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Introduction

The Hubbard Model

The Hubbard Model is the most basic model describing a lattice system of interacting fermions,
simply containing a term representing hopping between different sites and an on—site repulsion.
In the second quantization formalism, the Hubbard Model Hamiltonian is

ﬁ = -w Z Z (a’zraajg + a;raaw) + UZNiTﬁw (1)

{ig}o=14

In terms of the fermionic operators C], and with (i} denoting a sum over nearest—neighbour
sites. This model has a bosonic counterpart (called Bose-Hubbard Model) for bosons with on—
site interaction, and also a continuous counterpart, called Gaudin-Yang Model: this describes a
continuous system of fermions with a contact interaction (correspondent to the on—site Hubbard
interaction) and its Hamiltonian in the first quantization formalism, for a system of N fermions, is

A=y () +o X ay @

i<J

Despite being the simplest possible model to keep into account fermionic interactions, no general
consistent treatment for the Hubbard Model has been found: exact solutions have been found only
for the one—dimensional case (d = 1) and d = +o0. In the former (our case of interest) the solution
has been found using the Bethe Ansatz formalism.

The fundamental idea behind this method is to reduce the complex scattering processes happening
in the system to unions of two—body elastic scatterings, where particle momenta are exchanged but
not changed. A wavefunction form is proposed to keep into account this identification, and model-
specific conditions are applied to it to determine the charachteristic of the model (for instance,
the particle density). This method has been successfully applied to many systems besides the 1D
Hubbard Model: for instance, the 1D Heisenberg Spin Chain, the XXZ model, and continuous
models like the Gaudin—Yang model itself.

The Hubbard Model has many applications in solid state physics, both in one dimension and in
higher—dimensional systems.

e Graphene is composed by 2D monolayers of carbon atoms arranged in a hexagonal lattice: the
Hubbard Model can be used to describe Graphene Sheets and Graphene Nanostructures like
Nanoribbons (as, for instance, in [1, 2, 3, 4]).

e Some materials (for instance, transition metal oxides with a partially—filled d electron band,
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like V503), classified as conductors by band theory, prove to be poor conductors or even insu-
lants.

These insulating properties, rather than being due to the double filling of the conduction
band, are caused by interelectronic interactions: at low temperatures, these hinder electronic
motion even for smaller fillings. This kind of insulating phase is called Mott Insulator, and
the Hubbard Hamiltonian and enhanced models derived from it can be used to describe these
materials and their behaviour ([5]).

e The Hubbard Model, and models derived from it or based on extensions of its Hamiltonian,

are used to describe the main features of high—T- superconductors (see, for instance, [6, 7, 8]).

Besides these applications, the Hubbard Model is applied to describe the behaviour of cold fermionic
atoms in optical lattices: we will now discuss the approximations in which these systems provide
an experimental realization to the model.

Cold Atomic Systems in Optical Lattices

Over the past few decades, experimental progress has allowed the study of the behaviour of cold
atoms in optical lattices (for reviews on the subject, see for instance [13, 14, 15]). In these systems
the particles are placed in a potential generated by superimposing propagating LASER waves: as
the equilibrium positions in this potential are in quantized and equispaced positions, the system al-
lows a lattice description. Experimental setups have been realized with both bosonic (for instance,
[18]) and fermionic (for instance, [16, 17]) atoms.

As these systems are built at very low temperatures, they are very useful to study many phenom-
ena difficult to observe in other conditions. For instance, the low temperature allows these systems
to experience Quantum Many-Body (QMB) Effects, physical phenomena in which the system
shows both quantum and statistical phenomena. As temperatures grow higher, the effects of the
former vanish in most systems, while statistical properties revert to the classical ones: cold atoms
in optical lattices are therefore instrumental experimental setups in investigating QMB effects.

In general, interactions between the atoms in such system cannot be modelled exactly: however,
several approximations can be made in order to find a lattice model to describe these systems.

e Atomic interactions can be kept in account using scattering theory, and the first commonly
made approximation is to neglect all scattering processes happening with angular momentum
L > 0, since the centrifugal potential in the Schrodinger Equation introduces, for higher L,
a potential barrier which deters the particles from approaching enough to interact (the very
low system temperature does not allow the atoms to significantly overcome this barrier).

e At low energy an interaction is fully charachterized by its scattering length. We can there-
fore introduce an effective model, tuned to have the same scattering length as the physical
interaction, to simplify the system analysis: in particular, the system interaction is usually
modelled with a contact interaction.

e We can suppose that only one band is relevant in describing the system physics (for a fermionic
system, only one band must be close enough to the Fermi level to be relevant) and that in-
terband interactions are weak. This approximation is good for strong lattice potentials and
low temperatures ([15]): anyway, the presence of multiple bands can be kept in account using
band—charachteristic interactions and hopping coefficients, or with a single-band Hamilto-
nian with effective coefficients.

e We can also apply the tight-binding approximation, assuming isotropy of the hopping coeffi-
cients between nearest—neighbouring sites and neglecting the possibility of further hopping.
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The hypotheses we just made shape a single-band, lattice Hamiltonian with constant nearest—
neighbour hopping coupling and on-site (contact) interactions, which is nothing but the Hubbard
Hamiltonian (1) for Fermionic atoms or its bosonic counterpart for Bosonic atoms. This implies that
cold atomic systems in optical lattices, and the physical phenomena they allow to observe, can be
described by lattice models for interacting particles, like the Hubbard Model or the Bose-Hubbard
Model. The Hubbard Model has indeed been used to modelize such systems (see, for instance,
[9, 10, 11, 12, 19]).

Optical Lattices are useful to experimentally realize Hubbard—-like models, since the hopping and
the interaction coupling in these models are determined by the lattice structure, which in turn
depends on experimental parameters like the lattice potential intensity and the magnetic field:
varying these, the Hubbard (or Bose-Hubbard) system can be studied for different values of the
Hamiltonian parameters, allowing to explore a wide range of physical phenomena.

A key feature in these systems is the presence of a confining potential (usually harmonic) in order to
prevent the particles from escaping the optical lattice: this can be provided by the optical lattices
beam themselves, or by an additional optical or magnetic trap. The use of trapping potentials
allows to manipulate the geometry of the system: for instance, a quasi—1D system is created adding
to the system a very strong confining potential in two directions (therefore hindering the atoms
from changing sites along those directions) and leaving the confining potential much weaker in the
other direction, effectively restricting the system to one spatial dimension.

Our previous approximations for the system behaviour still hold, and therefore the Hubbard model
(in the effective number of spatial dimensions) can still be used to describe this kind of systems (in
particular, an effective 1D scattering length a;p can be defined from the original 3D one). However,
the presence of the confining potential forces to employ an inhomogeneous Hubbard Model, due to
the spatial inhomogeneity induced by the particle trap: this changes the physics of the model, along
with the possible solution methods.

The most basic approach to study the behaviour of a confined system is the Local Density Ap-
proximation (LDA), which describes a system confined in a potential V(z) as a nonconfined one
with a position—dependent chemical potential, pes(x) = u — V(x): some of the system properties,
like the now position—dependent density, can be computed as n(z) = np(peg(x)) from the uncon-
fined solution n;, (). This approach can be applied to describe confined systems of cold fermions (as
in [19, 20]).

Critical Behaviour in Confined Systems

One of the interesting subjects to study using cold atoms in optical lattices are Quantum Critical
Behaviours: in particular, Qquantum Phase Transitions can be observed. These phase transi-
tions are not driven by thermal fluctuations, as their Classical counterparts, but are rather induced
by Quantum Fluctuations generated by non—commuting terms in a Quantum Hamiltonian. Quan-
tum Critical Behaviour is observed only at temperatures low enough to allow quantum fluctuations
to become dominant (an example of it is the Superfluid—Mott Insulator Transition, experimentally
observed for bosonic systems in optical lattices, as described in [18]).

Quantum Critical Phenomena are strongly dependent on the system dimensionality: this feature
increases the usefulness of optical lattices as means to study them, as the dimensionality of an
atomic gas in an optical lattice can be modified, in order to observe quasi—2D or quasi—1D systems
and to study their behaviour.

However, while the critical behaviour of the unconfined models is well understood, the presence
of the confining potential induces changes in the critical properties, whose effect is determined by
the Trap Size [ (the charachteristic scale of the potential, usually defined as V(x) = (z/I)? for
a power—law potential). For instance, the presence of the trapping interaction allows (at 7" = 0)
the coexistence in different portions of the same lattice of different quantum phases (e. g. the
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coexistence of quantum phases in a confined Hubbard System in [10, 19]).

The original critical behaviour can be observed around the middle of the trap only if the correlation
length £ is much smaller than the trap size [/, but large enough to show the universal scaling
behaviour. If the latter condition is verified while the former is not (this is usually the interesting
regime) the trap will change the features of the observed critical behaviour, though some of the
original ones may remain.

While the LDA could be used to approximate the system behaviour, it is a local approximation,
and therefore it fails when correlations become important: namely, when nonlocal quantities need
to be computed, or close to phase transitions (when the correlation range diverges): simulation
data shows in these conditions significant differences from the LDA results. In order to describe
the trap effects in these conditions, the trap can be added to the critical theory of the model as a
relevant perturbation term, whose effects can be computed with the aid of the RG methods. This
approach is called Trap Size Scaling (T'SS) and has been used to describe the corrections to the
LDA behaviour: for instance, for the trapped Hardcore (infinitely repulsive) Bose—Hubbard model
in [21].

Objectives and Organization

The present work aims to study the corrections to the LDA approach in a one—dimensional system
described by the Repulsive, unpolarized Hubbard Model in the presence of an external, harmonic
confining potential.

