical temperature 7T,. A
phase transition can be detected by an order parameter, i.e. a quantity which has a
vanishing thermal average in one phase and a non-zero average in other phases. The
suitable order parameter to describe the previous spin system is the thermal average of



the the local spin vector 5’1 which has, as stated before, the following behaviour

<§> B {%0 £ 0, ; Z ; ' (1.2)

The degree of relative alignment between two spins is expressed by the two-point corre-
lation function

) (?, ]’) - <§ : §j> . (1.3)

If the system is translational and rotational invariant the correlation function de-
pends only on the absolute value of the distance r = \;— j| between two spins. In order to
study the fluctuations of spins around their mean value 5’0 below T, is useful to introduce
the two-point connected correlation function

G (r) = <(§ - 50) : <§j - §0)> — <§ : §j> — 18,2, (1.4)

For T' > T, we the system is in a disordered state with a zero spin mean value and
G (r) coincides with G® (r).

For T' # T, the correlation length £ measures the extent of the region in which spins
are correlated. From quantum field theory methods (see [28|) the asymptotic behaviour
of the correlation length of the system described by has an exponential decay with
the distance when T' 2 T, and a power law decay for T'= T,. The emergence of a power
law behaviour of the two-point connected correlation function means that at a critical
point there are strong fluctuations of the order parameter on all distance scales. The
behaviour of the two point correlation function can be summarized as

GO (1) = rd12+77f (g) SN (1.5)

where a is the lattice spacing and n is called the anomalous dimension. The scaling
function f (%) has the asymptotic behaviours

(1.6)

e * forx > 1
1 for x =~ 1.

Denoting with ¢ = (T' —T.) /T the relative displacement from the critical temperature
we can express the divergence of the correlation length near 7, as

&t T >1T.
§(T) = { e TeT (L7)



The previous numbers v and 7 are examples of critical exponents and they are equal for
a large number of systems which behave in the same way when they are close to a critical
point. Systems with the same critical exponents, spatial dimensions and symmetry of
the Hamiltonian are collected together in the so called universal classes.

In critical models, because of the divergence of the correlation length, there are fluc-
tuations on all possible length scales and the models become scale invariant. In one
spatial dimension this fact allows a description in terms of the conformal field theory
which characterizes continuum models with the conformal symmetry (including transla-
tions, rotations and scaling). The conformal symmetry, for two dimensional classical and
Lorentz invariant theories, allows to classify all phase transitions and it is a fundamental
tool to compute critical exponents. In this context each universality class is labelled
by a central charge ¢ that roughly speaking quantify the "number of critical degrees of
freedom of the system". For example the Ising universality class has ¢ = 1/2 and the
free boson has ¢ = 1 (see [37]).

In the following we will be interested in the relationship between range of interactions
and the behaviour of the two-point correlation functions.

The result for gapped phases characterizes a great number of physical models.
Indeed a general result exists in the ground state of spin and fermionic systems with
short-range interactions (see [30]) which states that the two-point correlation function
has an exponential decay in the gapped phase.

As a paradigmatic example we consider a fermionic model described by the following
Dirac action

S= [ &b (49,4 m) v (1.8)

where the euclidean v matrices are given by

N )

1(r) represents the spinorial field

_ ()
w(r) = (wz(r)) (1'10)
with anticommutation relations

{th1(r), ¥a(r)} = 26,0 (1.11)
{tha(r), ¥a(r)} = 26,0 (1.12)

and ¢ = 0.
The previous action is used to describe the Ising model (see [28]) near the critical
temperature 7,.. The mass term m goes to zero when the temperature reach the critical
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value T,.. Then, because of the absence of dimensional parameters, the system becomes
scale invariant and it is possible to apply the results from conformal field theory.
The equation of motion of the previous action is

0 0
(7 8t+7 a—+m)w:0. (1.13)

By introducing the complex coordinates z = x + 1y and zZ = x — 1y we can express the
derivative operators as

0. = 5 (0. —1d) (1.14)

85 = % (az +z3t).

and we can define two new fermionic operators as

U (z,2) = M’ U (z,2) = Y1 — (1.15)
V2 V2
By using the previous ingredients the action becomes
S— / 2 (V0.0 + 0.0 + i) . (1.16)
The equations of motion are now given by
0.0 =G, 9.0 ="y (1.17)

2 2

If the mass term goes to zero ¥ becomes a purely analytic field while U a purely anti-
analytic one.

Two points correlation functions can be easily computed (see [28]) and they have the
following form

B 2 62(pz—i—pz) m

(U (2,2) ¥ (0,0)) = —zm/ d p S e Z%KU (mr) (1.18)
62(pz+pz) m z

(0 (,5) T (0,0)) = /(%) e L (1.19)

(U (2,2) ¥ (0,0)) = —%gm (mr) (1.20)

where r = y/zz and K; are the modified Bessel functions (see [26]). Asymptotically the
modified Bessel functions have the following behaviour

Ki(x) =~ 97 ¢ - (1.21)

We can see that for T # T, the two-point correlation functions have an exponential decay
as expected.
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1.2 Entanglement

Suppose we have two systems described by two well known quantum states and let them
to enter into temporary physical interaction through known forces. If they are separated
again after a time of mutual influence we cannot describe them with two distinct quantum
states as before the interaction. We say that the two quantum states become "entangled".
Using Schréodinger words (see [40]) "I would not call that one but rather the characteristic
trait of quantum mechanics, the one that enforces its entire departure from classical lines
of thought". In 1935 Einstein Podolsky and Rosen published a famous article (see [41])
in which they wanted to demonstrate that quantum mechanics is not a complete theory
of Nature.

To be more precise a theory is complete if "every element of the physical reality must
have a counterpart in the physical theory". Instead an element of reality might satisfy
the following requirement "if, without in any way disturbing a system, we can predict
with certainty (i.e. with probability equal to unity) the value of a physical quantity, then
there exist an element of physical reality corresponding to this physical quantity”.

In quantum mechanics the knowledge of a physical quantity might preclude the knowl-
edge of another one. This happens when two or more quantities are described by non
commuting operators (uncertainty principle). EPR, starting with the assumption that
quantum mechanics is a complete theory of Nature, have concluded that two non com-
muting operators can have a simultaneous reality. This conclusion clearly represents a
paradox.

EPR with their article hope to force a return to a more classical view of the World
(without the limits imposed by the Heisenberg uncertainty principle). In 1935 and for
the subsequent thirty years was impossible to test experimentally the validity of EPR
argument against the quantum view of the World. This problem has inspired many
possible solutions to the paradox. For example Einstein proposed, in a private communi-
cation with Bohm (see [43]), that the formulation of the many-body problem in quantum
mechanics may break down when particles are far enough apart.

If quantum mechanics is not a complete theory we have to search an alternative view
in which the uncertainty principle is the result of a partial knowledge of the degrees of
freedom necessary to describe the system. The unknown degrees of freedom are called
(local) hidden variables.

John Stewart Bell (see [44]) proved that a classical theory based on hidden variables
must follow a constrain, i.e. the famous Bell’ inequality .

Experimental tests confirm that actually Bell’s inequality is violated and that the
microscopic World doesn’t act in a common sense way.

The violation of Bell’s inequality leads to a profound review of the base assumptions
of the quantum theory. The point of view of most physicists is that quantum mechanics
is a non-local theory.

12



Figure 1.1: Real space bipartition of a system in two parts A and B. Figure taken from
ref. [19].

1.2.1 Schmidt decomposition and von Neumann entropy

Now we want to describe how to measure the entanglement in a quantitative way.

For a long time entanglement was a research topic mostly developed in quantum
optics and for systems with few degrees of freedom. We will be focused on its recent
applications in quantum many body theory (see [12], [19]).

Suppose we have a system described by the pure quantum state [¢)). By splitting the
system in two parts, as in Fig. we want to know how they are coupled in |¢). By
denoting with A the first system and with B the second one we can expand [¢)) in terms
of the orthonormal basis of the two Hilbert spaces |¢2) and [2)

) = Apn i) [0F) | (1.22)

)

where A, , is in general a complex valued rectangular matrix which, thanks to the
so called singular-value-decomposition method (see Appendix B), can be put in the
following form

A = UDV7, (1.23)

where U is square and unitary, D is diagonal and V? is rectangular with orthonormal

rows. Then (1.22) becomes
) = D UnaDnnVily ) 1) (1.24)

m,n,k

If we define new orthonormal sets for the two parts

60) =) Ul 168) =D Var[¥F), Ao = D (1.25)
m k
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we get the so called Schmidt decomposition
[0) =D Aalon) lon) - (1.26)

The above sum is limited by the smallest Hilbert space. The most important feature of
(A.38)) is that the A, describe the entanglement properties of one of the two subsystems.
For example if A\, =1 and \; = 0 for n # j the total state |¢) is a product of two states
and in this case there is no entanglement. Instead if \; = X, Vj we get a maximally
entangled state.

In ordinary calculations instead of computing the Schmidt decomposition is more
convenient to investigate the entanglement through the density matrix of the total system
p = |¥) (¥| and through reduced density matrices of the subsystems defined as

pa="Trg(p), pp="Tra(p). (1.27)

Assuming that [¢)) has the Schmidt form (A.38) we can write

p= 1) (Wl =D Audlen) |oF) (ol (onl (1.28)

Taking the trace respect to the set of states [¢p%) we obtain
pa =Y [Nl 160) (03], a=A,B. (1.29)
The square eigenvalues of the Schmidt decomposition are now given by w, = |A,|*.

The eigenvectors |¢2) of the reduced density matrices are the same of the Schmidt
decomposition. Furthermore we can observe that, being p, hermitean and with non
negative eigenvalues, we can write the reduced density matrices as

1
Po = ze_H“, a=AB. (1.30)

In order to give a measure of the entanglement entropy we introduce the von Neumann
entanglement entropy defined as

Sa = —Tr (palogs pa) = — an logy wy,. (1.31)

The von Neumann entropy has the same value for both parts, i.e. Sy = S = S thanks
to the independence of |\, | from the side index a.

Furthermore S, is zero (log, 1 = 0) for product states and equal to S = log, M for
maximally entangled states (w, = 1/M).

14



In the classical view concepts of entropy quantify the lack of information about the
exact microstate of a system among all the possible configurations compatible with a
given macrostate. In quantum mechanics positive entropies may arise without any lack
of information. For example consider a non degenerate ground state of a quantum
many body system at zero temperature described by the pure state p = [¢) (¢)|. The
entanglement entropy of this state is zero. Instead two subregions of the initial system
are not in general described by a pure state and the entanglement entropy can be different
from zero. Even if we exactly know the global state of the system it is still possible to
find a non vanishing entropy. This example underlines the genuine quantum nature of
the von Neumann entanglement entropy and its departure from classical concepts.

1.2.2 Area law for the entanglement entropy

In the studies of critical phenomena the microscopic properties of a quantum many body
system are less important than the macroscopic ones. In this perspective we are interested
in the scaling of the entanglement entropy. Typically the concept of entropy is linked
to an extensive quantity which follows a volume scaling, i.e. it grows linearly with the
volume of the system. This is also true for the entanglement entropy of thermal states.
Instead for ground states of systems with short-range interactions one typically finds
an area law, or an area law with small logarithmic corrections. This means that if we
divide the system in two subregions we find that the entropy is linear with the boundary
area which divides the two distinct regions.

The emergence of an area law can be explained by an intuitive argument based on
the short range of the interactions. These interactions link a region with its exterior
only via the boundary surface. Then we can expect that their interior cannot play a
fundamental role when the system grows in size and only the elements of the boundary
surface can have a significant role in the connection between the two subsystems.

In the following we will consider only fermionic systems.

Consider the fermionic quasi-free Hamiltonian, i.e. quadratic in fermionic operators f;

and f]
1
H=3 > (fz’TAi,jfj — i I+ FiBijf — fiTBi,jf]J'f> : (1.32)
i,jeL

where L is a d dimensional lattice. To ensure the hermiticity of H is necessary that
AT = A and B” = —B hold. The Hamiltonian (1.32)) describes a wide class of physical
systems. For example in d = 1 and for A;; = 2h, A; ;11 = % we recover the isotropic
X-Y model (see [34]).

In d = 1 there are interesting results about the scaling behaviour of the entanglement
entropy for translation-invariant systems with short-range interactions.

Consider a block of continuous sites I = {1,--- ,n} described by the d = 1 version
of (1.32) with B = 0 (isotropic systems). In this case a general result (see [23]) holds
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for ground states. If the system is gapped then the entanglement entropy of the block
I saturates to a constant. In one spatial dimension this is equivalent to an area law
because the possible boundaries can be only a finite and fixed number of points. Instead
if the system becomes critical the entanglement entropy of the block [ scales as

S (pr) = ~vlog, (n) + O(1), (1.33)

where the prefactor v is determined by the topology of the Fermi surface and is not to
be confused with the conformal charge.

Models characterised by B # 0 cannot be studied by using general mathematical
results. However for example the X-Y model belongs to this class of models and its
entanglement entropy follows again an area law in the gapped region (see [35]).

The situation is completely different for system with long-range interactions. In
fact in this case exist gapped models (as we will see later) with the coupling strength
bounded by —"—, where r is a constant and dist(j, k) the distance between the sites j

dist(j,k)
and k, for which exists some constant v > 0 such that

S (pr) = vlogy (n) + O(1). (1.34)

Then long-range interactions may violate an area-law also in the gapped phase.

The gapless behaviour of the entanglement scaling in one spatial dimension models
can be compared with the results from the conformal field theory. As stated before
critical models can be collected in the so called universal classes characterized by a
central charge c. This constant appears in the computation of the entanglement entropy
which has the following behaviour (see [25], [27])

5

S(pr) = 3

og, (I/a), (1.35)

where [ is the length of the subsystem [ and a is the lattice spacing. From (|1.35) we can
argue that the entanglement entropy of systems belonging to a given universality class
has the same scaling behaviour.

In more than one spatial dimension the mathematical development of the entangle-
ment scaling theory is full of technicalities. For example the boundary surface [ is a
highly non-trivial object. We want to understand if an area law exists in this general
context for fermionic systems.

For critical fermionic isotropic (with B = 0) models described by on a cubic
lattice there is a general results (see [45]) which states that in this case the area law is
violated, i.e. the entanglement entropy scales with the boundary area times a logarithmic
correction.

In the third chapter we will see the entanglement scaling of a fermionic two dimen-

sional system on a square lattice described by an Hamiltonian of the form (1.32)) with
B # 0.
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Chapter 2

The Kitaev chain

In this chapter we will introduce the one dimensional Kitaev model and its generalisation
with a long-range pairing decaying as a power law with distance (1/r*). These models,
under certain conditions depending on the parameters of the Hamiltonian, exhibit Ma-
jorana edge states, i.e. quasi-particle excitations which can be very useful in the field of
quantum information theory. We will explain analytical results concerning correlation
functions and we will see how the long-range pairing influences them. Furthermore, in
order to fully characterise different phases of the long-range model, the entanglement
entropy scaling will be studied.

2.1 Kitaev chain with short-range pairing

The difficult realization of a quantum computer has to deal with the fragility of quantum
states which have both classical and quantum errors. In order to explain this concept
using a one dimensional model let each quantum bit be represented as a site that can
be empty or occupied by an electron. The classical error, due to the electric charge
conservation, manifests itself when an electron jumps from a site to another (empty)
site. The quantum phase error emerges when the electronic structure and consequently
the energy of the system are changed leading to different energy phase picked up during
time. This error is linked with the operator a;aj (presence or absence of a particle in the
j-th site) which is sensible to the electronic structure of the system.

While the classical error can be easily avoided, the phase error is the major challenge
in the realization of a quantum computer. A possible solution to this problem could
be, as we will see later, the experimental realization of Majorana fermions (see [24]) in
a solid state system context. We can introduce two Majorana operators ("real" and
"imaginary" part of the creator and annihilator operators) as

_ i _a—a
ng_l—aj+aj CQj—T ]—1, ,N (21)
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where N is the number of sites along the wire.
The operators (2.1]) have the following properties

c=cm Clm A+ e =20, LLm=1--- 2N (2.2)
and the number operator can be written as

T
CL-CL]'—

j (1 + Zng_lcgj) . (23)

DN | —

Generally Majorana fermions arise in high energy physics contexts as particles. Now we
are searching for them as quasi-particle excitations. So how we can implement them in
a solid state system?

2.1.1 Energy spectrum and edge modes

Alexey Kitaev tried to answer to the previous question (see [15]|) introducing a one
dimensional fermionic model made by sites that can be empty or occupied by spinless
fermions (i.e. electrons with a fixed spin direction). These electrons contribute to the
total energy through a short range hopping term and interact with each others in a
superconducting way. The Hamiltonian of the system is

1
H = Z (—t (a}ajﬂ + h.c.) —p (a;aj - 5) + (Aaja;4q + h.c)) (2.4)
J

where A = |Ale? is the short-range complex pairing, u is the chemical potential and
t is the hopping coefficient.
The system described by the Hamiltonian (2.4) is symmetric respect to pu — —pu.

Furthermore it has a Zs symmetry which means that the following commutation relation
holds

where Pp is the fermionic parity operator
Pr=(=1)%i%%. (2.6)

The complex phase appearing in the pairing term can be absorbed into a redefinition of
the ladder operators

) )
coj_1 =e€'2a;+e 12@} (2.7)
Coi = —1€'3a; + e~5at
2j — J j
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Figure 2.1: Two types of pairing. Figure taken from [15].

and the Hamiltonian becomes

?

H=g D [—Heaj109; + (E+|A]) eajeajpn + (=t + |A]) caj-109542] (2.8)
J

Now we want to study two cases in which, tuning the parameters of the Hamiltonian, the

model can or cannot exhibit delocalized Majorana fermions. We choose open boundary

conditions which means for an interval of length N+1

| > N

¢; =0, ch=0 if {‘7, . (2.9)
71 <0

Under these conditions we can find two interesting range of parameters.

When |A| =t =0, u < 0 we have

]
H = _ME ZCQj_lcgj. (210)
J

As it can be seen in Figl2.1] (a), the ground state of this Hamiltonian is made up of
bonds between the Majorana fermions in sites 25 — 1 and 2j (i.e. inside the same
physical site).This situation forbids the appearance of unpaired Majorana fermions.

On the contrary when |A| =¢ > 0 and p = 0 the Hamiltonian becomes

H = ZtZCQjCQj+1. (211)
J

In this case the ground state is given in Fig. (b) and we can observe two Majorana
fermions living at the edge of the chain. In fact the operators ¢; and ¢y, remain unpaired
since they do not enter in the Hamiltonian.

In order to understand the regions of the phase diagram in which we can find the
previous phases characterized by the presence or absence of unpaired Majorana fermions
we have to know the energy spectrum of the system.

First of all we pass in the momentum space description through the Fourier transfor-
mation

1 .
Ci = —— eYe 2.12
- D o)
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and we get [[]

H = Z (—p — 2tcosq) <c$cq + ciqc_q> + Asing (—zc;ciq + zc_ch) +uN.  (2.13)

q>0

The bulk properties of the system are insensible to boundary conditions. So we can
freely take periodic boundary conditions

1q(J 1 1qJ
CjyN = Cj = ﬁ Z@ q(jJrN)Cq = \/_N Ze q‘]Cq. (214)

Except for a constant we have a quadratic form for each momentum ¢

—2tcosq — —1A* sin C
Hy = (c c) < i H q) ( ﬂ) (2.15)

1A sin g 2tcosq+p) \cl,

We diagonalize this Hamiltonian by means of a Bogolyubov transformation. If we use the
identity UTU = 1 (U is a unitary operator) in (2.15) we can introduce the Bogolyubov
quasi-particle operators 7, and njl defined as

<n2qq) -U (cchq> (2.16)

_ (costy usind,
1sinf, cosf,

where U can be expressed as

A
>, where tan(Zﬁq):%. (2.17)
08¢+

Using the previous ingredients we finally get

H=Y)" (A (@) ngmg — %) (2.18)

where A (¢) are the positive eigenvalues of the matrix in (2.15])

Aq) = i\/(2tcosq+u)2—|—4|A]2 sin(q)?. (2.19)

From ([2.19) is evident that the system is critical when p = 4+2¢. These lines separate two
gapped regions. We expect that the two phases described by the Hamiltonians
and extend to connected domains in the parameter space where the spectrum is
gapped. Then is reasonable that the domain of the phase characterized by is the
region 2|t| < |u| and the second phase described by occurs at 2|t > |ul.

'the detailed development of these calculations is presented in Appendix A.
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To test our hypothesis is necessary to find boundary modes at the ends of the chain.
In this case we will choose open boundary conditions. If such boundary modes exist they
should have the following form (see [15])

b’ — Z <o/+xi + OéLIJ_) Coj—1 (220)
J
b// = Z (O[:/r:lj“zf_ + O/LIJ_> 02]',1 (221)
J
—p £/ — A2 + 4]A ]2
here z, = )
" : 2(t+]A])

(2.22)

Through this ansatz is possible to characterize two regions of the phase diagram

o If 2|t| < |u|, we have |z4| > 1, |z_| < 1. Then only one of the a-coefficients can be
zero depending on whether the mode is to be localized at the left or the right of
the chain. But in this case we cannot use appropriate open boundary conditions.
In fact, because of the finiteness of the open chain, we have to impose that the
ansatz must be zero at j = 0 and at j = N + 1, which means

o, +a_ =0, alx;(LH) +a 2z " = (2.23)
but if one of the two coefficients is zero also the other one must be zero. Then in
this case it is not possible to find Majorana edge modes.

o If 2|t| > |ul, |A] # 0 we have |z |, |z_| < 1. Then b’ is localized near j = 0, b" is
localized near 7 = L and now we can impose the appropriate boundary conditions
(2.23). These solutions represent our unpaired Majorana fermions.

All above analysis is exact in the limit L. — oo. In fact if the chain remains
finite the Majorana modes interact through an exponentially decreasing potential
depending on the size of the chain.

2.1.2 Correlation functions

Now we evaluate the asymptotic (large distance) behaviour of the two point correlation
function. The Kitaev model has short-range interactions and from the general theory we
expect that the two point correlator should have an exponential decay with R (distance).
In Appendix A there are detailed calculations concerning the two point correlation func-
tion of the 2D long-range version of the Kitaev model. There we will analyze only some
aspects that will be useful later.
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In the limit of an infinite chain L. — oo the two point correlation function is given by

(cheo) = Oro _ 1 /% eMRG (k) dk (2.24)
RO/ "9 on '
o
= %Jrgl (R),
where
L (7 2tcosk + i
91 (R) = "o ), ¢ G(k)dk, G(k)= T (2.25)

AMEk) = \/(Qt cosk + p)* + 4A2sin® k.

The function ¢; (R) can be computed through a complex plane integration. First of all
we can observe that G(z), where z = x + 1y, is an holomorphic function in the region
enclosed by the integration contour in Fig. 1.2. In fact it is easy to prove that e*2G(z)
satisfies the Cauchy-Riemann equations (see [47]) that can be put in the following form

a izR a izR o
B (e*"G(2)) + Za—y (eG(z)) = 0. (2.26)

Then from the Cauchy Theorem we have

y{e”RQ(z)dz =0, (2.27)

where v is the contour in Fig2.2] Then we have

gl(R>=—%&glw<Lo /C% / /£+ /@ /CL) e G (» (2.28)

The contribution from C'| and C'|, vanishes when M — oo.

G(z) contains a complex square root which has a branch point where it vanishes. The
brunch cut is placed on £_ and on £, and its ordinate starts from the solution of the
equation [

(1 — cosh 51,2)2 —sinh& o =0, where & < &. (2.29)

The square root has opposite values along the branch cut where z = 7% +1y. Then the
two contributions from £_ and £ give (see [31])

iz 1 iz
Ip, +1, = ~5- . G (2)dz — e G (2)dz
_emRefﬁlR &2
- / e VRG (rt +a(y+ ) de (2.30)
0

We will use A = 1/2 and ¢t = 1/2.
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Figure 2.2: Contour integration. Figure taken from [31].

where
1 — cosh (€1 + )

2/ (1 — cosh (y + &12))* — sinh? (€12 + )

We want to know the asymptotic behaviour of the previous integral. As R — oo the
integrand becomes exponentially small and it is significantly different from zero only
near the origin. Then we can replace & with infinity obtaining a Laplace-type integral
(see [46]). The main contribution comes from the integral of G for y — 0, which behaves
near the origin as

G +e(y+9) = (2.31)

9W++My+®)%zﬁ2 (2.32)

VY

and we obtain
6_51 R

\/}—% )

Ip, + 1 =7 (p) (2.33)
where T (p) is independent from the distance.

As expected we recover an exponential decreasing behaviour.
On Cy we have z = € 4+ 1y while on (5, the argument of the integrand is given by
z = 2w — € +1y. The sum of these contributions leads to

G (2)dz — L G (2) dz

I Io, =
Co T 1cy, o u

2T Co
. [eS)

=5 i e_ng(e—Hy)dy—F%/O e VBG (21 — e +ay) dy

_ = /OOO e YBSm (G (e + w)) dy. (2.34)
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Taking the limit € — 0 we have

coshy + u B coshy + u yoo 14p
\/(coshy + 1)* 4 (1sinh y)? V1442 + 2pcoshy (n+1)

G (wy) = (2.35)

Then Sm (G (0)) = 0 and we finally conclude that the two point correlation function has
an exponential decay behaviour in accordance with the general theory.

2.2 Kitaev chain with long-range pairing

We now introduce the main theme of this thesis: long-range interactions and their pe-
culiar properties.

Energy spectrum

We start generalizing the one dimensional Kitaev model adding a long range p-wave
pairing interaction which decays with the distance d; as d%,. This new system is described
1

by the following Hamiltonian (see |18])

1 A 1
it (o) = u 3 (-3 ) + 55 g (o + aal) (230
J J

j?l

where g is the chemical potential, A € R is the pairing term and t is the hopping
parameter.

The distance d; assumes different values depending on the boundary conditions used.
For a closed chain we set d; = [ if [ < % and d, =L —1if [ > % For an open chain we
set d; = [ and we neglect terms exceeding the length of the chain L, i.e. terms like a;a;4;
with j > L. In this case we set d; = 0.

The Hamiltonian of the system preserves the fermionic parity so it is invariant under
this discrete Zo symmetry. In the limit @« — oo we recover the Kitaev model. Then in
this limit, by setting A = 2t = 1, the phase diagram is characterized by two phases,
one for |u| < 1 (ferromagnetc phase [) and the other one for |u| > 1 (paramagnetic
phase). We have used absolute values expressing the chemical potential because is
symmetric under the transformation a; — (—1)%a; which means that its phase diagram
is identical for g > 0 and p < 0. For any other « this symmetry is explicitly broken as
we will see later.

The presence of a long-range interaction in the Hamiltonian force the use of appropri-
ate boundary conditions. In fact if we consider terms like a;a,1, and a;jira;1r we have

3This nomenclature comes from the phases of the X-Y spin model (see [34]).
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Figure 2.3: Minimum energies A for L = 200. White lines correspond to gapeless regions.
The black zone for —1 < u < 1, a > 1 corresponds to the appearance of a single edge
mode degenerate with the ground state. There is an energy gap between these edge
modes and the rest of the spectrum. Figure taken from [21].

to take antiperiodic boundary conditions in order to avoid their mutual disappearance.
Therefore the discretized momentums have the form

2m 1

kn=—|[n+=) with 0<n<L. (2.37)

L 2
Then, due to the translational invariance of the model, we can diagonalize the Hamil-
tonian using a Fourier transform and the Bogolyubov diagonalization obtaining the fol-
lowing spectrum

A(ka) = y/(cos (ko) + ) + 2., (2.38)

where

L—-1 .
fea=> —Smlikl) - (2.39)

=1

We can also evaluate the ground state |G\S) which is annihilated by the Bogolyubov
quasi-particle operators 7, and n_g

M |GS) =n-i |GS) =0 (2.40)
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and we obtain (all these calculations are explained in the Appendix A)

L/2-1
|GS) = H <cos¢9k —18in by, ak al L > |0) (2.41)
n=0
where
tan (205, ) = — Sha (2.42)
" cosk, + u

Being the sum of squares, the energy spectrum can be zero only for £ = 0,7 and for
p = £1. In the limit L — oo, fi , becomes a polylogarithmic function (see [26])

=20 T = i () - L (). 2.43)

=1

That special function diverges for k — 0 and for a < 1 as (see [31])
. 1k C
Liy (e*) =T (1 — @) (—ik)* " + Z (2.44)

From these considerations we can argue that the critical line ;4 = 1 survives for every «
as for the short-range Kitaev chain instead for y = —1 the model become gapped when
a < 1. The phase diagram for a chain of length L = 200 is shown in Fig. 2.3

2.2.1 Entanglement entropy

The phase diagram is not fully characterized only by the energy of the system. Now
it is the moment to take a deeper view on the main properties of the model in terms
of other ohservables. First of all we evaluate the entanglement which characterizes the
critical properties of strongly correlated quantum many body systems. In particular we
will analyse the von Neumann entropy.

Suppose to divide a system of L sites into two parts. If we label with A the first
one (which has [ sites that can be either empty or occupied) and with B the second one
(which has L — [ sites) then the von Neumann entropy is defined as

Sy = —Trp log, pr (2.45)

where p; is the reduced density matrix of the subsystem A.

In one dimension and for short range interactions we expect two different behaviours
of S; as stated before. In gapped regions we expect that S; saturates to a constant value.
Instead in critical regions we expect a logarithmic divergence.
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Figure 2.4: Effective central charge c.¢; obtained by fitting the von Neumann entangle-
ment entropy for half a chain. Vertical red dotted lines represents the gapeless lines with
broken conformal symmetry . For a > 1 c.ss is zero almost everywhere as expected for
short range systems. But for a < 2 and g =~ —1 ¢y # 0 signaling a violation of the
area law. For a <1 c¢.sr # 0 in most of the gapped region. Figure taken from [18].

Instead we have seen that for long-range interactions the area law can be violated
also in the gapped phase.

In order to study a possible violation of the area law we introduce the effective
central charge c.r¢ defined throughout all the phase diagram (see [18]) and related to
the entanglement scaling as

L e
S (5) - %f log L+ b. (2.46)

For the long-range extension of the Kitaev model we have reported the numerical fit of
the effective central charge in Fig[2.4 Surprisingly we can observe a violation of the
area law in an entire gapped region for o < 1. Furthermore c.;y # 0 also near the
line 4 = —1 for @ < 2. Finally there is a neat increasing of the central charge along
= 1from c.pp = % for a > % to cepf = 1 when a = 0. To understand this peculiar
behaviour which manifests itself for sufficiently long-range interactions we consider the
energy density e (L). From the conformal field theory we expect that it scales as (see [27])

TURC

6L2

e(L)=e>— (2.47)
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where ¢ is the central charge and vg is the Fermi velocity defined as

d

vp = @)\a (k)|k=k., where k.= critical momentum. (2.48)

The energy density is defined as

eo (a, L) = — Z Ao (F) (2.49)

2L

Using the Euler-MacLaurin summation formula (see |26])

S flatit) = [ S@de+ (@ O+ G- S @), (250)

where f (z) is defined on the interval [a,b] which is divided in n parts and § = &2

we can obtain the expected form of the energy density size-scaling (neglecting O(1/L?)
terms)

1 ™
o, L)~ —5- | daf@)de - 12”L2 (. (0) — N (7). (2.51)
The derivative of \, (k) is
dA, (k : df. (k
dkg ) = )\al(k:) (— sink (cosk + p) + fo (k) fdli )) . (2.52)

In the limit £ — 0 and for any non-integer o we have

dho (k) (= (p+1)k+ Bk* 34+ Ck*+ Dk ' + Ek* + - - -)

(2.53)

dw \/(/Hr1)2+Fk2a*2+Gka+Hk2+---
Ifoo>3 (a#=+1,+2---) and for k — 0 we have d’\%k(k) — 0. So the finite-size scaling
of the energy density has the standard form
TURC
L)=¢e*— 2.54
e()=e - T8 (254

with ¢ = % as expected for the short-range Kitaev model.
Instead for o < % and k£ — 0 the quasi-particle velocity diverges. Furthermore for

a = 1 (this case was discarded in the previous expansions) we obtain (see [18])

A2

/ _—_—_——
)\azl (0) - 4+ T2A2

(2.55)
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and
Xa=1 () = =A (2.56)

so the relative central charge is A-dependent and has a non universal scaling behaviour
typical of a conformally invariant system. These considerations can be explained by
the fact that a sufficiently long-range pairing potential is able to break the conformal
symmetry.