After introducing all the required physical instruments, the homogeneous Hubbard Model will be
solved using the Bethe Ansatz method: in particular, this approach will lead to the solution of
integral numerical equations for the fermionic density in the model.

The system will be analyzed in the limit of large trap size [, in order to understand the scaling
behaviour induced by [ in quantities like the density and the density correlation functions. This
analysis will be done using numerical simulation data, generated by M. Campostrini, and will focus
on two different ways of realizing the large—/ limit:

e At first, the system will be studied in the Dilute Limit (! — +oco at fixed N). In the limit
of large [ quantities like the density function or the density—density correlation show a TSS
dependence on the trap size | at constant rescaled interaction strength U,.. The TSS ansaiz is
confirmed by numerical simulation data.

e The system will then be studied in the Trapped Thermodynamic Limit (fixed N/ for
I = +0o0). The LDA results at fixed N/l will be obtained from the solution of the homoge-
neous model, and will predict the coexistence, in different zones of the confined system, of the
quantum phases described by the homogeneous model.

The LDA data will then be compared with the simulation data, showing evidence of two
different trap-size dependences: one around the trap center, with O(I~!) corrections to the
LDA results, and one in proximity of the low—density region of the lattice, with a different
scaling behaviour implying larger corrections.

In order to calculate the LDA behaviour and study the corrections, many physical concepts need to
be introduced: these have been organized in the following fashion.
1. In Chapter 1 the Hubbard Model and several lattice models connected to it are described.

e The Hubbard Model is obtained by adding the interaction term to a noninteracting tight—
binding model, which shapes many of its properties: an analysis of the physics of this
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lattice model will prove very useful for further developments, and is carried out in Sec-
tion 1.1. The Bosonization method, fundamental to the analysis of the critical properties
of the Hubbard Model, is also introduced and applied to this simpler model.

e The Bose—-Hubbard Model, the bosonic equivalent of the Hubbard Model, shares many
similarities with it: we study it in Section 1.2, focusing on its behaviour in the Hard-
core Limit (the limit of impenetrable particles, equivalent to infinite on—site repulsion).

e In Section 1.3 the Hubbard Model is introduced, the phases it describes are charachter-
ized, and the bosonization method is employed to understand its critical behaviour.

2. Chapter 2 contains an outline of the Bethe Ansatz solution method for the Hubbard Model.

e In Section 2.1, after a description of some of the most relevant symmetries of the model,
the Bethe Ansatz wavefunctions and results are presented in the form of relations, called
Lieb-Wu Equations, for the fermionic parameters. These equations are then solved,
and the completeness issues for these solutions are briefly discussed.

e In Section 2.2 the solutions of the Lieb—Wu Equations are used to derive relations for
the thermodynamic quantities of the Hubbard Model. These quantities are obtainable
solving numerically a system of integral equations: the results allow to describe some
aspects of the T = 0 Phase Diagram of the Repulsive Hubbard Model in absence of
magnetic field, and to calculate the homogeneous n(u) function, instrumental for the
LDA method.

e In Section 2.3 the solution algorithm to the model integral equations is outlined, and
the results of the controls on the accuracy of the algorithm (based on both numerical and
analytical conditions) are shown.

3. In Chapter 3 the LDA method and the TSS formalism, the two methods we will employ
to analyze the physics of confined systems, are described from a general point of view and
applied to the noninteracting, spinless tight—binding model.

4. Chapter 4 contains the results obtained from the numerical solution of the model integral
equations, both for the homogeneous system and (applied in the LDA approximation and
compared with simulation data) for the confined system.

e In Section 4.1 the results of the numerical solution are employed to describe the 7' = 0
Phase Diagram of the Repulsive Hubbard Model in absence of magnetic field from a
quantitative point of view, and to calculate the nonuniversal (interaction—dependent)
behaviour of the correlation functions in the conducting phase.

e In Section 4.2 the TSS is used to predict the behaviour of the confined system in the
Dilute Limit (increasing trap size / at fixed number of particles N) and the T'SS accuracy
is verified checking the actual convergence to the TSS behaviour of numerical simulation
data.

e In Section 4.3 the solutions of the Model Integral Equations (in particular, the n(u)
function) are used to derive the spatial density of the confined system using the LDA
method, and we study the structure of the corrections with respect to the LDA behaviour,
quantified using simulation data.



Chapter 1

Lattice Models

1.1 The Tight-Binding Fermionic Model

1.1.1 Introduction

We study the tight-binding noninteracting model, following the analysis in [25], in order to de-
termine its basic properties (Fermi Level and Level Occupation) and to determine its T = 0 phase
diagram in absence of magnetic field: this will show a conducting phase delimited by two conductor—
insulator transitions.

In the following, H will always identify "Canonical” Hamiltonians, while K will identify "Grand
Canonical” ones (with the subtraction of uN). We will work on a one-dimensional lattice with
L sites and unitary spacing (L is then the system length as well). The following Hamiltonian
describes a (1/2)—spin fermionic tight-binding gas on this lattice, with a magnetic field in the =
direction.

L L L
R =<0} 3 (€ Crne + ClansCon) =Y 381 Cro ~28 3 (5 (ClyCon ~ €1,C) )
j=1

j=1 o j=1 o

(1.1)

L L
=- Z w Z (a;'roa(j+1)0 + agj+1)55j0) + Uo Z Ajoajg (1.2)
o j=1

Jj=1

Defining p4 = p+B and 1y = p—B. The w term allows fermionic "hopping” to nearest—neighbouring
sites; the chemical potential and the magnetic field term, instead, introduce an energy offset, mul-
tiplied by the site occupation. Spin components are indipendent, and therefore the system behaves
as the union of two spinless fermionic gases in the tight-binding approximation, with different
chemical potentials.

Imposing periodic boundary conditions on the fermionic wavefunctions results in quantized mo-
menta k; = (2n/L)n;, with n; taking L integer values between —(L/2) and (L/2) (one of these
endpoints must be dropped for even L). We can define creation and destruction operators in the
momentum space, satisfying the identities
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L
~ 1 PN
Crio=—= Y e 7k, Cio = § :e”k’C’klg (1.3)
VL H \F

In terms of the operators in (1.3) the Hamiltonian (1.2) becomes

L L L
K=- Z [wz ( ko€ Zklékl” + Cﬁlzmeiiklékm) T Ho ZCN’;[J&’“U] = ZZ (—2wcosky — pio) Na(kl)

=1 =1 o =1
(1.4)
In the thermodynamic limit (N, L — oo at fixed ratio N/L) this Hamiltonian becomes
> L [ N7 L [ 0 N7
K= ZU: o /4 (—2wcosk — pigy) Ny (k) dk = ZU: o /4 O (k)N, (k) dk (1.5)

€2 (k) is a single—particle energy contribution. Working at constant chemical potential, levels are
filled until their occupation is not thermodynamically favourite: for B = 0, the Fermi Momentum
can be found as the minimum of the momenta with ¢’ (k) > 0. This implies

0 Mo S —2w
lkro| = < arccos (—5—0) —2w < e < 2w (1.6)
w
T bo > 2w

The overall spatial density n. = (nt + n}) is uniform due to the system spatial homogeneity, and
may be found as the ratio between the number of particles and the system size: the former is not a
conserved quantity in the Grand Canonical ensemble, and may be found since the NV particles have
their momenta, spaced of 27 /L, in the interval [—kp, kx|, and each of these momenta is assigned to
two particles (due to the spin degree of freedom).

0 be < —2w
N 1 2k 2kpy 1 Mo
c =—==—=12- = =2n, o\Ho) = - S| —5— ol <
ni) =7 =1 (2 o) = =m0 00 nolie) = { Tarceos (<42) gl < 20
1 Ho = 2w
1.7

Each spin polarization gives an occupation contribution n,; this function may be plotted, obtaining
the graph in Figure 1.1. The system becomes an insulator, in absence of magnetic field, at y =
(£2w) (the negative case corresponds to the empty lattice), when the Fermi Level reaches the limit
of the cosine—shaped band described by €% (k). At the u = 2w transition both the polarized fermionic
components have density n,(2w) = 1, and therefore the system becomes insulant when its band is
twice—filled, as predicted by band theory.

It will also be useful to find the Isothermal Compressibility ~r of the system as a function of
the chemical potential. Thermodynamical relations can be used to link it to ;. and the total density
ne:

1 0v 10n. 1
KT = <—vap> = ?”Tg aﬂ = ﬁ 'Xn(,u) (1.8)

C

X~ is also called Charge Susceptivity, and its counterpart for the magnetic field y,,, (with m
replacing n and B replacing ) is the Magnetic Susceptivity. The tight-binding fermionic gas is
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then incompressible in the insulating region, while (1.7) yields, in the conducting region (—2w) <

Ho < 2w,

2 1 w2
Xl = lﬂw < i (u/w)2>] T arceos (o)) W

2w

Tight-Binding Electronic Model, nglpa/w) Function

Mol K]

Figure 1.1: n,(u,/w) function for the Tight-Binding Fermionic Model.

(1.9)
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1.1.2 Critical Behaviour

In this section we study the noninteracting tight-binding model using the Path Integral formalism,
described in [27]: the application of this method, following the arguments in [28], allows to charach-
terize the two quantum phase transitions at the borders of the conducting phase of the model.

The behaviour of the system in the conducting phase is analyzed using the Bosonization Method,
following the arguments in [26]: we find this phase is equivalent to a collection of critical points, one
for each value of 1 between the two transition points, with correlation functions showing a power—
law decay behaviour.

Finally, we study the effect of magnetic fields on the model, and extend the phase diagram to keep
into account its presence, following the arguments in [25].

We will apply the Path Integral formalism to the (1/2)-Spin Tight Binding Model. As we are
working in the Second Quantization Formalism, it turns out to be convenient to adapt the Path
Integral Formalism in order to use eigenstates of the destruction operators: these vectors are called
Coherent States, and their properties are described in [27].

Their use greatly simplifies the final relations, which will allow to write the Grand Partition Func-
tion in terms of classical fields (the eigenvalues of destruction operators over coherent states) in-
stead of the operators themselves. The eigenvalues, though, need to anticommute as the operators,
and this prohibits them from being standard complex numbers (as for bosonic operators). Eigenval-
ues belong to Grassmann Algebras, sets of anticommuting objects whose properties are described
in [27].

Taking B = 0 for the sake of simplicity, the Path Integral Formalism allows to write the T' = 0
Grand Partition Function for the "Canonical” Hamiltonian H (é f

10

CA’w> in terms of the fermionic,
anticommuting, classical fields V¥;, as

/ s:/0+°o S wr () (;T— )xp,-(,(T) +H (U, (7), Wi (7)) | dr
Z= | DV DU e

N
/D\p* DU = NIEHOO/HHHd‘I’?w A

o l=1 1

(1.10)

N is the number of slicings of the imaginary time interval [0, 5] = [0, 4+00). Fermionic eigenvalues
(U0, U7 ) replace, in H, their operators (am @L)

This formalism can be applied both in the coordinate and in the momentum space: to simplify
calculations, we will work in the momentum domain (where i runs on the reciprocal lattice and
identifies fields ¥y, = U;,). In this case the Spinless, Tight-Binding "Grand Canonical” Hamilto-
nian (1.5) and the corresponding action S (¥}, ¥;,) in (1.10) are

> * * +ee * 8\I]id *
K=Y (—2wcosk; — p) U, Wip = (k) V;, ;s S= /0 Z <‘I/w o+ eo(k)\Ilw\I/w> dr

1,0 1,0

(1.11)

In the Thermodynamic Limit, the theory becomes (omitting the = dependence of the fields to en-
lighten the notation)
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+o0 +7 dk
7 = /D\IJ* DV exp (—/ LV T,) — dT) (1.12)
0 -7 27
LU, Ty) =) {\Ilg(k) 5+ (“2weosk — p) \Ilo(k:)\llg(k)} = L, (T}, T,) (1.13)

’Isolated Critical Points. ‘ The critical behaviour of the model can be investigated by looking
for invariance under scaling transforms (these imply the existence of a fixed point, which must
be linked to a critical surface). The single—particle energy contribution can be expanded in power
series to identify them.

The first critical pointis at 7' = 0, ¢/ = pu+2w = 0 (corresponding, according to (1.6), to kr = 0). This
can be shown expanding ¢°(k) in proximity of ¥ = 0 (implying single—particle excitations with long
wavelength modes are dominant) up to the second order in (1.13) to find the effective low—energy
Lagrangian Density

a3, %) = 3 {0 P 4 D wa ) - v} e

g

Defining m = (2w)71. Every spin component acts indipendently from the other, and therefore in
this limit the system behaves as the union of two spinless non-relativistic fermionic gases. The
theory is invariant under a scaling transform of rescaling factor b if this yields the scale factor v*~!
the Lagrangian needs to keep the action scale—invariant: this happens if the transform for 1/ = 0
is defined as

k=K =kt 1o =107 U, (k)= U (k)= (k)b Y2 m—om=m  z=2
(1.15)

In order to keep invariant the theory, a nonzero chemical potential i/ must satisfy the identities

W= = b2 yg, =dimy =2 Vg = (yo,)f1 = (1.16)

The last equality holds since p’ is the main relevant perturbation in proximity of the critical point.
More perturbations may be defined and added to the theory, provided they do not vanish: for
instance, a simple contact interaction in the coordinate domain, regardless of the involved spin
components (a, b), does,

L= (W (@) Wy(@))” = Wy (2) Ty () W3 (2) Uy () = =T} (2) U3 (2) U (2) = 0 (1.17)
The fields are anticommuting but classical: it would be nonzero if written in terms of fermionic
quantum operators, for ¢ # b. Momenta (gradients in the spatial domain) may be employed to avoid
this: however, the more gradients are added, the more irrelevant the coupling becomes (its dimen-
sion must decrease in order to keep the overall dimension of the term fixed to 1). This means this
kind of perturbations will not modify the core properties around the (7" = 0,4/ = 0) critical point
(they may only introduce some corrections to scaling behaviour, but their importance decreases as
the critical point becomes closer). This kind of terms are also what arises from considering further
neighbour interactions, making them irrelevant as well ([28]).

The critical properties at 7' = 0, 1/ = 0 (in terms of the fermionic fields around the Fermi Level) can
be extended to the point y = 2w (corresponding to kr = 7) by noting that the system is invariant
under particle-hole inversion: for kr = m the dominant fluctuations are fermionic holes whose
effective theory is equivalent to (1.14) in terms of the hole fields (at ;1 = 2w their Fermi Level is
k;%h) = 0). We have therefore another critical point at 7= 0, u = 2w with z =2 and v = 1/2.
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Conducting Phase.‘ For T = 0 and (—2w) < p < (2w) (that is, 0 < kr < 7) the system can be
modelized as a conductor in its ground state, with all levels occupied up to the Fermi Momentum,
and no particles with higher momentum. In our description momenta are continuous, and therefore
excitations can happen at arbitrarily low energies if they involve fermions in proximity of the Fermi
Momentum: this kind of fluctuations will therefore be dominant.

The expansion of ¢’(k) around the Fermi Momentum, this time, shows a nonzero, dominant linear
term: excitations may happen for k = kr (we will call these "right—-movers”, identified in the
coordinate domain by a continuous quantum field ¥ g, (z)) and for k = —kp (these will be named
“left-movers”, ¥, (z)).

Instead of describing the system with single—particle, fermionic fields, it is more useful to linearize
the original Quantum Hamiltonian (1.5) and to rephrase it in terms of new effective fields: these
will represent density fluctuations, corresponding in this case to particle-hole excitations.

As density operators contain two fermionic operators, they satisfy bosonic commutation rules, and
therefore the nature of these excitations is bosonic: bosonic quantum fields may therefore be used
to create the effective theory of the model. This formalism will be especially useful in the case of
interacting systems.

For spinful systems, these fluctuations can be divided in pure—charge, spinless excitations (Charge
Density Waves, CDW, described by a bosonic field ¢,(x) and its canonically conjugate field IT,(z))
and as pure—spin excitations (Spin Density Waves, SDW, described by the fields ¢, (x) and I, (x)).
Their fields can be appropriately defined in terms of fermionic operators, and applying the mapping
described in [26] we find the effective Hamiltonian

7 9 (k
K= Z /UF wn (qu,,(x))ﬂ da UFE( €a](€ )>kkF = 2wsinkp(y) (1.18)

v=p,o

This is a noninteracting bosonic field theory, with dynamical critical exponent z = 1. It allows
several kinds of fluctuations: the most common are the previously introduced CDW and SDW,
Singlet Pairs (two—particle fluctuations, with the components in an overall S = 0 state) and
Triplet Pairs. In terms of the continuum fermionic fields vz 1), (z), these are described by the
operators (for a = z,y, 2)

OCDW Zngéaa wljo( ) SDW Z¢Rg 0o’ 1/}[/(7( )
Osp(z Zwméw W} o (@) Orp(x ZwL;::g VLo (@) (1.19)

For the noninteracting lattice model, the correlation functions G of all these fluctuations show a
universal power—law behaviour G ~ x~2. The conducting phase for (—2w) < p < 2w can therefore
be interpreted as a collection of critical points, each one defined by a different value of 1, as pointed
out by the charachteristic power—law, critical behaviour of the correlation functions.
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Magnetic Field Effects

We can now study the effects of a magnetic field B > 0 on the noninteracting tight—binding model.
In the thermodynamical limit overall density and magnetization can be found (exploiting (1.7)) as

kro

|

o=1,4 Y ~kFo —krt —kpy

1 1| et kry kpy —k
ne (k) dk:;ZkFU m=g [/ ns (k) dk:—/ ny (k) dk] :w
(1.20)

Considering the case i < 0 (which corresponds to a less—than—half filled band) the phase diagram
for the tight-binding model can be drawn as in Figure 1.2. If we describe the ground state in
terms of two bands (one for each spin polarization) we can identify the following phases:

Bfw

Figure 1.2: T' = 0 Phase Diagram of the Fermi Gas.

e Phasel, kry = k) = 0: Empty Lattice. Here both bands are empty, and the ground state is
an empty lattice (every increase in site occupation increases the system energy). Both density
and magnetization are 0; the chemical potential must be negative enough (max (p4, 1)) =
(b + B)/w < (—2), and then p < (—2w — B)) to allow this to happen.

e Phase II, k) = 0 and 0 < kpy < m: Partially Filled, Spin-Polarized Band. Here the
spin—down band is empty while the spin—up one is partially filled by fermions in the conduct-
ing phase seen in the previous section. The magnetization is equal to half the density, which
varies between 0 and 1. Using (1.7) we find

n —2m—km—1arccos(—u+3) ( B)—anc— !
¢ - 2w Xty o mw/A— [+ B)juw]?
(1.21)

xn diverges for B — +2w — u, as the boundaries with, respectively, Phases III (+) and I (-) are
approached.
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e Phase III, k| = 0 and kp+ = m: Half Filled, Spin-Polarized Band. The spin—-down band
is empty and the spin—up one is completely filled by conducting fermions. In this phase n, =1
1

and m = 3.

e Phase 1V, 0 < kpy, kp, < m: Partially Filled, Magnetized Band. Both bands are partially
filled by conducting fermions, density varies between 0 and 1 and magnetization between 0
and 3. In this phase

Ne = 1 [arccos (—MJFB) + arccos (_HBH (1.22)
s 2w 2w
m = 1 {arccos (—'IH_B> — arccos (—'U_B>} (1.23)
27 2w 2w
on. om 1 1 1
n(l, B) = =2— =2xXm(u, B) = (1.24)
Xn (1, B) o 55 = 2Xm(k B) = — NS TESOITE \/4 /w]]

Susceptivities diverge for B — (u + 2w), as the boundary with Phase II approaches.