2.2.2 Correlation functions

Now we want to consider the correlators and we will find that they also have a strange
behaviour compared to exponential decay in the gapped region as for the short-range
case.

The one-body correlation functions is given by <a%a0>. Starting from this object we

can find other correlation functions using Wick theorem (see [32]). In the limit L — oo
the one-body correlator becomes (see [18§])

_cosk+p

5 1 2w
<a%a0> — &b / e* G, (k)dk, where G, (k)= e (F)
0 e

- — 2.
2 2 ( 57)

From now on we will focus only on the integral which appears in the previous expression
and we will call it g; (o, R). Its main contributions can be evaluated using the Cauchy
integration technique. Introducing the complex variable z = k + 1y we will integrate
along the same contour used for the Kitaev chain case (see Fig2.2)

gl(a,R):—% </co+/q+/1+/_+/a+> e G, (2)dz (2.58)

The main contributions to this integral come from
e k — 0 which leads to a power law behaviour at long distance.
e k — m which leads to an exponential behaviour at short distances.

The only difference with the sort range version of the Kitaev chain is given by the
integrals on Cjy and on Cy,. We can obtain the asymptotic value of these integrals by
computing the y — 0 part of G, (1y) taking into account the series expansion of the
polylogarithm . The final behaviour of the two point correlation function can be
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Figure 2.5: Algebraic decay of the two point correlation function. Each point of this
plot represents the algebraic fit, obtained by varying the chemical potential ¢ and the
range of the interactions a, of the decay v of the two point function g; (R) = R™7. The
equations of the two straight lines are 2a¢ — 1 and o + 1. Figure taken from [18§].

summarized in the following way (see [16])

(1

W a> 2
(-1
0 (a, R) = Aa,uT + Ba,,u W l<a<?2 (259)
1
| 7 a a<l1

where A, , and B,, are prefactors depending on o and g which can be computed
analytically. From the previous result we see that the one-body correlation functions
have a hybrid power law-exponential decay, instead of a purely exponential one which
is typical of short range systems. In Fig2.5] we show the algebraic behaviour of the
correlation functions for different values of the chemical potential.

2.2.3 Majorana edge states

Zero modes appear in phases with the so called topological order which is the appearance
of a degenerate ground state without the breaking of any local order parameter.
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Figure 2.6: (a) Localization of the square of the wave function |¥(j)|? of the edge modes
for p = 0.5 and different a. We can see that it has the same algebraic-exponential
behaviour of the correlation functions. (b) Mass gap M (L — oo) for different p and
varying . When o &~ 1 it asymptotically assume a finite vale. Instead for a > 1 it goes
to zero. Figures taken from [18].

We have encountered an example of topological order during the study of the fermionic
double degenerate ground state of the Kitaev chain.

We can see in Fig[2.3] that outside the critical lines y = £1 there are zero modes
degenerate with the ground state. This fact is very important for possible applications
of Majorana modes in the realization of a quantum computer. In fact when the system
is in a gapped phase these modes are separated from the rest of the spectrum through
an energy gap which protect them from quantum decoherence.

A fermionic zero mode can be formally defined as an operator ¥ that (see [39])

e commute with the Hamiltonian: [V, H] =0
e anticommute with the parity operator: {Pp, U} =0
e has finite normalization even in the limit L — oco: UiW = 1.

The second condition tells us that W maps one of the two ground states (the system
has a Zy symmetry which preserves the fermionic parity) into the other and that ¥ is
a fermionic operator (PrWU = —W Pp). Instead the first and the third conditions require
that the Hilbert space sector with an even number of fermions has the same energy of
the odd one. As for the case of the Kitaev chain an edge zero mode has the additional
property of being localized at the edge of the chain.
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Numerical results concerning Majorana zero modes are obtained using open boundary
conditions. Majorana states, characterized by a zero energy, can be numerically found
in the gapped region and in the limit of infinite chain L — oo through the singular value
decomposition method (see Appendix B).

Fig2.6] (a) shows the numerical fit of the square of the edge-mode wave function
|U (5) |?, where j is the distance from the edge. As we can see the localization of the
wave function varies from hybrid (exponentially followed by algebraic) for o > 1 to purely
algebraic for o < 1. The algebraic decay for a > 1 is given by |V (j) |? ~ j2* and the
wave function is normalizable as required for an edge mode. The hybrid exponential-
algebraic behaviour of | () |? is the same of the one-body correlation function.

Fig[2.6] (b) represents the edge modes mass gap M(L) as a function of the range of
interactions « and for different values of the chemical potential. For a > 1 the mass gap
has a similar exponential-algebraic behaviour of the two point correlation function while
for a < 1 and in the limit L — oo we can find massive edge modes.
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Chapter 3

Superconducting short-range 2d
models

In this chapter, in order to generalize the Kitaev model, we will take into considera-
tion the proper pairing potential of a general two dimensional superconductor made by
spinless fermions. Furthermore we will analyse the short-range 2d version of a spinless
p wave superconductor. Then we will study the phase diagram of this model derived
from the knowledge of the energy spectrum. Finally we will examine the scaling of the
entanglement entropy.

3.1 Superconducting pairing

A superconductor can be successfully described by the following microscopic Hamiltonian
(see [48])

H = Z (581,82 (k) — p) Cj;l (k)cs, (k)

k,s1,s2

1
+ 5 Z ‘/51,52783784 (kv k/)cil(_k)cig (k)cszs(k/)cszl(_k/)? (31)

I
k,k’,s1,52,53,54

where 1 is the chemical potential, (k) is the single particle energy, V (k,k’) is the pairing
potential. This potential couples two electrons (holes) described by fermionic operators
cl(k) (cs(k)) which create a particle (hole) in a state with momentum k and spin s.
These operators have standard fermionic anticommutation rules

{el ), b (k) } = {es(), e (i)} =0, {cl(K), cu(K)} = bewdow.  (3:2)
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The pairing potential satisfies, due to the fermionic anticommutation rules (3.2)), the
following constraints

‘/81,82783,84 (k7 k/) - _‘/52781,83784<_k7 k/) (33)
= _‘/:91,32,84783 <k7 _k,)

= Vis,53,50,51 (k, k,)-

It is no possible to solve such microscopic model, called the BCS model, in an exact way.
Using a mean field approximation which assumes a non zero expectation value on the
ground state for the Cooper pair (cs(k)cs(—k)) # 0, we can simplify the Hamiltonian
(3.1) in the following way

H = Z (581782 (k) - :u) Cll (k)CSQ (k) (34)

k,s1,s2

# 3 3 [Bue 00, 09, () +he),

k,s1,52

where we have introduced the pairing potential

Ay s, (k) = Z Vit 5,51 (K, K) (Csy (k) €5, (K)) - (3.5)

!
k',s3,54

The pairing potential has the property
A51782 (k) = _AS2,81 (_k) . (36)

If we interpret (cf (k)cs,(—k)) as the wave function of a Cooper pair in the momentum
space we can divide it into an orbital part ¢ (k) and a spin part ys, s, obtaining

bsl,sz (k> = <C£1 (k)csz(_k)> = (b <k) Xs1,82- (37)

The spin part must satisfy, due to the Fermi statistics, the following constraints:
Even Parity: ¢ (k) = ¢ (-k) < x5, = 3 ([T1) — [1)), spin singlet.
1)
Odd Parity: ¢ (k) = —¢ (-k) & Xo1,s, = § 75 (19 + 1)), spin triplet.
)

It is possible to express all the possible pairings between two fermions in a matrix
formalism

A (1) — (B (k) Ay (k)
A= (Aw (k) Ay (k)> ' (38)
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Then the gap functions must satisfy the following relations

A -k)=-A k i
Ay, (K) = — Ay, o, (—k) = 4 Doree (TR = =Rusy (k) cven parity 9)
—As 5 (k) = Ag, 5, (k) odd parity,
or equivalently
A (k) = —AT (k). (3.10)

We can parametrize the spin singlet case through a scalar function ¢ (k) (see [50]) as

Ay (A (k) A (k) 0 o)) _
Al = (Aw(k) Ay (k)) B <—¢ k) 0 )_ v (k). (3.11)

where ¢ (k) = ¢ (—k). Instead the spin triplet case can be represented through a three
components vector d(k) as

A (k) = (3.12)

A (—dm(k) +1d,(k) d, (k
with d(k) = —d(-k).

Different choices of ¢)(k) and d (k) give different models. Most of the physical systems
which exhibit a superconducting interaction can be described through a spin singlet
pairing. One of the few exceptions comes from a strong experimental evidence that
the p wave superconducting pairing can be used to describe *He fermionic superfluid
(see [52]).

We are interested in the class of superconductors which show topological properties
like Majorana edge modes.

Loosely speaking a topological phase is an unconventional phase of matter that, as
underlined during the discussion of the long range version of the Kitaev model, is not
characterized by a local order parameter but it is linked to topology and to topological
invariants, i.e. quantities insensible to smooth changes in the Hamiltonian parameters
unless a phase transition appears.

Topology deals with shapes and their characterization. When two geometrical objects
can be deformed continuously into each others they belong to the same topological class.
For example an ellipsoid is topological equivalent to a sphere, in fact the former can be
continuously deformed into the latter.

Two gapped topological states belong to the same topological class if their Hamilto-
nians can be continuously deformed into each other without closing the gap. Different
classes are labelled by topological invariants which are integer numbers called Chern
invariants (see [51]). Taking integer values, the Chern invariants cannot change through
small perturbations of the parameters describing the system.
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3.1.1 Short-range 2d model with complex pairing

A short-range version of the Kitaev model exists in two dimensions over a square lat-
tice and its continuum limit supports Majorana fermions. This model has a complex
anisotropic potential and it is described by the following Hamiltonian (see [22])

H= Z c(R+ag) +he)—t(F(R) c(R+a)+he)
+ Z (A" (R +a;)c (R) +he) + (1A% (R+ay)c (R) +hec) (3.13)

— (- 4) 3 n(R)

R

where R identifies sites of the lattice, ¢ is the hopping term, p is the chemical potential,
A is the pairing parameter a; = (0,1) is the vertical unit vector and a; = (1,0) is the
horizontal unit vector.

In the momentum space description through a Fourier transform we have

1 e (k) 2A (sink, + usin k) c (k)

=3 Ek: [(CT (k) ¢ (-k)) <—21A* (sin k, — 1sin k) —¢ (k) ) ( k))}

(3.14)
where ¢ (k) = —2t (cos k, + cos k) — (i — 4t). This Hamiltonian is a special case of that
given in (3.4)).

In the limit k — 0 we obtain a k, + 1k, structure of the pairing. This type of pairing
is common of the so called p 4 ip superconductors which have interesting topological
properties (see [49]).

Our task is to generalize the previous Hamiltonian in the case of a long-range pairing
proportional to the inverse of some power a of the distance which should be the same
of in the limit @« — oo. As a first step toward this direction we have analysed a
case with a real pairing potential A which represents a good starting point because, as
we can see in the next section, it generalises the short-range model founded in ref. [53]
which can be investigated through numerical techniques (see [14]) and these techniques
are valid only for real pairing amplitudes.

36



3.2 2d fermionic system on a square lattice with short-
range pairing

A first generalization of a system made by spinless fermions in two and three dimensions
can be found in ref. [53]. In order to test our numerical techniques, which will be
presented in the next section, we will derive all the following numerical results for the
two dimensional case.

3.2.1 Phase diagram

A generic Hamiltonian of spinless fermions on a d dimensional cubic lattice has the
following form

H = Z [c;rcj - A(cjc} + cjci)} - chjq, (3.15)
(3) g

where i, j are d-dimensional lattice vectors, (ij) means that only next neighbours are
considered in the sum, p is the chemical potential and A is the real paring parameter.

Being the system translational-invariant, is very useful to use a momentum descrip-
tion through the Fourier transform obtaining

H = Z —tkCLCk + ZAk (CLCT_k + C,k0k> , (316)
k
where
i d d
ty = 5 ;cos ko, Ay = A;sm kg (3.17)

Using the Bogolyubov transformation the Hamiltonian becomes
H=> Aflfe, Me=2\/82 + A2, (3.18)
k

where k € R?. The pairing potential in (3.17)) is an odd function respect to momentum
variables and has the p-wave structure discussed before.

The class of models described by have a gapeless region for —2d < u < 2d
and a gapped region for |u| > 2d. The scaling of the two point correlation function of
the ground state has, as expected from the general theory, a power-law behaviour in the
critical region and an exponential decreasing in the gapped region (see [53]).

Later it will be clear that the two point correlation function is not a sufficient tool to
fully describe the different phases of the model and, following ref. [45] where it is shown
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that the violation of the area law in the free case is possible assuming the existence
of a Fermi surface, it is convenient to study the topological properties of the gapeless
excitation manifold Ay = 0 which is characterized by the density of states g(0) and by
the codimension d (see [56]). The latter is defined as the dimension of the momentum
space minus the dimension of the manifold Ay = 0. For example lines in 3d momentum
space and points in 2d momentum space have codimension d =3 —1=2—0 = 2. The
presence of a Fermi surface at zero energy is described by d = 1 and g(0) > 0, while the
absence of a Fermi surface has d > 2, which means that A, vanishes at single points for
d =2, and ¢g(0) =0 or g(0) > 0 depending on the structure of Aj around its nodes.
In the following we will restrict our analysis to the 2d case.
Taking into account these definitions the system can have three different phasesﬂ

e Phase : {A =0, 0 <pu <2}and {px=0, A > 0}. The case A = 0 corresponds to
a tight-binding metal with a finite Fermi surface. The case u = 0 is also a metal

!The phase diagram, as for the one dimensional Kitaev model, is symmetric with respect to the
chemical potential.

Z
&

A\
@

Figure 3.1: Phase diagram of the model expressed in terms of the chemical potential
and the pairing parameter A. Different phases are labelled through Roman numbers.
Furthermore some examples of the function Ay are presented in boxes. The black areas
correspond to the equation Ay = 0. Figure taken from [53|
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where k, = k, & 7 represents the equation of the Fermi surface. In both range of
parameters ¢g(0) > 0.

e Phase II: {A >0, 0 < u < 2}. The pairing potential is different from zero and the
system is in a p-wave superconducting phase. In this case A vanishes at points,
i.e. it represents a one dimensional manifold which means that d = 2. This region
of the phase diagram has ¢(0) = 0.

e Phase III: a gapped region for g > 2 which is linked to an insulating state with a
gap in the spectrum.

It is remarkable the fact that the gapless region, as we will see in the following section,
is characterized by two distinct phases with different scaling properties of the entropy.

3.2.2 Scaling of the block entropy

In this section we will consider the scaling of the block entropy, i.e. the scaling of the
von Neumann entropy of a subsystem made by a cubic block of fermions. This physical
quantity will be also analysed in our long-range 2d generalisation. We have derived the
same figures of ref. [53| by using our code valid for a spinless fermion system with long-
range pairing on a square lattice. We have used a lattice made by 90 sites per side and,
in order to study the short-range case, we have set the power of the long-range pairing
potential equal to o = 150 (the short range case corresponds to @ — oo as explained in
the next section). Our plots agree with those derived in ref. [53] both for A = 0 and for
A #0.

In Appendix D there is a detailed description of the procedure followed in order to
numerically implement this scaling procedure for a 2d system.

The entanglement scaling can be analytically treated in d > 1 only for the free fermion
case (A = 0) and for A # 0 it can be analysed only through numerical simulations.