Susceptivities diverge at the boundaries between Phases II-1, II-III and II-IV, suggesting Quan-
tum Phase Transitions: in all of them, the Susceptivity Critical Exponent is %, as its singular part
becomes y* ~ A + Blg|~!/?, where g is the critical parameter (g = (2w + (u + B)) for, respectively,
the II-I and II-III transitions, while g = (2w + (¢ — B)) for the II-IV).
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1.2 The Bose-Hubbard Model

We introduce the Bose-Hubbard Model, the bosonic equivalent of the Hubbard Model, deriving
its Hamiltonian by discretizing a continuous bosonic model with a contact interaction, similarly
to what done in [29]. Subsequently, we prove the equivalence in d = 1 between the model in its
Hardcore Limit (the limit of infinitely strong interactions) and a spinless, tight-binding fermionic
gas, following the arguments in [28].

The Bose—Hubbard Model, the bosonic counterpart of the Hubbard Model, can be used to modelize a
system of interacting bosons on a 1D lattice. Its Hamiltonian can be derived by the discretization of
a continuous model for interacting bosons: using the approximations outlined in the introduction,
bosonic interactions can be approximated with a contact interaction, and the resulting continuous
model is

fi= / o () (—hgav o(x) d + gip / / 61 ()61 (1)8 (= — 9) 6(2)(y) da dy (1.25)

2m Ox?

In terms of the bosonic fields ¢(z), and with g appropriately defined in terms of the effective 1D
Scattering Length. Bosonic fields can be expanded over a complete function set: to keep into ac-
count lattice effects, we will choose a set of localized functions centered on lattice sites z; (Wannier
Functions, denoted by W (xz — «;)). The field can then be expanded as

L
o) =D Wz —z:)bi (1.26)

i=1

Replacing the field definitions in terms of the Wannier functions in (1.25) and exploiting the set
orthogonality yields

h? 92
NN * _ v _
H= 3 1bb (/W x — ;) ( 2m8$2>W( )dx)—s—ngE:bbbb (/|Wa: )| dm)
(1.27)

The integrals may be collected into conveniently defined coefficients, and bosonic operators may be
rearranged using their commutation rules. Finally, the Tight-Binding hypothesis may be applied:
this consists in supposing hopping contribution are nonzero only between nearest neighbours, and
in this case all contributions have the same value w. This approximation is good as long as Wannier
functions are strongly localized on their sites. The resulting "Canonical” and "Grand Canonical”
Hamiltonians are

= —w Y B+ o ZbTb (b5 1) R=0-p> b (1.28)

{i.3} i=1

This Hamiltonian describes the Bose-Hubbard Model, and is used to approximate quantitatively
the behaviour of bosonic optical lattices ([29], [30], [31]).

Henceforth we will restrict to the analysis of the repulsive Bose-Hubbard Model (U > 0): similarly
to the fermionic model in (1.2), the BH Hamiltonian K contains a hopping term and an offset term,
while the last term depends on U and pictures the simplest repulsive interaction between bosons,
depending on the number of pairs on the same site (in this model only bosons on the same site
interact).
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The Hardcore Limit

It is instructive to understand what happens to the Bose-Hubbard Model in the Hardcore Limit
(the limit of infinite repulsion strength, w/U — 0). Physically, in order to avoid large increases in
the system energy, the ground state site occupation numbers 7; can only assume the values 0 and
1, making the interaction term vanish and leaving a bosonic tight-binding Hamiltonian, with an
effective "Pauli Restraint” applied (due only to interactions, since the particles are bosonic). This
model is very similar to a spinless fermionic tight—-binding model.

For N < L (or depending on external conditions determining the particle number, in the hypothesis
1 is the indipendent variable) bosons may hop to empty sites, while their positions are locked for
N = L, and it becomes impossible to add more bosons by changing n. These two cases describe
respectively a conducting and an insulating ground state: the insulating properties of the latter
are caused entirely by the interaction, and this kind of phase is called Mott Insulator (as we will
see, such phases can appear in fermionic systems as well).

Similarities between the hardcore Bose—Hubbard gas and the fermionic spinless tight—binding one
can be proven more rigorously in d = 1: the first step is mapping the model to a set of (1/2)—spin
fermions with nearest—neighbour exchange interaction, defining [n; =0) = | 1; ), |ni=1) = | |
)y and

b+, 50 =i (b %) 5: =1 - 2010 (1.29)

o\ 2
The commutation rules for bosonic operators, paired with the condition (bT) = 0 on the hardcore

states, ensures these transformations satisfy the commutation rules [a crj] = 225”60’1)6 ¢. Apply-
ing the transformation, and exploiting commutation of the Pauli Matrices over different 51tes the
Hamiltonian (1.28) becomes (not taking into account an additive constant)

L
{w} =1

This Hamiltonian is identical to the XX Hamiltonian, which describes (1/2)—spin fermions on lat-

tice sites with a nearest—neighbour ferromagnetic exchange interaction and a transverse magnetic

field. If d = 1 the model can be remapped further using the Jordan-Wigner Transformation:

this mapping transforms commuting (on different sites) spin operators in anticommuting spinless
fermionic operators, and is defined (in terms of spinless fermionic operators ¢) as

Gt = Ot “" =TI (12 @ L,y (1- 222 e (1.31)

Jj<i 7<i

Using this mapping in (1.30) yields

Mh

( ( Ciy1Cit cTcHl) + i EIEZ) (1.32)

i=1

This Hamiltonian pictures a spinless tight-binding fermionic system, and all results found for
similar systems in previous sections can be applied: for instance, the bosonic lattice will be empty
for y < (—2w) (this is the Mott Insulator configuration with ny = 0). If, instead, © > 2w, density
is fixed to n = 1, and indipendent on the chemical potential (picturing the Mott Insulator with
ng = 1): if |p| < 2w, finally, the system is in a conducting state (in which bosons behave as spinless
fermions).
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1.3 The Hubbard Model

1.3.1 Introduction

Following the arguments in [25], we introduce the Hubbard Model and analyze its behaviour in
the two limits of vanishing and infinite repulsive interaction, in order to understand the two phases
favoured by the Hamiltonian terms. These arguments suggest a Quantum Phase Transition between
a Conducting and an Insulating ground state at Half-Filling.

The Hubbard Model is the simplest model for a lattice system of interacting fermions. In the
hypotheses outlined in the introduction, its Hamiltonian can be derived, as done for the Bose—
Hubbard one, discretizing a continuous, single-band fermionic model with a contact interaction,
called Gaudin-Yang Model:

2 2
m=Y [ule ( "0 )waudﬁgwf @) - 8 (@ — y) - er (g (a) do dy (1.33)

2m 02
a="T,}

The process leading to (1.28) (through the expansion of the fields in Wannier functions, integrations
and definition of couplings) can be repeated in this case as well. The resulting Hamiltonian is

L
v Zl Z ( C(J+1)a + C(JH)a a) Z NjTﬁji (1.34)
j=la=t,] =

This Hamiltonian describes the Hubbard Model: we will complement it with periodic boundary
conditions, C( Lil)a = C’la, giving the system invariance under cyclical permutations of the sites (or,
equivalently, invariance under translations on a ring of L sites). We can also note the system is
spatially homogeneous, and therefore all sites will share the same occupation number.

In order to understand the physical phenomena undergoing in the model, we may describe its
behaviour in the limits w/U — +o0o0 and w/U — 0, where the model is easily diagonalized by two
different sets of states. In all our work, we will restrict to the Repulsive Hubbard Model (U > 0),
and we will define Half-Filling the situation with site occupation number n = 1 (i.e. half the
allowed lattice filling).

e For w/U — +oo the Hubbard Model reduces to a (1/2)—Spin Tight-Binding Model. In the
system eigenstates, fermions have definite spin polarization and momentum. These will be
called Momentum States, and their overall number is finite (it is 47, since every site may
hold from none to two (1/2)—Spin fermions).

e For w/U — 0 the interaction term H 4, called Atomic Hamiltonian, is dominant. In its
eigenstates fermions have definite coordinates and spin polarization: these states will be
called Localized States. The atomic term modelizes on—site interaction, and its contribution
grows as the number of doubly—occupied sites increases since U > 0.

The physics of the model in the limit U — +oo can be described noting that in this limit the
number of doubly—occupied sites must be small to avoid large increases in the system energy.
This allows to restrict the system analysis to states containing only singly—occupied sites,
through the action of the projector on these states P.