In Fig. we have representedﬂ the rescaled block entropy Sp/B, where B is the
area of the boundary region considered, of the phase I as a function of the perimeter of
the block B. This plot is represented in a semi-log scale and the linearity of Sp/B in
this scale means a violation of the area law. As we can see the phase I violates the area
law, in fact Sp/B does not saturates to a constant value. This result agrees with the
general behaviour of short-range systems with a finite Fermi surface (see [45]). The free
fermion case has a separable ground state in the gapped region, leading to a vanishing
entanglement entropy, and it gives logarithmic corrections to the area law in the gapless
region following the behaviour

C(p)

Sp ~ TBd—l log(B) (3.19)

2The results in Fig are obtained using a system with L = 90 sites per side and we can appreciate
the perfect agreement with Fig. 2 of ref. [53].
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Figure 3.2: (a): Scaling of the block entropy for A = 0 (free case) and for a 2 d system
with 90 sites per side. This plot is made in a semi-log scale on the x axis. In this scale
the linear behaviour of Sp/B corresponds to the violation of the area law.(b): Scaling
of the block entropy for u = 0 and different values of the pairing potential. Again is
evident the violation of the area law.

where d = 2 in our case and C(u) is a constant depending on the chemical potential.
The C(u) constant can be computed for the free fermionic case (see [55]), characterised
by the existence of a Fermi surface, and has the following form

1
C :—// Ny - 1,|dS,dS,, 3.20
) = g o I IS5, (320)

where ) is the normalized (to 1) volume of the block of fermions considered, n, is the
normal vector to the region (2, n, is the normal vector to the Fermi surface, dS, is
the measure element of the real space region considered, dS, is the measure element
of the momentum space region and I'(x) = {k|A(k) < A(ks)} is the volume enclosed
by the Fermi surface. In Fig[3.3] we have reported the results found in ref. [53] about
the comparison between numerical and analytical results concerning the p dependence
of C(A\) ind = 2 and in d = 3. As we can see there is a perfect agreement between
numerical and analytical predictions. The superconducting phase II has a peculiar and
not intuitive behaviour. Although the system is critical and correlation functions follow
a power law behaviour, the block size entropy follows an area law. In fact as soon as the
pairing A assumes non vanishing values the fraction Sg/B saturates to a constant values
and logarithmic corrections are absent. This can be seen in Figl3.4] (b). Furthermore
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Figure 3.3: Fit of the entanglement scaling in two (a) and three dimensions (b). The
solid line represents the theoretical prediction for C(u) which is 2 cos™ (4 —1). The
o(

numerical fit function is Sp = T“)Bd_l log B+ A x B+ D. Figure taken from [53|.

in Fig. (a) we can appreciate the fact that the entanglement entropy has the same
behaviour outside and inside the critical boundary u = 4.

During the previous numerical analysis we have seen that the link between the be-
haviour of correlation functions and entanglement scaling is not obvious in more than
one dimension. This analysis suggests that the geometry of the manifold Ay = 0 can
be crucial in order to classify different quantum phases of matter. In [53] is conjectured
that sufficient conditions to the violation of the area law in d > 1 can be d = 1 and
g(0) > 0.

Sp d | 9(0) (cies) (cich)
Phase I | ~ (log, B)B®' | 1 | >0 | power-law decay | power-law decay
Phase II ~ B! 2 0 power-law decay | power-law decay
Phase III ~ B! d 0 exp. decay exp. decay

Table 3.1: Entanglement scaling, codimensions, correlation functions and density ener-
gies of the three phases of the model.
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Figure 3.4: (a): scaling of the block entropy for A =1 for a system with L = 90 sites
per side in a semi-log scale on the x axis. We can appreciate that after a first growth
it saturates to a constant value. (b): scaling of the block entropy for a fixed chemical
potential equal to 4 = 2 and varying the pairing parameter in a semi-log scale on the
x axis. For increasing values of the pairing parameter A the violation of the area law
becomes more evident.
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Chapter 4

2d Kitaev model with long-range
pairing

In this Chapter, we analyze a generalization of the Kitaev model with the long-range
pairing on a two dimensional square lattice. In Sec. 4.1 we introduce and diagonalize
the model Hamiltonian that describes a superconduting 2d system with a long-range
pairing term that couples fermions at different lattice sites Ry and Ry and that decays
algebraically with the distance ¢ = |R; —Ry| as 1/¢*. In Sec. 4.2 we compute the critical
line of the system by analyzing the energy spectrum and we found two gapped regions
separated by a gapless one. In Sec. 4.3 we compute the behaviour of the correlation
functions and we found that for sufficiently large a correlators decay with a hybrid
exponential power-law behaviour while for small a the behaviour is purely power-law.
In Sec. 4.4 we analyze the scaling of the entanglement entropy and the region where the
area law is violated and the region where the area law is preserved. Finally in Sec. 4.5
we summarize all the result found in the previous sections and we draw the complete
phase diagram of the model.

4.1 Hamiltonian of the model and energy spectrum

In this thesis, we consider a superconducting system in a 2D square lattice with L x L
sites. This system is made by spinless fermions which can jump among sites through
a short-range hopping term that can be tuned in an anisotropic way, i.e. it can take
two different values, one for the vertical direction and the other one for the horizontal
direction. Moreover, the fermions are coupled via a long-range p-wave pairing that decays
with distance as a power law.
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This model is described by the following long-range Hamiltonian

H=> —t, (' (R)c(R+a)+hec)—t)(c(R)c(R+a) +hc)

L-1
+ AZ Z* (12 +m2)—% (¢" (R + lay + ma,) cf (R) + h.c.) — (4.1)
R [,m=0

0> (nm)-3).

where p is the chemical potential, A € R is the pairing term and ¢, , ¢ are the hopping
parameters for the horizontal and vertical directions, R identifies the sites of the lattice,
a; = (0,1) is the vertical unit vector and a; = (1,0) is the horizontal unit vector.

We have underlined with the symbol "*" the fact that the indices of the sum cannot
take the value [ = m = 0. We set the lattice spacing equal to one.

By defining the parity operator as

P = (_1)ZRCT(R)C(R) (4.2)
we have that
[H, Pr] = 0. (4.3)

Then the Hamiltonian preserves the fermionic parity which means that it is Zs
invariant. Furthermore, because of the presence of terms like ¢’ (R + la; + may) ¢’ (R),
does not preserve the number of particles.

Since is quadratic and translational invariant we can use Fourier transform in
order to diagonalize it in momentum space obtaining

n=3[emeen) (aify i) (G60) rew] s

where (see Appendix A for an integral representation of this sum for a > 2)

L-1

«sin (k - (la; + may))
e :l,;o (12 ;12)“/ 2 )
and
e(k) =ty cos(k-ay)+t)cos (k-ag)—kg. (4.6)

In the following analysis we will set ¢, = ¢ = 1 for simplicity.
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It is remarkable to note that (4.5) behaves near the origin and for @ < 2 as (see
Appendix A)

Fo(k) = k*2X,(0) + o(k*?) (4.7)

where

_ T@2-a)sin[(2—-a)]]
X0 =it da—1) - (4.8)

Furthermore F, (k) can be expressed as

=, sin (k,l) cos kym Voo, L
F, (k) = lz;l ((l2 —I—)mQ)(O‘/é ) _ 5 [Lia (e ko) — Lig (e7")] (4.9)
+ (ks & ky)

and the ploylogarithmic functions behave near the origin as
Lig (e®) =T (1 — @) (—tk)*" + o(k>7Y). (4.10)
Then (4.5)) diverges for a < 2 at the point (0,0). For a > 2 the series is instead

convergent as we shown in Appendix A where an integral representation is given.

For the one dimensional version of the long-range Kitaev model anti-periodic bound-
ary conditions are necessary in order to avoid the mutual disappearance of terms like
cjcjyr and cjyrcjyi4r- For the same reasons in the 2d case we choose antiperiodic
boundary conditions in each direction

27 1
. = — - 7 4.11
k L(n+2) n e (4.11)
27 1

The restriction of k = (k,, k,) to the first Brillouin zone leads to L? different momenta
and k becomes a continuous variable in the limit L — oc.

The momentum Hamiltonian can be easily diagonalized by means of the Bogolyubov
diagonalization previously discussed for the Kitaev chain. As a result H can be written
in a diagonal form as

k

with 7711, Nk which represent Bogolyubov particles and

Me =V (AF, (K)? + (= (K))? (4.13)

45



are the energy eigenvalues. Finally we can also find the ground state of the system which
is given by

|GS) = H cos O (1 — usin byc’ (k) ¢ (-k)) |0) (4.14)
where
Q) = %arctan (%) : (4.15)

The ground state of the theory, as we can see from (4.14)), is made by couples of spinless
fermion (Cooper pairs).

4.2 Critical region

In this section we analyse the different phases of the model by looking at the gapless
region. A region is gapless if there exists a momentum k. such that the dispersion relation

(4.13) satisfies A\(k.) = 0. As A(k) in (4.13) contains two squares it can be zero only if
the following equations both hold

ekk) =0 Fuk)=0. (4.16)

We will analyse separately the functions F, (k) and (k) because they can be zero
depending on two different parameters, i.e. F,(k) depends only on a while (k) depends
only on the chemical potential .

There are three main regions, depending on the parameter «, in which the function
F,, behaves in different ways. These three regions are

e « > 2. In this range F,(k) is an absolute convergent series (see Appendix A) and
it is regular at each point k of the momentum space. In Fig[4.I| we have reported
an example for « = 4. As we can see F, (k) does not exhibit divergences and it
vanishes along three main lines. The first line is k, = —k,, the second and third
lines connect the points (—m,0), (0,7) and (0, —m), (m,0), respectively. The last
two lines become k, = k, + 7 and k, = k, — 7 for o — 00. In fact in this case the
function F, (k) becomes the sum sin k, + sin k, which vanishes exactly along the
lines k, = k, +m and k, = k, — .

e 1 <« < 2. In this range of values the function F, (k) is not absolutely convergent
and, as we can see from Fig[d.2] the line k, = —Fk, still represents a set of zeros for
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the function F, (k) excluded for the point (0,0) where it diverges. This divergences
can be analytically computed as we have done in eq.(£.7). Furthermore F, (k) still
vanishes at two curves which connect the points (—m,0) and (0,7) and the other
one symmetric with respect to the origin.

0 < a < 1. In this range of values the function F, (k) diverges not only at
(ks ky) = (0,0) but also along the two lines k, = 0 and k, = 0 as we can see
from Fig[d.3] These divergences arise from the two polylogarithms appearing in
(4.9) which separately diverge for k, = 0 and for k, = 0. Instead the set of zeros
still remains made by the line k, = —k,, apart the point (0,0), and made by two
curves near the lines k, = k, + 7 and k, = k, — 7.

The function (k) depends only on the chemical potential and it can be zero in the range
—4 < < 4. We can summarize its behaviour through the following classification

0 < pu < 4. In this range, as we can see from Fig[f.4] the set of points in which
e(k) vanishes is made by four curves in momentum space. These curves tend to
the point (7, 7), due to the periodic boundary conditions of the Brillouin zone, for
p— 4, as we can see from Figlt.4] (a) and (c).

—4 < p < 0. In this range of parameters, as we can see from Fig[d.4] the set of
points where (k) vanishes has a ring structure around the point (0,0). As we can
see from the comparison between the two situations reported in Figl.4] (b) and (d)
this ring tends to the single point (0,0) for y — —4.

i = 4. In this case the equation g(kg’ky)

for (ky, k,) = (m,m). This situation can be seen in Figl.j| (e).

otk ko—k
= Cos % cos | =5+ + 1 = 0 holds

pu = —4. In this case the function (k) vanishes at the point (0,0) as we can see in

Figlt.5] ().

p = 0. In this case the function (k) vanishes along the four lines k, = +k, £ .
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Figure 4.1: Function Fy(k,,k,) for a system with L = 50 sites per side. In this case
Fy(ky, k) vanishes in particular at (0,0). In the x and y axis we have respectively the
rescaled momenta variables k, /7 and k,/m belonging to the the set [—1,1].
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Figure 4.2: Function Fjs5(k,, k) for a system with L = 50 sites per side. In this case,
being o < 2, the numerical evaluation of the function F5(k,,k,) gives a non zero value
at the origin and we expect, from , a divergence in the limit L — oo. On x and y
axis we have the rescaled momenta k, /7 and k, /.
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Figure 4.3: Function Fy7(ky, k,) for a system with L = 50 sites per side. In this case,

being o < 1, the function Fy7(k,, k,) diverges not only at the origin but also along the
lines k, = 0 and k, = 0. On x and y axis we have the rescaled momenta k, /7 and k, /7.
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Figure 4.4: Function e(k) for different chemical potentials. The x and y axis are respec-
tively the rescaled momenta k,/m and k,/m. Along red lines there are the exact zeros,
evaluated numerically, of (k). (a) e(k) for u = 0.7. The black region of zeros forms a
ring structure around the point (1,1). (b) e(k) for u = —0.7. The set of zeros of the
function e(k) forms four curved lines in momentum space.(c) (k) for y = 3.2. The ring
of zeros is smaller respect to the case y = 0.7. It is possible to prove analytically that it
collapses to the point (1, 1) for u = 4. (d) e(k) for 4 = —3.2. The function (k) vanishes
near (0,0).
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Figure 4.5: Function (k) for u = +4. The x and y axis are respectively the rescaled
momenta k,/m and k,/7. In these extreme cases the set of zeros of the function e(k)
is discrete. (e) e(k) for = 4.0. The set of zeros of the function (k) collapses to the
point (1,1) as it can be verified analytically. (f) e(k) for u = —4.0. In this case the set
of zeros of the function (k) is (0, 0).

Based on the analysis of the energy spectrum, in Fig we draw the phase diagram
and we conclude that the system is

e gapped for || > 4 and all «, which corresponds to the phases M1+, M2+, M3+
of Figl.24]

e gapless for —4 < p < 4 and all o, which corresponds to the regions C1, C2 and C3
of Fig

e gapless for y = —4 and o > 2.

e gapped for 4 = —4 and a < 2 because the e(k) vanishes only at the point (0,0)
while the function F, (k) diverges there.

e gapless for = 4 for all values of the power a.

The set of critical momenta of the function A(k) in the range —4 < p < 4, as we
can see by making a direct comparison between the set of points at which both the
functions F, (k) and of the function (k) vanish (see Fig[d.1] and [4.4), is made
by discrete points in the momentum space (we have verified this argument for a wide
range of parameters « and p). Then this region is characterised by a codimension equal

to d = 2 (see[3.2).
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4.3 Correlation functions

As we have seen in Sec2.2.2] the one dimensional long-range Kitaev model is character-
ized by correlation functions with a hybrid exponential power-law behaviour for o« > 1
which becomes purely power law for strong long-range pairings, i.e. for a < 1. Now we
want to see if the presence of another spatial dimension and the possibility of different
geometries for correlator paths lead the two point correlator to follow the same behaviour
as the one dimensional case.

We will focus only on one-body correlation functions. In fact they can be used to
express other correlators thanks to Wick theorem (see [32]). Furthermore we will consider
only expectation values on the ground state of the theory.

The one-body correlation function has the following form (see Appendix A)

gR,R) = (GS|c (R) ¢(R)|GS) = LQZeZk (R'-R) gin? gy (4.17)

Instead the anomalous correlator is given by

g“(R,R) = (GS|c' (R) ¢! (R)|GS) = —z% Z e~ B R) gin 26, (4.18)
k

We can express the trigonometric functions appearing in the above formulas in terms of
the parameters of the theory obtaining the following results

g(R',R) = 5“' -5 L2 Z e (R'-R e o) (4.19)

¢ (AF, (k) + (= (K))?

and
(R, R) = —z% o~k (R'-R) sgn (¢ (k)) AF, (k) . (4.20)
VIAE, (1) + (¢ (K)?
In the limit L — oo correlators become
R, R 5L T e e (k)] dk,dk,

= (2m? / / VIAE, () + (e (k)

= 51’”7 ~Z(R,R:q), (4.21)

where we have defined

/ (R e (k) |
7 (R, R;q) k(R = dk,dk,. (4.22)
(2m)2 / / (AFa(k))2+(€(k))2
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and the anomalous correlator becomes

, 1 mer sen (e (k) AF, (k)
“(R\R) = —1— e k(B -R) dk,dk,.  (4.23)
’ (2m) / / VAF, (1) + (e ()

Unfortunately correlation functions cannot be computed analytically because of the pres-
ence of double integrals containing highly non trivial functions.

Then only numerical analysis can be useful in order to understand the behaviour
of the correlators of the system. This numerical analysis, whose main theoretical tools
are developed in Appendix C, allows to compute correlator matrices like C = <CTC>
and F = <cTcT>, whose matrix elements (i, j) are respectively correlators and anomalous
correlators involving the i-th and the j-th site.

In the following we will consider two ranges of the power a where correlation functions
behave in different ways.