In this approximation, second—order perturbation theory in the parameter U ! can be applied
to the Hubbard Hamiltonian, and we might neglect three—site, O(U ') terms in the outcoming
result (this approximation is equivalent to supposing the system is close to half-filling). The
resulting Hamiltonian, called ¢t — J Hamiltonian, is
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(1.85)
= PH,P+ PH,P (1.36)

For o = z,y, 2. At Half-Filling this Hamiltonian becomes the Hamiltonian of an antiferro-
magnetic Heisenberg Chain (periodic boundary conditions for the spins are imposed). The ex-
citations of the Hubbard Model at half-filling for U — +oo are then described by those of the
Heisenberg Antiferromagnetic Chain, and in particular the system is an insulator in these
conditions (the hopping term vanishes). The insulating properties are caused by fermionic
interactions, rather than by the Pauli Principle (the band is half-filled) and therefore the
system is in a Mott Insulating Phase.

The tight-binding term and the atomic term do not commute, and therefore neither of these two
sets of states solves the Hamiltonian with both terms present (eigenstates for a nonzero but finite
value of U will be constructed in the next sections). At half-filling, in particular, the ground states
in the two limits differ dramatically (the system conduces for U = 0 and is insulating for U —
+00), suggesting the existence of a Quantum Phase Transition at half-filling, driven by fermionic
interactions, between a Mott-Insulating Ground State and a Conducting Ground State.

In the following all couplings will be measured in units of w, and we will use the coefficient u =
U/4w: the Hubbard Hamiltonian (1.34) becomes

L L
H=- Z (C}aC(jJrl)a + C(]Lj+1)a0ja) + 4u Z NjTle (137)
j=la=1,} j=1

The Hamiltonian can be translated in its ”Grand Canonical” version, and a magnetic field B in the
z direction can be kept in account: the resulting Hamiltonian is

i( Ryt ) B (R ) = o (R + 5) - (R~ 5,) = N 285,
j=1 j=1
(1.38)

Since {gz, H } = {]V , H } =0, K and H have the same eigenfunctions. These two separate commu-

tations imply the number of both "up” and "down” spins are separately conserved: in the following
N = N; + N, will denote the total conserved number of fermions and M = N will denote the num-
ber of "down”—spin fermions (and therefore the z component of the total spin will be S, = N/2 — M).

Another form of the Hamiltonian (1.37), useful due to its symmetry properties for even L, may be
obtained summing to it the operator —2uN + uL: this term does not change the previously shown
symmetries since it commutes with both NV and V|, and the Hamiltonian becomes

L L
~ JUNSS ~ ~ - o -1
H=-3% @%wa+dﬂm@ﬂ—mtXXﬁn+MrﬂMﬁm—2)
Jj=la=1,] j=1
L L R R
= =33 (ClCiivne+Cl1yaCia) +ud- (1= 285) (1-28y) (1.39)

i=la=t4 j=1
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1.3.2 Critical Properties

We employ the Path Integral and the Bosonization Method to understand the Critical Behaviour of
the Hubbard Model: depending on the site occupation, the model is described by different effective
theories.

The resulting critical behaviour shows a transition driven by the chemical potential to the empty
lattice, a conducting phase showing power-law—decaying correlation functions (whose properties
are described following the arguments in [26]) and two Conductor-Insulator transitions at half-
filled band: one of them is driven by the chemical potential, while the other is driven by fermionic
interactions and belongs to the Kosterlitz—Thouless Universality Class (as shown in [26]).

The critical behaviour of the Hubbard Hamiltonian for B = 0 can be studied using different effec-
tive theories, depending on the value of the overall site occupation n. = ny + n; (shared by all sites
due to the model homogeneity).

Dilute Limit.| For n. = 0, the system excitations can be represented by single—particle modes.
In this limit, the Hamiltonian (1.34) generates, applying the Path Integral formalism as in (1.10),
the action

+o0 +m . 9 k2 , +7 § X do d dk
° /0 /—w {;\P”(k) [5T ' ( - )] Vok) +U [ W) Wi(k)¥(p)¥1(k —p+aq) (;)Z} 2 T

2m -
(1.40)

The parameters m, i’ are defined as for the theory (1.14): this theory shows invariance under the
transformations (1.15) at the fixed point v = 0, ¢/ = 0, T = 0. At this fixed point, compatibility of
scaling dimensions implies dim(y’) = 2 (as in the free theory) and dim(U) = 1 (the interaction is
therefore a relevant perturbation).

Intermediate Filling. ‘ For 0 < n. < 1itis convenient to modelize the system using the Bosoniza-
tion method to describe the resulting collective excitations. In the limit of weak interactions, fluctu-
ations in proximity of the noninteracting Fermi Momentum remain dominant: the kinetic spectrum
linearization and the Bosonization mapping that led to (1.18) can be applied to (1.39), yielding

K= % 3 /[uK (ﬁny(z))ulu(”u(w,(x))ﬂ d:z:+(23:£)2/cos (V86,) do (14D)

v=p,0
As will be proven when describing the model symmetries, the phases we describe are those of the
1 < 0 region, and the phases in this region will be the same of the u > 0 one, only with particles
replaced by holes. The first effect of interactions is to introduce anisotropies between the spin and
the charge part, giving these two excitations two different "velocities”, (u,,u,): the parameters
(K,, K,) are called Luttinger Parameters, and « is a short—distance cutoff. Furthermore, a new
non-kinetic term for the spin field appears. The Luttinger parameters in (1.41) are

—1/2 —-1/2
up:vlm/l+i ug:vlmllfi Kp<1+U) K,,(lU)
TUR TUR VR VR

(1.42)

Where v is the Fermi Velocity of the noninteracting system in (1.18). The terms in (1.41) must be
complemented, for higher U, by higher gradients of the fields and cosine terms of higher harmonics:
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although irrelevant by scaling transforms, these terms give nontrivial corrections to the excitation
velocities and to the Luttinger Parameters, which deviate from the weak—interaction behaviour in
(1.42). The behaviour of the Luttinger parameters and of the excitations velocities will have to be
computed using the Bethe Ansatz solution data.

The spin part of the Hamiltonian in (1.41) is a Sine-Gordon Hamiltonian, whose renormaliza-
tion flow is such that for K, > 1 the cosine term is irrelevant and flows to K} = 1: in the weak
coupling limit, this happens for U > 0, our case of interest.

Although the extension would be incorrect in general, we can anticipate the critical behaviour
remains the same for strong coupling, since we will find no sign of singular behaviour for 0 < n. < 1
induced by U in the Bethe Ansatz solutions: the effective theory for 0 < n. < 1 remains the same
even beyond the weak coupling limit (although the functional forms of the Luttinger Parameters in
terms of U and p change: methods to find them from the Bethe Ansatz solutions will be described
later).

Both the charge part and the spin part describe massless, bosonic, relativistic systems: the corre-
lation functions of the excitations in (1.19) can be calculated, and their dominant scaling behaviour
is

O 060 ~ (10N (105w 0) ~ oy (2)

)

(
(O sow (2085w (0) ) ~ (O py ()0 pyy (0)) ~ Z)(M) (&)
<

(1.43)

Oé)l/Kp+K0

0Ls(0)055(0)) ~ ((0s()075(0)) ~ 5 (&

X

((0)s@035(0)) ~ (O @086 ~ 5oz (2)

)2

kr is the Fermi Momentum of the noninteracting tight—binding model calculated using the single—
species density n./2 of the Hubbard model and (1.7). Similarly, the density—density and spin—spin
correlation functions (completed with logarithmic corrections due to the irrelevant cosine term) can
be computed, yielding

4K 4k2 Kp+1 4k2 1K,
(0ne(z)on(0)) = sz’; + FA2 cos (2kpx) (m) In—?%/2 (x) + —FA4 cos (4kpx) (z) +...
(1.44)
K, K41
(S(2) - 8(0)) =~ 55 + By cos (2kra) (z) In'/2 (%) . (1.45)

Where 6n.(z) = (n.(z) —n?), with the last quantity being the density of the tight-binding model
computed in (1.7). The first, universal term is a ¢ = 0 contribution, which has been neglected in the
fluctuations definitions (1.19) (those contained only the contributions coming from fermions close
to the Fermi Momentum).

The actual correlation functions for U > 0 must be calculated at the fixed point K} = 1, and
since (anticipating again the results of the Bethe Ansatz solutions) K, < 1, the superconducting
fluctuations decay faster than the SDW and CDW (whose correlation functions share the same
exponent): the latter are then the dominant excitations in the conducting phase (although they do
not manage to order the system).

Half-Filling.| For n. = 1 a previously rapidly—oscillating term for the charge field loses its
oscillating factor, and must be kept in account: the Hamiltonian becomes
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A= 3 M i)+ 3 Vo, + oy cos (Vo) | @ 48)

2U
2
= (2mar)
The Hamiltonian of the charge sector acquires a potential term, becoming a Sine—Gordon Hamil-
tonian. Since K, < 1 for n. = 1 the coupling of the cosine term becomes relevant, with U flowing
to the critical point U = +o00. In order to minimize the energy contribution, the field ¢, will set in
one of the minima of the cosine, around whom quadratic fluctuations appear: these can be viewed
as a mass term, and therefore the charge field theory becomes relativistic but massive, with a gap
(the spin theory remains massless). The appearance of this gap transforms the n. = 1 phase in
an insulator (particularly, in a Mott Insulator, since n. = 1) as the charge spectrum does not allow
anymore arbitrarily low—energy excitations.

The Mott Insulating Phase can be approached undergoing two different phase transitions.

e The former is induced by the interaction coupling U at fixed n. = 1. This Phase Transition
belongs to the Kosterlitz-Thouless Universality Class, and takes place at the critical
point K = 1, where the model switches between having a massless and a massive charge
field. The transition point is at U = 0, and the Insulating Phase appears for any U > 0: the
dynamical critical exponent of this transition is z = 1.

e Another kind of transition may be induced by changing the chemical potential i (and there-
fore the density n.) at fixed U. If the theory (1.46) is analyzed in the Path Integral formalism,
the presence of the chemical potential in the critical theory induces a space—time anisotropy
in the Hamiltonian, changing the physical properties of the transition: in particular, this
transition has a dynamical critical exponent z = 2 and a correlation length exponent v = 1/2.



Chapter 2

The Bethe Ansatz Solution of the
Hubbard Model

2.1 The Bethe Ansatz

The Bethe Ansatz method is instrumental to solve the 1D Hubbard Model: as previously stated, this
method assumes the scattering processes happening in the system can be decomposed as the union
of many 2-Particle Elastic scatterings, and therefore proposes a wavefunction in which particle
momenta are exchanged but not modified.

Imposing this function to satisfy the system conditions (fixed—N Schrodinger Equations, symmetry
conditions) results in equations for the parameters of the solutions and the system degrees of free-
dom, called Lieb-Wu Equations. Albeit the solutions to these are difficult to find in general, the
most important solutions to determine the thermodynamic properties (called Regular Solution)
have properties which allow to exploit them to describe the system in the thermodynamic limit.

2.1.1 Model Symmetries

Following the arguments in [25], we introduce some of the most important symmetries of the model,
whose role in the Bethe Ansatz solution or in the following thermodynamical analysis is instrumen-
tal. We will see the system is symmetric under Site Permutation, Fermionic Shift, Global Spin
Flip, and under more complex symmetries like the Shiba Symmetry. Furthermore, we will see the
model is invariant under an SO(4) symmetry, extending the SU(2) rotational spin invariance due to
another symmetry.

The Hubbard Hamiltonian satisfies several symmetry conditions: those we will list here will prove
useful in finding its solutions. Unless differently specified, both "Canonical” Hamiltonians (1.37)
and (1.39) satisfy the symmetries, for any L.

’Permutations.‘ The model is symmetric under spinwise permutations of site indices, imple-

mented by the operators ﬁia,jb fori,j=1,...,Land a,b=1,] as
ﬁia,jbajb = aiaﬁia,jb ﬁm,jb@; = @Tbﬁm,jb 2.1)
We may note {ﬁia,jay CA'kb} =0 for any (i,j # k) or a # b.

23
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Fermionic Shift.| The model is symmetric under fermionic shift: this operator is defined for

spinless fermions as product of spinless permutations 1313

. P o 2oL j=2,...,L
UL = P(L—l),L e P273P172 ULCj = {A(j,\ ) . (22)
CLUL ] = 1

For (1/2)-Spin fermions the symmetry is implemented by operators U, for a =1, |, composed of
spinwise permutations. The global operator may then be written as

(/j = (ﬁLT) (ﬁLL) = (ﬁ(Lfl)T,LT ce ﬁ2T73Tﬁ1T,2T) (ﬁ(Lfl)i,Li . 132¢13¢ﬁ1$72l) (23)

U is well defined since {ﬁLa, @b] = 0 for a,b =1, and a # b (due to the commuting properties of

spinwise permutations). This operator induces a left shift of one lattice site for all fermions in the
system.

Global Spin Flip.‘ The Hubbard Hamiltonian is symmetric under inversion of all spins, en-

forced by the operator

L
T =T P (2.4)
j=1

In our quest for solutions to the model we may therefore restrict ourselves to the case of non—
negative S, = (IN/2 — M), since solutions for the negative case can be found applying this operator
to those of the positive case.

’ Shiba Transformation. ‘ Only (1.39) satisfies this symmetry. On a lattice with an even number
of sites L, the definition and the action on fermionic operators of the Shiba Transformation are,
for a =1,

70 = (CL~ Cua) (Cluyo + Ccsra) o (G~ Car) (€l + 61) = TT (4 (-11Gr)

[i(fh),@b] =0 for a#b T Cg (f((fh))T = (-1)/C] (2.6)

For a lattice with an even number of sites, this operator generates a particle-hole transformation
accompanied by a change of sign on every even lattice site: for instance, the empty state is mapped
in the half-filled, fully—polarized state, since J."" | 0) = CI_...C}, | 0). If applied to the Hamil-
ton (1.39), a single fjh leaves unchanged the tight-binding term while the u term changes sign,
mapping H(u) in H(—u).

For odd L the transformation can be redefined, but the tight-binding term in the Hamiltonian is
not invariant anymore, since the terms CI Cr and CzCl (: = 1 and 7 = L are nearest neighbours
with periodic boundary conditions) acquire a (-) sign. This can be avoided changing boundary
conditions: as we will keep the periodic ones, we will work in the hypothesis of even L.

If both fT(Sh) and f(fh) are applied the Hamiltonian is not altered, but the empty state is mapped
on a state with all sites doubly occupied: in general all eigenstates of the Hamiltonian with N
particles are mapped on eigenstates with 2L — N particles. In the next sections, then, we may
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restrict on finding solutions for N < L (applying the symmetry operator on them will provide the
others).

The spin—flip transform J©® and the Shiba Transform act on the particle number and on the z
component of the total spin as

Asﬁjs _ N As:sv\z 75 _ -G
TR (7)) = D425 TemE (7)< 3 (R 1) @7
j\T(sh)N (fT(Sh))T:L—Z?Z jT(sh)gz (fT(Sh))T:%<L—N)

These effects are felt in the free energy per lattice site f, which conveys all equilibrium thermody-
namical properties. Its expression in terms of the thermodynamical variables is

fpw,B,T,u) = —% -In {tr lexp (_H(u) — KN - 2BSZ> } (2.8)

T
The global spin flip and the Shiba operator change the value of the fields (i, B) are conjugate to,
and switch sign of u itself: the symmetries may be applied to all orders exploiting the mutual
commutativity of H N, S, and the invariance of the trace of a matrix product under cyclic permu-
tations. The resultlng relations (where the argument order in f is fixed) link the free energy values
in different regions of the parameter space.

f(/i,B,T,U) :f(/L,—B,T,'LL) :f(B,/J,,T,—’LL)—M+B:f(—B,—M,T7—’LL)—M—B (29)

Combining these equations we also find the identity

f(u,B,T,u)—l—u:f(—u,B,T,u)—,u (210)

Spin Symmetries. ‘ Both (1.37) and (1.39) conserve N and the component z of the total spin, as
well as satisfying further symmetries connected to the spin operators: in the following we will show
(1.39) for even L commutes with another SU(2) representation. We may now define the operators
linked to the remaining spin components (according to the standard one-body operator definition
in the second quantization) and show their commutation properties, for o, 8,7 = (x, y, 2):

==y (3) e.é [§0,87] = i i) =0 @w
i=1 | a,b=1,1 a

The former commutation relation implies these operators generate a representation of SU(2) (as
expected) while the latter implies the system is fully invariant under rotation in the spin space. In
order to show another symmetry of the Hamiltonian it is convenient to define the usual spin ladder
operators, S* = S* 4 iS5, and to apply the Shiba Operator to these operators to find the generators
of a new transformation.
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st () = > (198l = -t
j=1
s () - i(fl)jaﬂaﬁ _ (2.12)
j=1
j=1

The component operators 7%, 7)Y can be defined as in the spin case, and the commutation behaviour
of these operators can be derived from the spin commutation rules (2.11) (by expanding the defini-
tion or by applying the appropriate Shiba Operators). We find, for o, 3,y = z, 4, z,

[7%.7%] = £ [7,57] = 27 [7%,7°] = ie*Piy [ﬁﬁa] -0 (213

These operators therefore are another representation of SU(2), and commute with the Hamiltonian
(1.39) for even L (the last result is found exploiting the commutation of H(—u) with the spin oper-

ators in (2.11) and applying the Shiba Transform). Commuting with all components of Se and ne,

N2
the Hamiltonian can also be proven to commute with (S’ a) and (7). Finally, the commutation
relations

[§a,ﬁ5}:0 for a,f==xvy,z2 (2.14)

can be proven by direct calculation. The symmetry induced by the 7 operators (called 7-Pairing
Symmetry) holds only for even L, while the spin symmetry is satisfied for any L: for even L, then,
the Hamiltonian commutes with the direct sum of two SU(2) representations. From (2.12) we find

F i =g (M- N) 45 (N-1) =8 -2 2.15)

For even L, then, both operators must have integer or half-integer eigenvalues together on simul-
taneous highest—weight states. In this case, the model symmetry is SU(2) x SU(2)/Zs ~ SO(4): any
magnetic field term —2BS* breaks this symmetry, since then the 7j—pairing symmetry is conserved
but the spin-rotational one is broken (the opposite happens if a —u /N term is present).
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2.1.2 The Lieb—-Wu Equations

Following the arguments in [25], we overview the solution of the Hubbard Model using the Bethe
Ansatz Method: this method allows to find solutions for the model at fixed number of particles N
using a particular choice of wavefunction. This class of solutions depends on parameters satisfying
relations called Lieb-Wu Equations: the solutions of these equations fully determine the system
solution, and will be shown to be directly connected to the thermodynamical properties of the system.

In the following section we will introduce the Bethe Ansatz formalism to solve the Hubbard Model.
Due to their length and mostly mathematical nature, we defer for the detailed calculations to [25],
limiting to list the most important results and physical intuitions. The Bethe Ansatz solution is
composed by a series of steps.

1. The first step is passing in the First Quantization Formalism: this will allow to find solutions
for the model at fixed particle number N and number of "down” spins M. This passage in-
volves constructing expressions for the Hamiltonian, the Periodic Boundary Conditions and
the Shift operator U in a fixed—N formalism (previously, the particle number was not a fixed
quantity).