L=60, a=3.0, u=6.0 L=60, 0=3.0, p=-7.0
102 ——————1—————fa) 10lg————r———————(b)
[ ] | R ]
N |CJEL/2, new2,p| | I clra,ncis2,R | |
1073 i € 3 1072 i |
104 ¢ 3 103 ¢ .
10° ¢ E 104 E
10 - 3 10 ¢ 5
10_7 F B 10_6 -
108 L SN 107 b e
10 100 10 100
R R

Figure 4.6: (a) Correlation function along the vertical direction, plotted in a log-log scale,
for a system with ¢ = 6.0, L = 60 sites per side and o = 3.0 in the region M3+ of the
phase diagram in Fig.. The black line corresponds to the power-law function R,
with 5 = 3.0, used to fit the asymptotic behaviour of the correlator. (b) Anomalous
correlator for a system with y = —7.0, a = 3.0 and L = 60 sites per side in the region
M3-. Also in this case there is a power-law behaviour at large distances. In both cases
(a) and (b) we can see that the correlators decay exponentially a short distances and
power-law at long distances.
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4.3.1 a>2

In this subsection we will consider the correlation functions g(R',R) and ¢*(R’,R) for
pairing potentials with a > 2 for the gapped regions M3+, M3- and for the gapless one
C3 (see the phase diagram in Fig[4.24). In particular, we have fixed R’ = (L/2, 1), that
represents a site in the center of the first row of the lattice and we let R = (L /2, R) with
1 < R < L vary along the vertical direction. The correlations will then read

_ /A a AN T
9(R) = <C(L/2,1)C(L/27R)> 9*(R) = <C(L/2,1)C(L/2,R)> : (4.24)

These functions are studied in detail in Appendix C. In the following we will set
A=1.

In the regions M3+ and M3- reported in the phase diagram of FigJd.24] the correlators
exhibit a hybrid exponential and power-law behaviour. The power-law regime can be

L=60, a=4.0, p=5.5 L=60, a=4.0, u=-5.5
2 @ R b
10 0/’\ T ; bl ) 10 T ; A )
" e |cwrz, newz,p| | cwL/2,NCL/2,R)| |
103 T 3 102 % 3
\
L ’ 4 L
104 - * 7 107 F E
105 F . 1 107 ¢ 5
I * | I
-6 - | -5 0L E
10°6 &0\‘ 1 105 ¢
107 F 5 10°° F 3
108 F 1 107 ¢ .
100 F 4 108 <]
10_107 L o 10_97 L L
10 100 10 100

Figure 4.7: (a) Two-point correlation function along the vertical direction, plotted in a
log-log scale, for a system with u = 5.5, L = 60 sites per side and o = 4.0 in the region
M3+-. This correlator decays for R > 1 as a power-law and decys exponentially at short
distances. The black straight line represents the fit 1/R? which gives the asymptotic
behaviour of the two point correlator. (b) Two point correlation function along the
vertical direction, plotted in a log-log scale, for a system with 4 = —5.5, L = 60 sites per
side and @ = 4.0 n the region M3-. By taking into account the case (a) we can see that
for a > 2 correlation functions for systems with opposite values of the chemical potential
have the same power-law exponents f3.
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L=60, a=6, u=7.0 L=60, a=8, u=-6.0
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Figure 4.8: Fit of the starting exponential decay and of the power-law tail of the two-
point correlator for (a) a« =6, pu =7 and (b) a =8, u = —6.

characterised through an exponent 3(«) defined as
1
g(R) ~ W, for R > 1. (425)

In Fig. (a), plotted in log-log scale, there is an example of correlator along the verti-
cal direction for a system with ;= 6 and o = 3.0. The log-log scale, useful to linearise
power-law functions, allows to appreciate the algebraic decay of the two point correlator
at large distances. Furthermore, as evident from Fig[d.6] (b), also the anomalous
correlator has a power-law behaviour for R > 1. Another example of the hybrid ex-
ponential power-law behaviour of correlation functions can be found in Figld.7 where
we have plotted a system made by L = 60 sites per side, a = 4.0 and two opposite
chemical potentials with an absolute value equal to |u| = 5.5. It is remarkable to see
that the two exponents (3, obtained through a fit, for opposite values of the chemical
potential are equal. We can also note that the exponential decay is less evident for the
case © = —5.5. This can be explained by the fact that the chemical potential is the
parameter of the theory linked to the number operator n(R). Intuitively, although the
number of particles is not a good quantum number, for negative values of the chemical
potential are energetically more convenient situations in which fermions are spread all
over the sites of the lattice leading to a less intense decreasing of the correlation between
the first site and its next neighbours.

The exponential decay which is restricted to few initial sites for the cases previously
shown and becomes more relevant when « reaches sufficiently large values. In fact, for
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L=60, a=3.0, u=5.0 L=60, a=4.0, u=-7.0
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Figure 4.9: (a) Example of two-point correlation function along the diagonal of the
lattice, plotted in a log-log scale, for a system with ¢ = 5.0, L = 60 sites per side
and a = 3.0. The black line corresponds to the power-law asymptotic behaviour with
B = 3.4. We can note that this value of 3 is bigger than the power a. (b) Anomalous
correlator, plotted in a log-log scale, for a system with y = —7.0, L = 60 sites per side
and o = 4. Also in this we can see a power-law behaviour at large distance.

a > 1, the correlations have to decay purely exponential as expected for short-range
systems. This behaviour can be seen in Figlt.§| (a) and (b) for @ = 6, p = 7 and for
a =38, u=—6.

In order to understand how geometry influences correlation functions we have nu-
merically analysed correlators along a diagonal of the square lattice. These correlators
have the following form

gp (R) = <C](Ll71)C(R,R)> 9p (R) = <CII,1)CIR,R)> . (4.26)

In Figlt.9] (a) and (b) there are two examples of diagonal correlators. Asymptotically

gp(R) and ¢%(R) exhibit a power-law behaviour while at short distances they decay
exponentially.

In the gapless region C3 of the phase diagram in Fig[4.24] the correlations decay as
pure power-law as it can be seen in Figl.10] (a) and (b) where we have reported two
examples of correlators belonging to the gapless region for systems with L = 80 sites
per side, @ = 3.0 and with p = 2 for the case reported in Fig[f.10| (a) and with p = —2
for the case reported in Fig. (b). In these situations the correlation of the gappless
phase, as expected from the general theory, has a purely power law behaviour.
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L=60, a=3.0, u=2.0 L=60, a=3.0, u=-2.0
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Figure 4.10: Two-point correlation functions, plotted in a log-log scale, along a vertical
line for the gapless phases C3. These plots are obtained for systems with L = 80 sites
per side, & = 3.0, u = 2.0 for the case (a) and p = —2.0 for the case (b). The two-
point correlation functions have a purely power-law decay. We have neglected points
with L > 60, because of the presence of strong boundary effects. The numerical fits of
these power-law regimes are absent because the strong fluctuations heavily influence the
possibility to properly fit these data.

432 O<a<?

In this subsection we will consider correlation fuctions for systems with 0 < a < 2 for
the gapped regions M2+, M2-, M1+, M1- and for the gapless one C2 and C1 of the phase
diagram in Figl4.24]

For 0 < a < 2 the exponential decay involving initial sites disappears and correlators
behave almost in a purely power-law way both in the gapped and in the gapless phases.

In Figlt.11] (a) and (b) we have reported two examples of two point correlation func-
tions along a vertical line for two systems with L = 60 sites per sides, o« = 1.5, © = 6.0
in the case (a) and p = —6.0 in the case (b). These two examples have opposite values
of the chemical potential but, unlike cases characterised by a > 2, they have differ-
ent powers [(a). This non symmetric behaviour of two point correlation functions is a
characteristic of all systems with 0 < a < 2, as we can see in the last subsection.

Also correlators along a diagonal have non symmetric behaviours for 0 < a < 2. For
example in Fig[t.12] (a) and (b) we have represented two examples of correlators of the
type (4.26). These two situations are obtained for systems with L = 80 sites per side,
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L=60, a=1.5, u=6.0 L=60, a=1.5, u=-6.0
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Figure 4.11: (a) Two point correlation function, plotted in a log-log scale, along a vertical
line for a system with L = 60 sites per side, u = 6.0 and a = 1.5 in the region M2+. In
this case, as we can see from the numerical fit reported (black straight line), the two point
correlator has an asymptotic power law behaviour characterised by a power § smaller
than the power a.. In this case the initial exponential behaviour is absent. (b) Two point
correlation function, plotted in a log-log scale, along a vertical line for a system with
L = 60 sites per side, p = —6.0 and o = 1.5 for the region M2-. In this case we can see
the power (3 is bigger than the dimensionality of the system. It is possible to see that the
exponential behaviour, for small values of the distance R, is absent. We can also notice
a first example of non symmetric behaviour of two point correlator for opposite values
of the chemical potential.

o = 1.0, p = 5.0, for the case in Figl.12] (a) and with y = —5.0, for the case in Fig[1.12]
(b). We can see, as for two-point correlators along a vertical line, that the power ()
has a non symmetric behaviour for positive and negative values of the chemical potential
p. Furthermore the initial exponential decay, which was a characteristic of systems with
a > 2, is absent. We can see that for L ~ 60 there are strong boundary effects. Then,
in order to underline the physics of the system, we have neglected all values of these two
point correlators for L > 60. In fact the set of sites placed near the boundaries of the
system interacts with a less number of nearest neighbour sites respect to those placed at
the centre of the square lattice.
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Figure 4.12: Two-point correlation function, plotted in a log-log scale, along a diagonal
of the square lattice for two systems with L = 80 sites per side, u = 5.0 (a), p = —5.0
(b) and o = 1.0. These correlators do not have an initial exponential behaviour as cases
with a > 2 previously discussed. We have omitted points with L > 60 because they are

subjected to finite size effects which become evident near L = 60.
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Figure 4.13: Two-point correlation functions, plotted in a log-log scale, along a vertical
line for the gapless phase C2. These plots are obtained for systems with L = 80 sites per
side, @ = 1.5, . = 2.0 for the case (a) and p = —2.0 for the case (b). These two examples,
although heavily influenced by critical fluctuations, have a power law behaviour. We have
neglected points with L > 60, because of the presence of strong boundary effects.
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4.3.3 Exponents [(«)

Now we want to see how the power law behaviour of two point correlation functions,
characterised by the exponent 3(«) defined in (4.25)), changes in terms of the power a.
In Figf4.14) (a) and (b) we have reported the exponent 3(c) of the large distances power-
law regime R~7 of the two point correlator g(R) as a function of the power a. These
values, obtained by fitting the algebraic part of correlation functions, are in accordance
with the power law R~ at least for a > 2. Instead for 0 < a < 2 the exponent [ changes
its behaviour until it reaches an absolute minimum value between the range of values
0 < a < 1. Surprisingly the point a = 0 is not an absolute minimum of the function
B(c). This means that in order to maximise the correlation between distant sites we
have to maintain a non uniform long-range pairing potential. Furthermore the different
behaviour of the exponent 5(«) for 0 < o < 1 may signal the appearance of a new phase.
We can also note that for a > 2 the exponent f(«) is almost symmetric respect to the
chemical potential u. Instead for v > 2 this symmetry is lost.

Similarly in Fig[d.15| the power 3(«) is represented for diagonal correlation functions
gp(R). These correlators follow an asymptotic behaviour which decays as R~ for a > 2.
The discrepancy between Fig[4.15 and Fig. can be addressed to numerical fit errors.
We can appreciate that the function f(«) is not linear for 0 < a < 2 and the fact that
the symmetry respect to the chemical potential is lost for 0 < a < 2.
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Figure 4.14: (a) Exponents 3 of the power law function R~? followed asymptotically by
the correlation functions g(R) for (a) positive p and (b) negative p. When o > 2, the
powers [ are almost identical for positive (a) and negative (b) values of the chemical
potential.
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Figure 4.15: (a) Exponents 3 of the power law function R~? followed asymptotically by
the correlation functions gp(R) for (a) positive p and (b) negative p. When a > 2, the
powers [ are almost identical for positive (a) and negative (b) values of the chemical
potential.

In Appendix A we have presented an heuristic argument to explain the algebraic
behaviour of correlation functions . This argument, based on the non analytical
properties of the function F,(k,, k), is valid for even values of the parameter a and for
a > 2. This argument gives an asymptotic behaviour like R*~! x E(R), where E(R)
is an integral function which, taking into account the previous numerical results, might
decay at least as R~! for R > 1.

4.4 Entanglement entropy

In order to fully characterize the phase diagram of the model we have to take into con-
sideration genuine quantum correlations that are encoded in the entanglement entropy
(see SeclL.2).

The entanglement entropy Sp of a system can be easily computed using correlation
function matrices. In the following we will consider the entanglement Sg after a bipar-
tition of the system made by squares with B x B lattice sites centered in the middle of
the system. As reported in Appendix D, starting from the correlation matrices C and F,
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Figure 4.16: Finite size effects for systems with a = 0.50, p = 2.5 and A = 1. For B <
L/2 there is a quasi-common behaviour of the entanglement entropy. When B > L/2
there are significantly changes from size to size of the total system.

the von Neumann entropy can be computed as

5= (m (14em) (1t e—w)) | (27

1+ eem 1+ e em

where €, are linked to the eigenvalues (,, of the matrix

W:(C—%Jrlﬁ‘) (C—%—F), (4.28)

through the following equation

1 2
Cn = 1 tanh - (4.29)

In order to check the validity of our code, written in Mathematica, we have reproduced
the results founded in ref. [53] and which we have exposed during the explanation of the
short-range 2d model.

In the following we will fix the size of the total system to L = 100 sites per side and in
order to limit finite size effects and to be sure that the physics of the model is captured
limiting boundary effects we will take maximum subsquares with B = 40 sites per side.
In fact, as we can see in Figld. 16 for a system with o = 0.50, u = 2.5 and A = 1, the
fraction Sp/B, where B is the size of a subsquare, is insensible to the size of the total
system, i.e. it gives same results for every size L, until B < L/2.
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Figure 4.17: (a) Entropy scaling, in a semi-log scale on the x axis, for systems belonging
to the gapped phase with o = 3.0 and positive values of the chemical potential u. Sg/B
rapidly saturates, i.e. it tends to a constant value. (b) Entropy scaling, in a semi-log scale
on the x axis, for systems with a = 3.0 and negative values of the chemical potential
i belonging to the gapped phase. Also in this case the fraction Sp/B saturates to a
constant value. These cases belong to the gapped phases M3+ and M3- of the phase
diagram reported in Figf4.24] It is remarkable to see that the (a) and (b), which have
opposite values of the chemical potentials, behave in a non symmetric way as expected
for the long-range 2d case.

The entropy of the total system is zero and entropies of two subsystems belonging
to a common total system are identical. Then we expect that exists a point where the
fraction Sp/B reaches a maximum and starts to decrease until it vanishes when L = B.
Furthermore there are boundary effects coming from the finiteness of the total size of
the system.

4.4.1 o >2

In this subsection we will consider the scaling of the block entropy for systems belonging
to the gapped phases M3+ and M3- and to the gapless phase C3 (see Fig..

In Fig. (a) we have reported a first example of scaling of the block entropy for
o = 3.0 with positive chemical potentials and in Fig[.17 (b) with negative chemical
potentials belonging to the gapped phases M3+ and M3- (see Fig.. The fraction
Sp/B tends to a constant value by increasing B, which means that the entropy scales
as the perimeter of the subregion considered. This behaviour is commonly referred to
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Figure 4.18: (a) Scaling of the fraction Sg/B, plotted in a semi-log scale on the x axis,
for different powers a and positive values of the chemical potential. In this case the
saturation in less evident respect to the gapped case a = 3.00 reported in Figld.17]
Anyway the fraction Sp/B, after an initial increasing, goes to a constant value. (b)
Entropy scaling, plotted in a semi-log scale on the x axis, for different powers a and
negative values of the chemical potential. This case behaves in a way similar to that
presented in (a), but with different values. These cases belong to the gapless phase C3

of the phase diagram in Fig{4.24]

as area law scaling as the entropy scales with the size of the boundary of the considered
region.

In Fig. (a) we have represented the scaling of the block entropy in a the gapless
region C3 of the phase diagram presented in Figd.24] with positive chemical potentials.
As we can see the entropy follows the area law, i.e. Sp/B tends to a constant value. In
the same way the area law is not violate for negative chemical potentials as we can see
from Fig. (b). The saturation takes place in a non symmetric way respect to the
chemical potential.

442 l1<a<?