2. The next step is proposing the actual Bethe Ansatz wavefunction. These wavefunctions will
be requested to be simultaneous eigenvectors of the fixed—N Hamiltonian (paired with the
Periodic Boundary Conditions) and of the Shift Operator: the proposed wavefunctions will
have the form

d(w,a,k) = > sign(PQ) - A(kP,aQ) - ¢*"1*9 (2.16)
pPeoN

Where (z,k,a) are the N—sized position, momentum and spin polarization vectors for the
system of fermions and P, are permutations belonging to the symmetric group of N ele-
ments ©V. As physically required, this function is antisymmetric under exchange of pairs of
momenta or positions.

As we can see, the function can be interpreted as result of the union of many two—particle
scatterings on a lattice of free fermions: the particles exchange their positions and their mo-
menta (but conserve the latter) and all possible states are kept in account, although weighted
with the appropriate scattering amplitudes A(kP, zQ).

3. In the third step conditions for the amplitudes of the wavefunctions (2.16) will be derived:
these can be extracted from the physical necessity of vanishing wavefunction when two or
more fermions have the same position. The wavefunctions and the amplitude conditions are
then rephrased in a permutation recursive relation over the symmetric group, instrumental
to solve the problem.

This problem is then completed by adding the periodic boundary conditions, to transform it in
a true secular problem, and is finally solved by interpreting it as a problem over spin space.
This causes the introduction of an additional degree of freedom charachterizing the system
spin behaviour, the Spin Rapidity vector A = {\;,..., \y/}.

The translation of the secular problem in spin space produces several eigenvalue conditions,
involving the system degrees of freedom: these relations generate the fundamental relations
for our goals, called Lieb-Wu Equations.

Both the versions of the "Canonical” Hubbard Hamiltonian, (1.37) and (1.39) may be chosen for
this approach: all the following results will be related to the problem obtained first—quantizing
the latter (its increased symmetry will be useful in discussing the solution completeness). The
Lieb—Wu equations, the main results of the procedure, have the form
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- Aj —sink; —iu
kil — 2.17
€ H A; —sink; +du ( )

k#j .
H)\ —smkl—zu: H )\j—)\k—2z.u 2.18)
Aj —sink; + iu P Aj— A+ 2iu

Every solution of these equations is defined by the momenta vector {k; : [ = 1,..., N} and the
Spin Rapidity vector {)\; : j = 1,..., M}, where these parameters are mutually distinct complex

numbers. Their presence requires a generalization of the Bethe Ansatz wavefunctions (2.16),

b(@,a,k,A) = Y sign(PQ) (aQ| kP, ) exp[i (kP| zQ)] (2.19)

PeoN

This function is an eigenvector for the Fixed—N Hamiltonian derived from (1.39) (and for that
derived from (1.37) as well, albeit with a different eigenvalue) and the Momentum Operator: its
eigenvalues for the three operators are, respectively,

N N
E=-2 Z coskj +u (L —2N) P= (Z k) mod 27 (2.20)
=1

Jj=1

As shown in their construction, these eigenfunctions are antisymmetric under simultaneous ex-
change of position and spin variables and under exchange of momenta (for permutations R € V)
and they are symmetric under exchange of spin rapidities (for permutations S € @),

Y (xR, aR, k,A) = (x,a,kR,\) =sign(R) - ¢ (x,a, k,\) Y (x,a,k,AS) =1 (x,a,k,\)
(2.21)

It can be proven that the Bethe Ansatz states are maximum-weight states for the total spin oper-
ator, with weight (N — 2M)/2:

N —-2M

ST d(x,a.k, X)) =0 S| (@ ak,N)) = =

| Y(x,a,k, X)) (2.22)

It can also be shown that, for even L, the Bethe Ansatz statest are lowest—weight states for the 1
operator, with weight (N — L)/2:

N-L
n | Y(w,a,k, X)) =0 | Y(w,ak A) ) =

(z,a,k,A)) (2.23)

Each Bethe Ansatz wavefunction, therefore, generates a multiplet | 1,5 ) = (S7)” (ﬁ+)’8 | ¢ ), with
a=0,...,(N—2M)and 8 =0,...,(L—N) (in our solutions N > 2M and L > N, and therefore both
these parameters are positive: we have exploited the commutation of the 77 and the S operators,
(2.14)). The total number of states in each multiplet is

dim(M,N) = (N —2M + 1)(L — N + 1) (2.24)

The former contribution comes from spin operators, the latter from 7 "—generated states. The role
of these multiplets in the Bethe Ansatz completeness will be outlined in the next section.
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2.1.3 Regular Solutions

While the solution of the Lieb—Wu Equations is generally difficult, a particular class of solutions (the
Regular Solutions) have, in the limits of infinite L and N, an a priori known structure. Following
the arguments in [25], we show that supposing all solutions have this structure allows to cast the
Lieb—Wu equations in an alternative form, called Takahashi Equations: their solution will be
instrumental in describing the thermodynamical behaviour of the model. The concept of regular
solutions is also useful in discussing the completeness of the Bethe Ansatz solutions.

Regular Solutions of the Lieb—Wu Equations (2.17), (2.18) are defined as having finite spectral
parameters (the roots of the Lieb—Wu equations) and as having a finite number of them, fixed by the
conditions 2M < N < L. These roots are in general complex numbers, and solving these equations
in the complex plane, unless few fermions and therefore few roots are present, is difficult, even
numerically.

We will show, however, that for large numbers of solutions (N, M) and large system size L solutions
tend to arrange themselves in the complex plane in regular patterns, called Strings: making the
assumption all solutions behave this way (called String Hypothesis) it is possible to find a set of
equations involving only the real parts of the roots.

String patterns can be found imposing an appropriate nonzero imaginary part to some of the spec-
tral parameters, and then taking appropriate limits (L. — oo for the charge momenta, N — oo and
M < N for the spin rapidities) to have divergences in the left hand sides of the Lieb—Wu Equations.
Imposing the other hands diverge as well implies their denominators must be close to 0: as they
involve other spectral parameters, this generates conditions fixing their values. Different kinds of
solutions can be found by this method.

e The first kind of solutions can be found applying this method to the charge momenta k in
(2.17), taking the limit L — +oc. The resulting solution contains both momenta k and spin
rapidities (which we will indicate with A’): the latter and the sines of the former all share the
same real part, aligning as a vertical string in the complex plane (henceforth the name).

These solutions are called k-Strings, and if their length is 2m they contain 2m momenta
k and m spin rapidities A’, centered around a spin rapidity (A’)"™ and with their imaginary
parts equispaced. This picture is exact up to corrections O(e~?L), with & being a string—
charachteristic positive constant (these factors arise in the spin configuration derivation).

e We may also build string solutions involving only spin rapidities, applying to (2.18) the N —
400 limit in the hypothesis M <« N. The resulting solutions are called A-Strings and if
their length is m they contain m spin rapidities (which we will name A to distinguish them
from those involved in the k—Strings). All the A share the same real part, while they have
equispaced imaginary parts.

As previously, these are centered around a spin rapidity A™: A—Strings may also have m = 1
(containing a single spin rapidity), and exponentially depressed corrections are present as in
the previous case, depending on a positive, string—charachteristic constant v as O(e="V).

e Single momenta, not belonging to any k—String, may also solve the Lieb—Wu Equations.

The Lieb—Wu equations are solved by single strings or by union of different strings, with different
lengths and real parts as well: to keep this in account, in the following all string parameters
(momenta, spin rapidities and (v, d) constants) will bear an additional greek index, indentifying
which string in the solution they are part of.

Both the k—Strings and the A—Strings are derived in the hypothesis of having a divergent left hand
side in the Lieb—Wu equations in (2.17), (2.18) for L — oo and N — oo (as the two parameters
are used in different equations it is possible to impose N/L = [const], therefore implementing the
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thermodynamical limit). This implies divergences in the right hand side: in our arguments, this
could be only caused by a denominator close to 0, and this allowed to find conditions for the spectral
parameters.

Divergences in the right hand side may also happen if roots are not close to poles of the right
side, but the number of spin rapidities roots M is size—dependent, having therefore M — oo and
M/L = [const] if L — co. In this case, the right-hand side terms may remain finite but their sheer
number may ensure divergence: although the string hypothesis is not a priori valid anymore, the
exact results obtained using it turn out to remain valid in this case as well.