In this subsection we will consider the two gapped phases M2+ and M2- and the gapless
phase C2, reported in Figll.24] for 1 < a < 2. In this range of powers a the situation
becomes numerically less clear. In Fig. (a) we can see an example of scaling of
the fraction Sp/B for @ = 1.50 and positive chemical potentials and in Fig[.19(b)
for negative chemical potentials which belongs to the gapped phases M2+ and M2-
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Figure 4.19: (a) Entropy scaling, in a semi-log scale on the x axis, for systems belonging
to the gapped phase with a = 1.5 and positive values of the chemical potential . (b)
Entropy scaling, in a semi-log scale on the x axis, for systems with o = 1.5 and negative
values of the chemical potential u belonging to the gapped phase. These cases belong
to the gapped phases M2+ and M2- of the phase diagram reported in Fig{d.24 We
have labbeled these two gapped phases as transition regions because the enropy does not
exhibit a neat saturation to a constant value, especially for the case (b) with negative
chemical potentials.

respectively. In both cases, although they do not behave in a symmetric way, we cannot
appreciate a neat saturation to a constant value of the fraction Sp/B. Especially for
negative chemical potentials, as we can see in Figf4.19) (b), the fraction Sp/B continues
to follow a linear behaviour, in this semi-log scale, for every value of the perimeter B.
Then the area law seems to be violated in this gapped phase.

Furthermore the previous situation is repeated in the gapless phase C2. For example
in Fig[d.20] we have represented two cases for a = 1.40, for positive (a) and negative
(b) chemical potentials, in which the area law seems to be violated as the entanglement
entropy does not have a neat saturation to a constant value and, on the contrary, it
continues to grow for all the values of the perimeter B.

4.4.3 O<a<1

In this subsection we will consider the gapped regions M1+ and M1- and the gapless one

C1 of the phase diagram in Fig}d.24]
In Figld.21| we have reported a situation belonging to the gapped phases M1+ and
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Figure 4.20: (a): Scaling of the fraction Sgz/B, plotted in a semi-log scale on the x axis,
for a = 1.40 and positive values of the chemical potential. Sg/B does not saturates in
the range 2 < B < 40. (b) Scaling of the fraction Sg/B, plotted in a semi-log scale
on the x axis, for & = 1.40 and negative values of the chemical potential. Sg/B does
not saturates in the range 2 < B < 40. These cases belong to the gapless phase C2
of the phase diagram in Figlt.24] The fraction Sg/B, in the range of perimeterers B
considered, does not exhibits a neat violation of the area law. We have labelled the phase
C2 as transition region in Fig[4.24] which means that the entanglement entropy changes
its behaviour from an area law to a volume law.

M1- for a system with a = 0.70. The fraction Sg/B does not saturate both for positive
(a) and negative (b) values of the chemical potential. Then, from the linearity of Sg/B
in the semi-log scale of Figld.21] in these gapped phases the area law is explicitly violated
and Sp scales as B x log B. For o = 0.30, as reported in Fig[4.22) for positive (a) and
negative (b) values of the chemical potential, the fraction Sg/B does not saturate, i.e.
it has logarithmic corrections to the area law, as a function of the boundary area B in
semi-log scale. Then in the gapless phase C1 the strong long-range pairing leads to a
violation of the area law both for gapped and gapless phases.
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Figure 4.21: Entropy scaling, in a semi-log scale on the x axis, for systems belonging to
the gapped phase with o = 0.70 for positive (a) and negative (b) values of the chemical
potential . The fraction Sp/B is linear respect to the boundary areas B. Then the
area law is explicitly violated in these cases which belong to the gapped phases M1+
and M1- of the phase diagram reported in Fig[l.24]
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Figure 4.22: Entropy scaling, in a semi-log scale on the x axis, for systems belonging to
the gappless phase with a = 0.30 for positive (a) and negative (b) values of the chemical
potential p. The fraction Sg/B is linear respect to the boundary areas B. Then the area
law is explicitly violated in these cases. These situations belong to the gappless phase
C1 of the phase diagram reported in Fig[.24]
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Figure 4.23: Entropy scaling, in a semi-log scale on the x axis, for systems with a
vanishing chemical potential. For all the values of the power « the area law is violated.

We finally conclude the analysis of the scaling of the entanglement entropy by consid-
ering the special case = 0 belonging to the gapless phases C1, C2 and C3 and reported
in Fig{d.23] As we can see the area law is violated for all the powers «.

4.5 Phase diagram

We now want to summarize all results found during the study of the long-range version
of the Kitaev model. We will characterise different phases of the model by means of the
power «, the chemical potential 1 and the codimension d.

The model exhibits the following phases reported in Figl4.24]

e Gapless region {—4 < u < 4} with codimension d = 2. In the region C3 of the
phase diagram in Figld.24] the block scaling of the entropy follows an area law.
For the phase C2 there is a transition region in which the fraction Sg/B does not
saturate to a constant value, in a semi-log scale. Maybe these behaviours can be
ascribed to numerical limitations which do not allow to test the validity of the area
law in this range of the parameters «, for systems exceeding L =~ 100 sites per
side. Instead in the region C1 there is a violation of the area law. In the limit
a — oo we recover the short-range model and for the two cases {A =0,y # 0}
and {A # 0, = 0}, characterised by a codimension d = 1, the model violates the
area law.
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e Gapped regions {|u| > 4} with codimension d = 2. These gapped regions have
a hybrid exponential power-law behaviour of correlation functions which become
purely power-law for o below the dimensionality of the system, as reported in the
regions M1+, M2+ and M3+ in Figfd.24] The area law is preserved in the phases
M3+ and it is violated in the regions M1+. Between these two regimes there is
a transition region, i.e. M2+, in which the system passes from an area law to a
volume law. In the limit a — oo the system follows an area law.

e Line = —4 with codimension d = 2. In this situation the system passes from a
gapless region to a gapped one for o < 2.

e Line ;= 4 with codimension d = 2. In this case the system is gapless for all the
powers a.

For the two dimensional Kitaev long-range model, at difference with the one dimensional
case, the area is not explicitly violated for o under the dimensionality of the system. In
fact in Figld.24] we have called the gapped phases M2+, M2- and the gapless rectangle
(C2 as transition regions because there we can appreciate a change of the behaviour of
the fraction Sp/B, but without neither a neat saturation nor a perfect linearity in the
semi-log scale. Instead for v < 1 the system exhibits a neat violation of the area law
both in gapless and gapped phases. A change in the behaviour of the system for o < 1 in
the gapped regions is also corroborated by correlation functions, as reported in Fig[4.14]
and in Fig[.15] where the point o ~ 1 is a minimum of the power S(«), i.e. is a point
in which the two point correlator drastically changes its behaviour.

For long-range 2d systems the conjecture proposed in ref.( [53]), which states that a
volume law for ground states is linked to a codimension d = 1, is not valid.

The conclusion that the area law is violated for 1 < o < 2 is not granted by our
numerical analysis and it may be checked by means of analytical calculations similar to
the ones in ref. [59].
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Figure 4.24: Phase diagram of the model described by the Hamiltonian . The phase
diagram is not symmetric with respect to the line g = 0. The red area represents the
gapless phase of the model. This region is characterised by a purely power-law behaviour
of the two-point correlation functions. In C1 the block entropy violates the area law, i.e.
the fraction Sp/B grows faster than the boundary area B of the subsystems considered
during the scaling. Instead the area law is preserved in C3. The phase C2 represents a
transition region in which the entanglement entropy of the model passes from an area law
to a volume law. The white areas M3+ and M3- are characterised by a hybrid exponential
power-law behaviour of two-point correlation functions which becomes purely exponential
in the limit o — oo, i.e. for short-range systems. The area law holds in these two phases.
The gapped regions M2+ and M2- are phases in which the entanglement entropy starts
to violate the area law and in which the two-point correlators behave in a purely power-
law way. The two gapped regions M1+ and M1- have correlations which algebraically
decay with the distance and their block entropy violates the area law. The dashed line
along = 0 represents a special case in which the area law is violated for all the values
of the power a.
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Conclusions

In this master degree thesis we have considered the 2d Kitaev model with a long-range
pairing on a square lattice. This system is quadratic with respect to the fermionic
operators and then it is exactly solvable. We have analysed the different phases of this
model by means of a hybrid approach based both on analytical and numerical results.

By taking into consideration the energy spectrum we have studied the critical regions
of the model and we found two gapped regions separated by a gapless one. We have
characterised these phases in terms of the chemical potential ¢ and in terms of the
power « of the pairing potential. By analytical results we have found that the phase
diagram is non symmetric with respect to the chemical potential. In fact, while along
the line p = 4 is gapless for all values of the power «, along the line © = —4 the system
becomes gapped for a < 2.

We have analysed the two-point correlators and anomalous correlators along different
geometrical paths of the square lattice and we found that in the gapped phases and for
a > 2 they exhibit, as functions of the distance R, an initial exponential behaviour at
short distances followed by an asymptotic algebraic decay at large distances. The initial
exponential behaviour survives until the power « is bigger than the dimensionality of
the system, i.e. for a > 2. Instead for a < 2 the two-point correlators have a purely
power-law behaviour with the distance. The algebraic decay can be characterised by
an exponent 3(a) and it can be expressed as 1/R*®). For a > 2 the exponent ((a)
have approximately a linear behaviour, i.e. (a) ~ «. Instead for o < 2 the function
B(«) stops its linear behaviour and exhibits an absolute minimum approximately near
a =1 . We have given an heuristic analytical explanation of the power law decay of the
correlation functions for even powers o with o > 2.

We have finally characterised the different phases of the system through the scaling
of the entanglement entropy. We have found three regimes, characterised by the power
«, in which the von Neumann entropy behaves in different ways. For a > 2 it follows
the area law both in gapped and gapless phases, for 1 < a < 2 it undergoes a transition
from an area law to a volume law in the gapless phase and also in the gapped one and
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for 0 < a < 1 it explicitly violates the area law both in the gapless and in the gapped
phases. Finally we have considered the special case p = 0 which violates the area law
for all the values of the power a.

We have summarised all the previous results in a phase diagram made with respect
to the chemical potential p and the power «.

Some open questions remain after our analysis.

First of all we have to completely characterise the entanglement scaling of the transition
region 1 < o < 2. Through our numerical analysis we can appreciate a change in the
behaviour of the entanglement entropy in this region but it is not granted that the area
law is violated. This task may be checked by means of analytical calculations, based on
the dynamics of the entanglement entropy, similar to the ones in ref. [59].

Another open question concerns the topological properties of this model. Two dimen-
sional topological superconductors have topological phases characterised by the presence
of an insulating bulk and chiral edge states on the boundaries of these systems. It would
be interesting to understand how the long-range pairing affects the topological properties
of the edge modes in these kind of systems.
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Appendix A

Further material for the 2d Kitaev
model

In this Appendix we want to derive some formulas appearing in the previous chapters
which we have omitted in order to underline the main results.

A.1 Diagonalization and ground state

In this section we will present the details of the diagonalization procedure for the Hamil-
tonian which describes the 2d Kitaev model.
The Hamiltonian is translationally invariant. Then we can describe it in mo-
mentum space using the Fourier transform
A (R) = % S ek R () (A1)
k
which gives

tL —R:(k—q) ,1q-a2 t
H = Z ~T2 [e Rt (k) ¢ (q) + h.c] -4

72 [eRkmeaaict (k) ¢ (q) + h.c.]
k,q,R

(A.2)
L—1% L—1x

S5 TN (B ) e e (. (@) + he] + 512

2
k,q,R =0 m=0
v R (K
— L3 e (i) e (a).
k,q
Using the well known identity

1
- Z e = 5y o (A.3)
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we get

1
H = Z (tl cos (k-ay) +tjcos (k-as) + 2> ' (k) ¢ (k) (A.4)
+ A (—F, (k) ¢t (k) ! (-k) + h.c.) .
We can express the last formula as
—¢ (k) —1AF, (k)\ [ c(k) L?
Defining
[ —e(k) —AF, (k)
My = (mpa &) (k) (4.6)
the eigenvalues of this matrix are given by
Mew = £/ (AF. (1)) + (= ()" (A7)
We will diagonalize the Hermitean matrix My thanks to
[ costy usinbk
U= (z sinf, cos Gk) ‘ (A-8)
This is an unitary matrix and satisfies
UU=U"'U=1 (A.9)

Then we obtain the Bogolyubov quasi-particles operators

(77? Eklz)> =U (; E%) (A.10)

1 (k) = cos Oyc (k) — vsin Oy’ (-k)
n' (k) = cos byc! (k) + ¢sin byc (-k)
' (-k) = cos i’ (-k) — 2sin Oyc (k)
1 (-k) = cos byc (-k) + 2sin e’ (k)
(A.11)

which we can invert using the relation

G 8{15) -v (n? %12)) (A12)



obtaining

c (k) = cos Oy (k) + 2sin &' (-k)
' (k) = cos yn' (k) — 2sin Oyn (-k)
' (-k) = cos O’ (-k) + vsin Oy (k)
¢ (-k) = cos b (-k) — 2sin O’ (k) .

(A.13)
The matrix M satisfies
UTMLU — (Aok _OAk> . (A.14)
From the second matrix elements we have
18in Oy (€ (k) sin O — AF, (k) sin f) + cos O (1 cos O — 1sin ) = 0. (A.15)
Then
tan 20y — Af ?k()k) (A.16)
Now we compute the ground state which satisfies the following requirement
m |GS) =0
1k |GS) =0
(A.17)

The ground state of the theory can be found by making use of the Bogolyubov operators
and we obtain

|GS) = H cos O (1 — usinbic’ (k) ¢ (-k)) |0) (A.18)

k>0

A.2 Properties of F, (k;, k,)

We want to study how F, (k,,k,) behaves and how it can be represented in terms of
Jacobi elliptic theta functions (see [26]).
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A.2.1 Convergence

First of all we want to point out the convergence properties of F, (k). To do that we
will make use of the Mellin transform

1 o
M (f(t) = —/ fyt=tdt for Re(s) >0 (A.19)
['(s) Jo
and of the third Jacobi theta function
O5(z,q) =1+2 Zq”2 cos (2nz) for |q| < 1. (A.20)
n=1

The following inequality holds (accordingly to [11])

SN (@ m?) " E sin (kal + kym) ' (A.21)

1,m=0 1,m=0

L— L—1 N
Z Z (P +m?) 2 Zla )

— m=11=0 0

k)| =

—((a)+ / £ 162 (0,67 d = ¢ (@) + ¢ (0/2) B (a/2)

0

o |

In which we have used

B0 -1=13 TP Y ey )
n=1

n=1 m=0

4 s m —n m
M 0.9 = by [T 55 e

= 7Y (D" @m+1)7F =4((/2) B (/2)
where
B(s)=>Y ()" (@2m+1)7". (A.23)

The ( (s) function is well defined for Re (s) > 1, so we can conclude that F, (k) is abso-
lutely convergent for oo > 2.
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A.2.2 Integral representation

Now we try to evaluate the double sum F, (k)

i* sin (k,l + k,m) i sin (k,1) cos (k,m) + cos (k,l) sin (k,m)

= (A.24)
1,m=0 (12 + mg)aﬁ I,m=1 (2 + m2)a/2
= sin (kyl) o= sin (k,m)
+_§£: la +_§£: me
=1 m=1
Using the Mellin transform (valid for e (o) > 0) we obtain
oo 1 oo §
Z sin (k,!) cos (k,m) —a/ et (Pm?) s —1qp L [Lig (€%+) = Lin (e7*)]
I,m=1 I‘(g) 0 2
(A.25)

+ (ky < ky) .

Rewriting the integral in a more explicit form and using the definition of the Third Jacobi
Elliptic Theta function (see [26])

05(z,q) =1 —I—QZq cos (2nz) for |q <1 (A.26)

we obtain

1a / 21 {Zsin (kyl) e ZCOS k,m) et }dt (A.27)
() Jo

— @ /Ooot‘s—l { (93 (%,e_t) — 1) ;sin(k:xl) e—”Q} dt

The Jacobi Third theta function is defined only if |¢| < 1, instead e " is 1 for t = 0. But
if @ # 2 (t371 = 1) the integrand at the point ¢ = 0 is multiplied by zero.
In the following we will make use of the relation

if(l—i—m ia—l ia—l (A.28)
a=2 a=1

I,m=1

We can argue those equality from table (A.1).
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Figure A.1: Sum of 1;m indices.

Now we want to ﬁnd a proper expression for the sum >7° sin (k,0)e~%. If we
multiply and divide by (93 (’“x e t — 1) we obtain

o0

Z e (+m?) gin (kyl) cos (k,m) (A.29)

Now if we observe that the double sum is invariant under the exchange of the two indices
I, m (which are dumb indices) and if we sum and subtract the convergent sum

oo

Z e 2 sin (ky (I +m)) (A.30)

I,m=1

we have (sin (a + b) = sin (a) cos (b) + cos (a) sin (b))

i sin (kyl) e ™ = (A.31)

1 = - m)? = —2tlm _:
= B Z et gin (ky (14 m)) — Z e~ M gin (ky (I +m))
3\2> L, m=1 lm=1
1 o0
= a—1)e sin (k,a) e M gin (k, (1 +m
e 1|5 - 3 )
= - 1 _ 9 ie cos (ka) Ze sin (ka) Z e~ 2 sin (ky (I +m))
93 (f’e_t) —1 L 8[5;17 a=1 I,m=1
1 [ 10, (ke a2 21t
= P e _5(9]%03 (7,6 ) - ;e sin (k,a) lmzle sin (k; (I +m))

!Pay attention that lim,_, . 03 (%7 e_t) =1, and the previous formula goes to zero and we obtain a

0
o form.
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kg
2

Finally if we put on the left side the serie (9(—;)1 S e~ sin (k,a) we arrive at
X -

the formula

= s 1 10 k:x otim
;sm(kxl)et _W 28k9 Ze W gsin (k, (I +m))

I,m=1
(A.32)
The last step consists in the evaluation of the sum Zfo _e2mgin (k, (I 4+m)) (we will
make use of the geometric serie > ;7 #F = -1+ = for |z] <1)
Z e M sin (k1) cos (kym) + (1 <5 m) = 2 Z e M gin (k,l) cos (kym)  (A.33)
I,m=1 I,m=1
_ ety - cos ket +1
ZZsm k1) Z%e 2;smkl — 1

1 — 4t
')
—t) .

_ cos kye 2 _ et
=2 Zl S11 (k}xl> m + 2 ZZ Sin (IQBZ)

ol k1 Gt 16 (ke
——§c0t?+§cosk‘0/(%x —)+29’(

>
1\3|ég 1\3|rg

In the last equality we have used (see [26])

0} (z,q) — ¢ .
=4 sin (2nz or <1 A.34
i g for (4.34)
and
b1 (z,q) )
=cotz+4 sm (2nz or < 1. A.35
T § it ) for o (4.35)

Finally we obtain

Z sin (kyl) e ™ =
I=1

1 1 1 1 Il k 7 —t 10 k;_x7 —t
—[—— 0 05 (@,e_t)—l——cot@——coskx 4< ¢ ) 1(]3 ¢ )
0 (k_ e—t) 20k, "\ 2 272 2 ke
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A.2.3 Behaviour near the origin

Another important aspect of the sum F, (k) is its behaviour near the point k = 0.
Consider the following modified version of F, (k) (see [57])

Sa (k,B) = Z sin (kyl 4 kyn) e P™m™,  where m = V12 + n?, (A.38)

l,n=1

which coincides with F, (k) in the limit § — 0 and, thanks to the presence of the
exponential function, it is an absolutely convergent sum for every momentum vector k.
We can differentiate and integrate (A.38) to establish the recurrence relations

10'Sa (k, B)

wat(k,B)=(—1)———= A.39
and
Sunlk,8) = [ oy [ dga [ dasa( s (A.40)
B 1 Bi-1
From (A.39)) is evident that we can restrict « to the interval
l<a<?2. (A.41)
Defining
-k
k = (ks ky), k= T k= k|
m
— l ¥ = —
m = (I,n), =
v=k-m (A.42)
we can express (A.38) as
Sa (k,B) = Z sin (kmy) e ™m . (A.43)
m,y>0
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Consider the Mellin transform of the product sin (km~y) e ™ appearing in (A.43)

W(p; B, k,7v) = / 2P sin(ykz)e PP da = k7PW (p; 2, 7), (A.44)
0
where we have defined
z=p/k

W(p;z,7) = / y? ! sin(yy)e dy. (A.45)
0

Applying the the Mellin inversion formula (see [46]) to W (p; 8, k,~y) we can write (|A.38))
as

1 ct+100
Sukf) =5 [ KT (A1)
27—‘-2' C—100
with ¢ = Re(p) and
Va(p,2) = D m P "W(p;z,7). (A.47)
m,y>0

In order to exchange the sum and integral to obtain (A.46)) the contour appearing in this
formula must satisfy

1>c>2—-a>0. (A.48)

The leading contribution to (A.46]) comes from the pole of the integrand which is placed
at 2 — a. This can be seen using the Euler-Maclaurin summation formula to compute

the residue of the function (A.47)) at this point

Xo(z)= lim (p—2+ a)V,u(p,2)

p—2—at

= lim (p—2+a) / m P W (p;~, z)dm, (A.49)
p—2—at |m|>mg,y>0
where my is a cut-off necessary to avoid the divergence of the integral near the origin.
The difference between the sum and its integral approximation vanishes in the
limit p =+ 2 —a™.
Introducing the polar 2-dimensional coordinates we obtain

1 0o 1
X, (2)= lim ——(p—2— 1-p—a PNy
)= tim -2 a) [ om0 2)

— _21“(1/2) /0 (1—=)"2W (2 — oz, 2)dn. (A.50)
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Then the function ¥, (p, z) is given by

Xa(2)

m+0[(p—2+01)_1]. (A.51)

qja(p7 Z) =

Finally, using the Cauchy theorem, we can express F,(k;, k,) for k — 0 as
So(k, B) = k* 2 X (B/k) +o(k*72). (A.52)

The function W (p; z,7) in (A.45) is a well known Mellin transform which can be ex-
pressed in a closed form (see [17]) as

W(p;z,v) = % sin [p arctan (g)} . (A.53)

Substituting this result in (A.50) we obtain

o) [ _A2)-1/2
Xo(2) = _I;f(l/g)) /0 (2(21+ 772))(260/2 sin [(2 — ) arctan (g)] dy. (A.54)

This function can be evaluated in the limit z — 0, corresponding to 8 = 0 at fixed small
k, and it has the following form

~ I'(2—a)sin [(2—-a)Z]
Xa(0) == I'(1/2) (a2 +4a —1) ° (A.53)

A.3 Correlation functions

In this section we will analyse two-point correlation functions.
The one body correlation function can be expressed in terms of Bogolyubov quasi-
particle operators as

g(R/,R) = (GS|c' (R) c(R)|GS) = (A.56)
1 'L R. : .
=5 e RERa) ((f (k) cos O — ) (k) sin 6.i) (1 (q) cosOq + ' (-q) sinb.q) ) g
k,q
1 / 1 /
=72 Z (R k—Ra) i) 9, sin 0q0kq = I3 Z ek RR) 6in2 9, .
k,q k
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In the same way the anomalous correlator can be expressed as
“(R’ R) = (GS|' (R) ' (R)[GS) = (A.57)

L2 Z o (R k+R-q) <cT (k) cf <q)>cs
- % Z TRMAR) ((pf (k) cos B — m (-k) sin i) (1 (q) cos g — ) (-a) sinfq) )

= —z— E e R kARA) giny 0 cos 0 a0k -q-
k,q

If we note that

AF, (k) 1 AF, (-k)

O = 5 arctan ———= &) =-3 arctan % —0.x
cos (—0y) = cos (Ox)
(A.58)
we have
1 /
J(R,R) = —1— e_lk'(R ~R) sin 26, (A.59)

2172

Now we want to express the trigonometric functions appearing in the correlator in terms

of tan20y = AF(‘I{()k) First of all we can note that
. 9 1
sin” 260y = 5 (1 — cos 26) (A.60)
sin? 26, 1 — cos? 20
tan? 20, = =
a2k cos? 20y c0s? Oy
cos? 20y (tan2 20y + 1) =1
1
cos 20y = &+

\/1 + tan? 29k7

and if we choose the solution with the positive sign we obtain

1 1
sin?f =~ [ 1— : (A.61)
2 \/1+ tan? 26y

Finally using the following equalities

tan 20y

/1 + tan? 20,

(A.62)

sin 20, = cos 260y tan 20, =
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tan (20y) __ sgn (e (k) AF, (k)
VIt W JAF, (1) + (e (k)

sin 20k =

—_

e 1 1 e (k)|
sin“f = [ 1— =—|1- (A.63)
2 ( Vi+ tan? 29k> 2 ( JAF () + (¢ <k>>2)

we get
R) = % Z ezk~(R’—R)% 1— le (k) |
. VAE, (1) + ( (k)
5RI,R . L ezk-(R'—R) |E (k) | (A 64)
— 5 :
2 A VIAF, (1) + (¢ ()
and
/ k)) AF, (k
ga(R/7 R) _ —Z% e—zk~(R -R) Sgi (5 ( )) o ( ) ' (A65)
. VIAE, (1) + (¢ (k)
In the limit L — oo we can use the substitution
I An= I yEar— L [T (A.66)
Aigozn:(”') n_AllcrEOzk:(” 2r 271 J, '
which gives
5 , 27 k
g(R,R) = 2R e 2) | -dk,d,
AFa (k)" + (¢ (k))
OR’
- —RQR - I (R, R;a), (A.67)
where we have defined
k
7(R,R;q) @ / / e (k)| dkydk,.  (A.68)
)2

AFa (k))* + (e (k)"

Similarly the anomalous correlator is given by

P de(R-R) sgn(f(k)MFa(k) dk,dk,.  (A.69)
"2 / / (AFa(k))2+(€(k))2
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If we compute Sm (Z (R',R;a)) we have
Sm (Z (R, R;«a)) =0. (A.70)

Thanks to the even properties of the cosine function under k — -k and to the following
identity involving periodic functions with period T’

b+T  pd+T b+T  pd+T
//fxydxdy—/ / x—i—Ty—i—T)dxdy—/ / f(z,y)dzdy,

(A.71)
we obtain
T RR)|1 ) cos b, + 1 cos k,
m (Z (R, R; a) 2 / / | 1 cosky 4t cosky, + 5| Tl —
Z \/AF + (L cosk, + t)cosk, + )2
2 27 zk (R’ R)|tL CoS k‘ + tH COS]{? iy |
/ [
" \/ Mcosk +tcosky + )
27 27 —Hk (R’ R) -Hk (R'-R " ]{;x ; " p
/ } |t cosk, +t) cos y2+ 2|dkzdky
(k))2 + (tL cos kg +t) cosky, + %)
-0 (A.72)
So we have
2 / ¢ k 4t k n u
(R’ R; a) 3?6( R, R: Oz / / COS )) ’ | COS | COS 2|dkxdky'
\/AF Mcosk; + t) cos ky + )2
(A.73)
In an analogous way
Re(9*(R',R)) = 0. (A.74)

Finally the anomalous correlator can be expressed as

, . s (< (K)) AP, (k)
“(R,R) = g sin(k- (R — R dkydk,. (A.75
SRR = oo [ e ®-R) Y IYRTIEO (A.T5)

In fact using the following properties

sgn (= (K)) = sgn (¢ (K)) (A.76)
Fy (k> = —F, ('k)
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we have

Re (¢*(R',R)) =0 (A.77)

A.3.1 Heuristic argument

In this subsection we present an heuristic argument useful to understand at least why
correlation functions exhibits a power-law asymptotic behaviour for system with long-
range interaction. This argument, based on the reality of the two point correlation
functions and on the possibility to exchange sums and integrals when the former are
absolutely convergent objects, is valid only for even powers a with o > 2.

We consider the two points correlation functions along the vertical direction

g1 (R) = <CE§7O)C(5,R)> : (A.78)

which have the following form

T(R)= / /R "G (k) dk (A.79)

where R is the rectangle [0, 27| x [0, 27| represented in Fig.A.1 and the function G (k) is
|t, cosky, + ) cosky, + §|

G (k)= :
\/(AFa (k))* + (t1 cosk, + t) cosk, + %)2

(A.80)

Defining the vector & = (1,0) G (k) according to [58] we express the integrand in
(A.79) as

1

— (V) et LV (eRhg) | (A.81)

g (k) eszx — =

Then by means of the divergence theorem we have
7 1
T _ . 1REy k)) dk — — A zkadk
(R) R//RV (e =a (k)) ZR//R(V u)e
?

1
— Rkz o o k)ds — // LA lszdk
7 aRe n-u(k)ds = R(V u)e

_ 2Wg(/g = 0,k,)dk +i// 9 G K)) e Rk (A.82)
- R e =0T R |\ ok, ‘ ’ '

0

86



where we have labelled with OR the boundary of the rectangle R and with n the normal
vector at each point of this boundary. The first contribution is purely imaginary and
we have to neglect it. We can repeat the previous argument for the function %Q (k)
obtaining

1 o 0 ke R
TR =75 | 570 (ke = 0.k) by R2// <8k2 >e dk
— 7. TV, (A.83)

where we have defined

H'R R2 ak =0, ky) dky (A84)

T = — / / ( (%2 )el’%de (A.85)

Z(R) is real and it could give the leading contribution to our integral. The derivative of

G (kg ky) is

and

O G ko) = —Smkasgn (€ () e ()| (= (%) 522 (K)) + A% (o (K)) Fa (K)
ok, V(e (1) + AR, (1) (= () + AF, (k))?)"
(A.86)
ky
2
N i, fy
0 > 2 ka:

Figure A.2: Boundary R of the rectangle R. The normal vectors of this region can
be represented in cartesian coordinates as: n; = (0,—1), no = (1,0), ng = (0,1) and
ng = (—1,0).
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and at the point k, = 0 gives

0

o = Leosthym) i _ 1y, (A.87)

(s (24 m2)*

(s Fy)

ke=0

Then the integral on the boundary 0R becomes

sin kym oo sin(kyl)
a1y [ AR (k) | { i e 4 o, Sl )
2 / dk
0

" (¢ (hy)? + 82 (k, 2) 7
m cos(kym () sin(ky
2 2m A2|€< ) | Zlm 1 12 7752)04/g Zp,q:l (Pp_,'_(q—Q)ZZ!)/Q k
7= Jy (e (k,)? + A2F(k,)2)"” ’
o 2 Ae(k )0 ;m=1 T;T;Ef;:% 2ot Sm;(glfxyp)
b e dk, (A.88)
‘ (2 (ky)* + A2F (K, )?)

The arguments of the integral are absolute convergent series. Then for o > 2 it
is possible to exchange the integral with the sum obtaining a vanishing contribute. In
fact the integrands are product of sine functions with even functions f(k,) with period
27, for example

27 OO 27
/ ) sin(k,m)dk, = Z/ f(ky)sin(k,m)dk,, (A.89)

and their integral over [—7r, 7| vanishes.

We can iterate the previous procedure and at each step we find or a purely imaginary
number or a vanishing contribute. This procedure can be used o — 1 times. In fact
the a-th derivative of F' (k)’ k.—o 18 a non absolutely convergent sum which diverges at
k, = 0,27. In order to understand why this happens we compute for examples the first
two derivatives of F(k) at k, =0

= 12 cos(kym)
'k, & —_y eosthym) A.90
N (490)
= BBcos(k,m)
F" (ke & N st e g A91

and it is clear that each derivative produces a power of the index [ and at the a-th
iteration produces sums like

= 1% cos(k,m)
> Fxm (A.92)

I,m=1
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which diverge at £, = 0. Then the divergence theorem can be applied av—1 times leading
to a double integral of the form

IZ(R) = ) / / (a,:a 11 )elk“’de. (A.93)

Taking into consideration our numerical results, which give a behaviour like R~ to the
asymptotic behaviour of the two point correlation function along the vertical direction,
the double integral should behave like 1/R for R > 1.

In the presence of short-range interactions the function G (k) is regular at each step
of the above iterative procedure. Then for every fixed n € N we have a contribute of the
form (see [58])

I(R)——n_l (l)s_l T G (ky = 0, k,) dk, + // heR g
- R) ), ok VT o 1) | e

2 \s—1 2m 0* B
_ <E> oY (ke = 0, k) dk, + O (R™). (A.94)
s=0 B

Then, being the first sum equal to zero, we have, for every fixed and arbitrary n, a be-
haviour like O (R™™). Such behaviour is compatible with that of an exponential function
which goes to zero for R — oo faster than every polynomial.

Hence we can argue that the peculiar properties of long-range interactions manifest
themselves through the non C'* nature of the function F,(k,, k,) at each point k of the
momentum space.

The previous argument can be used also for two points anomalous correlators for odd
values (they are purely imaginary) of o with o > 2.
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Appendix B

Lieb-Schultz-Mattis method

In this Appendix we will present the Lieb-Scultz-Mattis method which will be the staring
point in order to numerically diagonalize our 2d model and also it will be very useful in
order to compute correlation functions.

B.1 Diagonalization of the Hamiltonian

We start by considering the problem numerical problem of diagonalize a quadratic Hamil-
tonian.
A quadratic Hamiltonian can be generically expressed as

L2
1
H= Z [CIAijCj t3 (cZBijc} + h.c.)} (B.1)
ij=1

where A is a square symmetric matrix and B is a square antisymmetric matrix. In order
to diagonalize (B.1)) we will use the following ansatz (see [14])

Ni = Z (%Ci + h@) (B.2)

(2

nl = Z <gicZT + hici) (B.3)

where 7; and 771-T are Fermi operators. These relations applied to our Hamiltonian lead to

H = Z Ainn; 4 const. (B.4)
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To make this possible it is necessary that

The commutator can be expressed in the following way

1 1 .
[77k7 H] = (gkiAlm[Ci> ClTCm] + §gkiBlm[Cz’7 Czrcin] + §gkiBzm[Ci7 CmCl] (B-G)

1 1
+hszlm [C;-r, C;Cm] + §hkiBlm{CL CjCIn] + §hlel*m [C;-r, CmCl]> .

Then using the well-known identity
[A, BC| ={A,B}C — B{A,C} (B.7)

we find

1 1 1 .
[nk, H] = Z {gklAlmcm + égszszin - §gkmBlmC;r - hkmAlmC;r + §hkmBlmCl (B-S)

Im
(-
_§hlelmCm:| .

If we use the fact that A is a symmetric matrix and B is an antisymmetric and real
matrix (see [10]) we find

> [leAszm + gt BimChy — Prom Aimc] — hlelmCm]

Im
= (g Bim — i Aum) by + > (g1 Aim — hit Bin) €
lym Im
(B.9)
And this expression is equal to
Ay, Z (gkmcm + hkmcln) ) (B.10)
Finally we have the couples of equations
Z (9r1Aim — P Bim) = Mrgrm (B.11)

l

Z (glelm - hklAlm) = Aphim.
l
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These equations can be simplified by introducing the linear combinations
,lvbk’m = Gkm — hk‘m

Substituting we obtain

¢ (A —B) = Apapy,

Wy (A+B) = Mgy, (B.13)
Multiplying both sides of the two equations by A; we find
o (A - B) (A + B) = Ay, (B-14)

Yy (A+B) (A —B) = Aripy.

If we consider a problem in which B is a complex and antisymmetric matrix we get the
following set of equations

Akim = > _ [kt (A + Re (Bin)) + 100Sm (B, )] (B.15)
l

Athpm = Z [¢kl (Alm — ¥e (Blm)) — W Sm (Bzm)]
l

and in a matrix formalism these equations become

Appp = V) (A + Re (B)) + 10, Sm (B) (B.16)
Ay, = ¢ (A — Re (B)) — 1h,Sm (B) .
For our purposes the interaction matrix B is real. Then if we note that the numbers Ay

appearing in (B.13) are the eigenvalues of the matrix (B.1)) we can find both eigenvalues
and eigenvectors at the same time by using the following theorem [33]

Theorem. Let A be an m X n real matriz and rank equal to r. Then exist an m X m
real orthogonal matriz U and an n x n real orthogonal matriz VT such that

o 0 - 0
0 g0 --- 0
A =TUDV”, whereD = (? 8> and S=1|. 0 (B.17)
0 0 - o
where D is an m X m matriz, X s an r X r matriz and the o;’s are real numbers such
that o1 > 09 > -+ > 0, > 0. We can express the previous decomposition in the following
way
¥ 0\ [/VF
T T
A =T0UDV" = (U1 IUQ) (0 O> <V;T> =U, 2V, (B.18)

where Uy, Vi are m X n and n X r matrices, respectively, with orthonormal columns and
the 0 submatrices have compatible dimensions for the above partition.
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j j+1 j+2

j+L jHL+1 [j+L+2

j+2L  |i+2L+1 |j+2L+3

Figure B.1: "Typewriter" way to label sites of a square lattice. @; and ds are the unit
lattice vectors appearing in [£.1]

The matrix D has the eigenvectors along the diagonal while U and V contain the
eigenvectors.

We have used this technique in our code written using the software Mathematica.
This procedure has the advantage to give both eigenvalues and eigenvectors and permits
to gain computational time.

The Lieb-Schultz-Mattis diagonalization scheme can be adapted for a two dimensional
quadratic system using an appropriate procedure to label each site of the lattice. This
procedure must use a one dimensional way to uniquely identify each site of the lattice,
i.e. it must use one index and not couples of numbers. For a square lattice with L? sites,
where L is the number of sites of each side of the square, there are are L?! different ways
to enumerate its constituents. We have adopted, as reported in Fig[B.1] a "typewriter"
way to label the sites of the system, i.e each site index is increased by one respect to its
left nearest neighbour and it is increased by L respect to its upper nearest neighbour.
The first site is placed at the upper left vertex of the square lattice.

Consider for example a system with L = 3 sites per side described by the following
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Hamiltonian

H = ER: { —t1 (" (R)c(R+as) + he.) —¢) (' (R) c(R+ay) + h.c.) (B.19)

2
— png + A Z Z dp (c" (R + la; + may) ¢! (R) + h.c.) } +9/2pu (B.20)

R [;m=0
where
dim = V12 +m?2. (B.21)

By choosing open boundary conditions the free part of the Hamiltonian (with L? x L?
elements) is given by

—p =t 0 =t 0 0 0 0 0

—tJ_ —u _tJ_ 0 —tH 0 0 0 0
0 —t, -4, 0 0 —t 0 0 0

=t 0 0O —pu —ty 0 =t O 0

A= 0 —t” 0 t, iy —t1 0 tH 0 (B.22)

0 0 —1 0 t, — 0 0 4]
0O 0 0 —t 0 0 —p —t, 0
0 0 0 0 —tH 0 tJ_ — U _tj_
0o 0 0 0 0 —t 0 t. -—p

and the interaction matrix B is

0 di® dy®  dyt diy diy dy® dyf dyg

—d* 0 4t 0 4 Ay 0 & d

—d;* —di™ 0 0 0  d;* 0 0 d,°

—di® 0 0 0 4 0 4t 4y dig
B=A|-d¢ —d* 0 & 0 & 0 4 4| (B.23)

—diy Ay Ayt =y =it 0 0 0 d°

—d,* 0 0 4 0 0 0 d* dy°

—diy —dy* 0 —di —dit 0 =4t 0 d°

—dys —dis —dy® —diy it —dyt —dy —d 0

The j-th row of these two objects, with j € {1,--- 9}, represents the interaction of
the j-th site with the other elements of the lattice.

A and B have a block Toeplitz matrix structure which reflects the translational in-
variance of the system.
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a=2.5,u=5, L=30 a=2.5,u=-2, L=30
10.0 : (a) 10.0 . B)

Numeric O Numeric v/
Analytic

Analytic

An

900 0 450 900

Figure B.2: Comparison between exact and numerical diagonalization for a system with
L = 30 sites per side. We have expressed the energy eigenvalues A, in terms of t| =
which we have set equal to 1. This fixes the energy scale. The index n belongs to the set
of integers n = {1,---, L?} and labels the eigenvalues in a decreasing way. The case (a)
belongs to a system in a gapped phase with a = 2.5 and = 5. The case (b) is referred
to a system in a gapless phase with a = 2.5 and p = —2.

The above numerical diagonalization method can be tested comparing analytical
eigenvalues with those obtained numerically. As we can see from Fig. for a
system with L = 30 sites per side, the two methods are compatible both for gapped (the
case 1 = 5) and gapless (the case u = —2) phases. Although these results are obtained
using different boundary conditions, open boundary condition for the numerical approach
and antiperiodic boundary conditions for the exact diagonalization, we can see that, for
the tail of the system considered, bulk properties are predominant in the analysis of the
energy spectrum.
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B.2 Calculation of correlation functions

In this section we will present the procedure which , starting from the knowledge of
the eigenvectors matrices ¥ and ¢ obtained through the singular value decomposition
theorem, will permit the study of correlation functions.

We start considering the following quadratic Hamiltonian (see [9])

L2

1

H=Y" [chijcj +35 (chijcj + h.c.)] : (B.24)
ij=1
This Hamiltonian can be expressed as
L2

H = ZAML% (B.25)

k=1

using a Bogolyubov transformation we get

("777*) B (Z Z) (5) ) (B.26)
where ¢ = (1, cpo)T

From the fermionic statistic of the Bogolyubov quasiparticles

{n',m}=1 {n.n}={n"n"}=0 (B.27)
we obtain
gg" +hh" =1 (B.28)
gh” 4+ g¢"h = 0.

We can calculate both the eigenvalues and the eigenfunctions from the singular valued
decomposition

A=y (A+B)g¢", (B.29)
in which
p=g+h (B.30)
Y=g—h

From (B.30) we can obtain the one-particle Green function ¢ (c, CT)
¢\ [ch\” gt KT g

g (Cch) - <<CT> (C) > = (hT gT) g (777"7T) (h

(gt BT\ (1 0\ (g R\ _[g" 0\ /(g

“\rT ¢t J\0 0)\h g)  \BT 0)\h
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So we have

T Th
G (c,cf) = (ifg ZTh> - (B.32)
And finally we can compute
(c'e) = h"h (B.33)
(cc) =g"h
<cTcT =hlyg
(cct) =g¢"g.

In terms of the eigenfunctions obtained through the singular value decomposition the
last relations can be expressed as

<CTC> = }L CEREICERY (B.34)
(¢ ) (¢ =)

<cw> = 16T 6+ w)

(ce) = 7 (67 +47) (6+).

NH

During the explaination of the 2D long-range Kitaev model we have analysed corre-
lation functions along the vertical direction which are given by

g (R) = <CIL/270)C(L/2,R)> . (B35)

In order to compute correlation functions by means of numerical techniques we have to
adopt the previously discussed one dimensional "typewriter" way to label sites of a 2D
square lattice. Using this convention the position of the first site in (B.35) on a lattice

with L sites per side is given by
L L
— 0] =—. B.36
(59)-3 (8.36)

Other sites along the chain in (B.35]) are given by

L L
LR)=ZL , B.
<2,R> 5 +RL (B.37)

By means of this convention we can extract the exact elements of the correlator matrices
necessary to compute (B.35]).
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Furthermore we have studied correlators of the form
gp (R) = <62070)C(37R)> : (B.38)
The first site of this path is labelled by
(0,0) =1, (B.39)
while other sites along the diagonal can be identified in the following way

(RR) =1+ (R—1) x (L+1). (B.40)
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Appendix C

Entanglement entropy from correlation
functions

Reduced density matrices can be computed using an autoconsistency argument of the
theory (see [12] and [13]).
At T'= 0 the mean values of a physical observable is given by (see [29])

(A) = Tr [;3,21} (C.1)
but at this temperature this is also equal to
(A) = (GS| A|GS) . (C.2)

We now consider a system of free fermions hopping between lattice sites described by
the following Hamiltonian

H=— Z fn,mCLCm (C.3)

The "hat" stands for quantities of the total system. This Hamiltonian has Slater deter-
minants as eigenstates. Then, being |GS) a Slater determinant, all correlation functions
can be expressed in terms of the one particle function

~

Crm = <C;rzcm> (C.4)
which is a hermitean operator. For example

(clel eper)y = (cle) (cher) — (chex) (char) . (C.5)
Now if we consider a subsystem of M sites we have, by definition, that the reduced

density matrix reproduces all expectation values of the subsystem, for example the one
particle function

Cij="Tr [pc}cj} (C.6)
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where 7, 7 are indices related to the M sites under consideration.
Accordingly to Wick theorem (see [32]) this property holds if p is the exponential of
a free fermion operator. Thus we can write

p=Ke™ (C.7)
where H is equal to
H = Hiij;er. (CS)

Let ¢y (i) be the eigenfunctions of H with eigenvalues ¢y.
The transformation to new fermionic operators can be written as

=Y o (i) . (C.9)

This transformation diagonalizes H and the density matrix p becomes

p=e 2 SR (C.10)

Because of the free fermion form of our diagonalized Hamiltonian H we can write

Due to the Fermi-Dirac statistic for each k& we have two possible states: |0), or [1),.
Then the local Hilbert spaces are isomorphic to C? and we can identify

o () W= (D) m= (5 o) b= (15):

_emkn 10 (e =1 (1 0) _ (55 0

1+efk

Then

From Tr [p] = 1 we finally obtain

e ¢k B 1
1+ e—ck Rk 1+ ek

<7ﬂmk/> =Tr [mhink/] = Sy (C.14)

The next step is to consider the following quadratic fermionic Hamiltonian

H= Zc;rtijcj + <cj-Vz~jc}L- + h.c.) . (C.15)
1,
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Again one expects
p=Ke™
with

H = ZCIAijCj + ( TBZJC] +h C) .
,J

Following the L-S-M method (see Appendix B) one has

n\ _ (g h c
,,7Jr “\h g Pl
where g and h are M x M matrices, and from
n'my=1 {nn}={n"n"}=0

one has

99" + " =
gh™ 4+ hg" = 0.

If we want to compute the correlation matrices

Cuo = {eles) Ry ={clc})

we have to invert the relations (C.20) in the following way

()= G ) ()

In a more explicit form this equation become

Cij= Z {(hT)il h)jo <77l77j>> +(9")i(9")jo0 <771T77°>}
_ Z { () (1 -5 jesl) +(9)ia(9)y (

For F we have

F=((h"n+g"n") (W"n+g"n")) = (h"ng"n' + g"n'n"n)
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(C.19)
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(C.21)

(C.22)
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and

= Z { (h)ia(g") g0 (mnd) + (g7 )ia(hT )0 <771TTI0>} (C.26)
l,o
1 1
= hT l 1 _ T i h . '
;{ l ( 1+6€l>+(g)’l( )l’j (1+eez>}
Then
C=g"Ag+h"Ah (C.27)
F = g"Ah + h"Ah
where
0ij - 5 ~
A= iJ A = ij Aot Ao = 800 5
1] 1+ esi ] 1+ e= ij + ij 57,] (C 8)
Now, defining A = A — A and observing that
A:%(IHA), (C.29)
we have
1 1
C=5+5(9"Ag—n"AR) (C.30)
1
F==(q"A T A
5 (9" Ah—hTAg).
Noting that
1
W=2(g+h)" A%(g+h), (C.31)

the matrix W is real and symmetric [[] then it is diagonalizable. Defining ¢ = g + h we
have that ¢7¢ = ¢¢? = 1 and then ¢ is made by the eigenvectors of W. So diagonalizing
W we obtain the following eigenvalues (accordingly to [12] and [13]) []

1
G = ZtanhQZ (C.32)

We can finally compute, from the knowledge of the correlation functions matrices C and
[ and taking into consideration [C.I13] the entanglement entropy as

L_Jp 1 0
Om In P = <1+65m 1+4ecm . L ) (033)
O l+e—€m lIl 1+e—€m
W i(AQ(ngh)) (9+h) ig " ( )T(9+h) Tg+m" A% (g+h) =W
2Az,j = Az,] Az,j esi - 1+e ) =—3——; = —tan h%
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which gives the von Neumann entanglement entropy (using a natural base for logarithms)

G Z(ln (14 em) +1n(1+e—€m)>‘ (©.34)

14 em 1+4e cm

Now it is necessary to introduce the procedure followed in order to analyse the block
entropy previously utilised to characterise phase diagrams of 2D models.

We have done a block scaling of the entanglement entropy, i.e. we have fixed the tail
of the system and we have considered the entanglement entropy of increasing subsquares
by starting from the central subsquare made by four sites. The first subsquare has two
sites per side, the second one has four sides per side and the third one has ten sites
per side. By identifying each subsquare with an integer m and the number of sites per
side with another integer a these two variables are linked through the relation a = 2m.
the first site belonging to the j-th row of the m-th subsquare, using the "typewriter"
standard to label sites, is identified by

L/2(L)2—1) = (m —1)(L+1)+ (j — 1)L, (C.35)

where L is the size of the total system, and the last site belonging to the j-th rows is
labelled by

L/2(LJ2—1) — (m—1)(L+1)+ (j — 1)L +2m — 1. (C.36)

Lattice sites between the the first one and the last one of the j-th row can be easily
found by adding positive integers i to (C.35) where i € {1,---,2m — 2}. Iterating
this procedure by means of a for loop which identifies each subsquare, a second loop
which labels each row of a fixed subsquare and a third loop which labels the elements of
these rows we can identify right matrix elements of correlator matrices C and F of each
sublattice.
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