The Takahashi Equations

For large lattices (L > 1) and many fermions (N > 1) almost all strings are close to ideal (cor-
rections are small) and this means the imaginary part of the spectral parameters composing them
are almost equally spaced. An arbitrary solution of the Lieb—Wu equations contains M,, A—Strings
of length n, M), k—Strings of length n and M. single momenta k;. We will call these parameters
Occupation Numbers of the string configuration under observation, and note they must respect
these "sum rules”:

+o00
M= n-(M,+ M) N=M.+> 2n M, (2.25)

n=1

The Lieb—Wu equations (2.17), (2.18) can be rephrased supposing all solutions are arranged in sin-
gle momenta or in string patterns: the resulting equations involve only single momenta and the
centers of the k—Strings and A—Strings. The logarithm of these equations can be taken straightfor-
wardly, yielding the Takahashi Equations

I M sin kl M, sin kl ANn
kL =2nl, — ZZ&( ) ZZ@( ) (2.26)

n=1a=1 n=1a=1
N—-2M' +oo M,
Am
Y oo <Asmh> =27J0+ > Oum () 2.27)
=1 m=1 =1

2L - Re (arcsin (A)" — inu)) = 2r(J)" + NiMlg ((A/)Sl“kl) io % o, (A/U(A')ﬁ)

=1 m=1 =1

(2.28)

Even L has been assumed; we have used the definitions 6(z) = 2 arctan = and

o ——— ) +20(—— )+ 420 (——— ) +o— n#m
|n —m]| |n —m|+ 2 n+m—2 n+m
x x

29(§)+29(Z) +29(2n2>+9(2n) nem

(2.29)
The parameters I;, J? and (J)2 are due to the multivaluedness of the logarithm: each of them can

be integer or half- odd depending on the parameters (L, N, M,,, M,), and their values are bound by
the conditions

O ()
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I\D\h

<I; <

n 1 /
‘Ja‘ S § ( —2M" — Z tnm m 1) (230)
(2| < = (L N +2M' — Ztan,'n—1>

m=1

2o |t

Where M' = :ﬁ nM] is the number of As involved in k—Strings and t,,,, = 2min(m,n) — dpn.
The Global Energy and Momentum may be obtained from (2.20) as

N N—2M’ +oo M,
E:—2Zcoski+u( —2N) = -2 Z cos k; +4ZZRe <\/1— (A) — inu) ) u(L —2N)
i=1 n=1a=1
(2.31)
N—2M' foo M),
Z k; fzz (2 - Re (arcsin ((A")? —inu) — (n + 1)7)) | mod 27 (2.32)
n=1a=1

The Takahashi Equations will be rephrased in an Integral Form in the next section: they will prove
instrumental in studying the thermodynamics of the Hubbard Model. All following considerations
will be made on these assumptions:

e Any set of non-repeating integer or half-odd numbers {I;, J%, (J')%} satisfying the conditions
(2.30) specifies precisely one regular solution {k;, A7, (A)2} of the Takahashi Equations.

e The quantum number sets {k;, A, (A")!} defining the regular solutions of the Takahashi
Equation are in one—to—one correspondence to regular solutions of the Lieb—Wu equations.

e For large L and N almost all solutions {k;, \;} of the Lieb—Wu equations are exponentially
close to the corresponding solution {k;, A7, (A’)”} of the Takahashi Equations, which means

the strings the real solutions tend to are well approximated by the ideal strings exactly formed
by the regular solution.

Completeness of the Bethe Ansatz. ‘ As previously shown, the Bethe Ansatz generates a fun-

damental set of solutions (those shown in (2.19)) and the operators S~ and 1t generate multiplets
when applied to them: it is still in doubt wether these functions are a complete set of eigenstates
for the Hubbard Model. In the following we will outline the demonstration of the completeness of
the set of multiplets generated by the regular Bethe Ansatz solutions.

At first, the overall number of possible regular solutions n,.. for a value of (N, M) is calculated, first
using (2.30) to determine the number n ({ M, }, {M]}) of ways to select the parameters {I;, J7, (J')}
for a given string configuration {M,},{M/}, and then summing it over the possible values of
M,,, M) at fixed (N, M).

The total number of states (taking in account the multiplet dimension dim(M, N), defined in (2.24))
is then found as

Mot (L) = Y [weg(M, N) - dim(M, N)] = > [ueg(M,N) - (N =2M +1) (L —= N +1)]  (2.33)

This calculation yields n.: (L) = 4%, the total number of indipendent states on an L—sized fermionic
lattice, and therefore the states generated by the Bethe Ansatz, keeping in account the SO(4)
multiplicity, generate a complete eigenset for the Hubbard Model.
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2.2 Thermodynamics of the Hubbard Model

The solutions of the Takahashi Equations can be analyzed to find the behaviour of the system in
the thermodynamic limit: general equations, called Thermodynamic Bethe Ansatz Equations,
describe the thermodynamics of the Hubbard Model in terms of the Dressed Energies of the system
excitations. These equations dramatically simplify in the T = 0 limit for B = 0, allowing to ascertain
some aspects of the Model Phase Diagram in these conditions.

2.2.1 Thermodynamic Bethe Ansatz

Following the arguments in [25], we apply the Thermodynamical Limit to the Takahashi Equations,
and write the Free Energy Density f for the system using quantities related to their solutions: min-
imizing f will generate a set of equations (called Thermodynamic Bethe Ansatz (TBA) Equa-
tions) describing the behaviour of the equilibrium state of the system in the Thermodynamic Limit.

Root Densities.‘ After deriving the Takahashi Equations (2.26) — (2.28), we have assumed a
1-1 relation existed between the quantum numbers corresponding to regular solutions of the LW
Equations, {k;, A, (A')3} and the integer (or half-odd) Takahashi parameters {I;, /5, (J')}'}. Ev-
ery allowed set of the latter uniquely determines a set of the former.

This correspondence may be pictured as the relation between the pattern of “particles” and “holes”
in the quantum number space (that is, the quantum numbers present in the system and those who
are not) and a corresponding pattern in the space of the Takahashi parameters. In both spaces some
values may be chosen while some may not, and each configuration in one space fixes a configuration
in the other.

We will exploit the fact that, in the thermodynamic limit (sending L — oo and keeping N/L =
[const] and M /L = [const]) the roots of the Takahashi Equations become dense,

kjip1—k;j=0 (L") AL, —A=0(L) A, —A)r=0(L7") (239

We can define quantities called Counting Functions, {y(k),z,(A), 2/, (A")} gathering all terms
in the Takahashi Equations (2.26) — (2.28) with the exception of the Takahashi Parameters: if
evaluated on a given solution of the Takahashi Equations these functions satisfy the conditions

2 oy _ 27 w202
ylky) = 77 2 (W)5) = = 2a(A7) = 7

(2.35)

These functions can be used to "count” the Bethe Ansatz spectral parameters, since

Lly(k;) = y(kn)] =27 (I; — I)
L [2n (Aj) = za ( A”ﬂ 2 (J§ J") (2.36)
Lo (5) = = ()0)] =2 = (%)
Taking as example the first counting function, some of the integer (or half-odd) "slots” between I;
and I,, may be occupied (corresponding to an occupied "momentum slot” by a root of the equation,

due to the 1-1 correspondence) while others may be empty: (y(k;) — y(k,)) counts both filled and
empty slots.
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In the thermodynamic limit (with (2.34) being instrumental in applying it) we may describe this
pattern in the quantum number space using a Particle Density p” (k) and a Hole Density p" (k),
so that LpP(k) dk is the number of particles (occupied "momentum slots”) in [k, k + dk], while
Lp" (k) dk is the corresponding number of holes. Corresponding particle and hole densities may be
defined for spin rapidities in A—Strings (¢2(A) and o/ (A)) and in k—Strings ((¢/)2 (A) and (o”)"(A)).

n

The number of available "momentum slots” in dk, both occupied and empty, may be written both
as L (p?(k) + p"(k)) dk and, by the 1-1 Correspondence, as Al (and then as dy, due to (2.36)).
Applying similar arguments to all root densities in (2.36) we find

PP (k) + p" (k) = 5= 0= oh(N) +on(h) = == (") (A) + (o)1 (A) = L Znld)

2 dA
(2.37)
Counting Functions contain sums over the spectral parameters, which can be rewritten in the
thermodynamic limit as integrals over the (real) string centers (for As) and over momenta (for ks).
Integrals over A and k must respectively contain the particle densities (Lo?, L(c’)?) and Lp?(k), in
order to keep into account the original quantization of occupied slots for spectral parameters. As
the sum is not carried out on empty slots, hole densities must not appear.

The counting functions can be found from the Takahashi Equations and (2.35): we can differentiate
the outcome with respect to their arguments and exploit (2.37) to rewrite the results. The final
equations then depend only on particle and hole densities.

1 +oo 00
(pp(k) + ph(k)) =5 + (cosk) Z / an(A —sink) [(c")E(A) + o2 (A)] dA
n=1Y >
00 +
oh(A) == Apmx0h [y + / an(sink — A)pP (k) dk (2.38)
m=1 -
AA) = 1R ! +OOA P +W ink — A)pP (k) dk
(@) = JRe s =3 A+ @y = [ anlsink— 071
We have used the definitions
! 2nu _ oo d x—y dy
an(z) = 5 m A * fl, = Opm f(x) + .[w %@nm <u> fw) o (2.39)

’ Free Energy. ‘ The free energy density can be calculated only if the entropy density s is known.
This may be seen as a function of the root densities, and calculated as the logarithm of available
configurations for the particles (this number may be found as the way to assign a fixed amount
of particles, and therefore of holes, in a given number of available slots, as a function of the root
densities and of the spectral parameters interval).

The free energy per site f may be found in terms of discrete sums, and then rephrased in the
thermodynamic limit: applying the thermodynamic limit to (2.31) for the energy contribution, and
exploiting the definitions of n. = N/L (the fermionic density) and m = ﬁ (N — 2M) (the magneti-
zation) we find

E +m > +o00
e=7 = —2/ PP (k) cosk dk + 42 / Re (\/ 1—(A— inu)2> (6" dA +u —2un.  (2.40)
n=1Y —>

—T
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+m 1 +m +o0 +oo
= — — p
ne [ﬂ dk+nzl/ (A) dA m 2/,ﬂ ) dk — Zl/ n-oP(A) dA
(2.41)

Density is found collecting contributions from both the single momenta and those belonging to
k—Strings; M is found collecting all the A, and in the process the contributions of the A’ vanish.
Following the definition, the free energy density can be found as

fu,B,T)=¢e—pn.—2Bm —Ts (2.42)

In terms of the chemical potential u, of the magnetic field B and of the temperature 7. We will
consider B > 0 and ;1 < 0, since (2.9) and (2.10) can be used to extend the result to all other cases:
we have f(u,—B,T) = f(u, B,T) and f(—p, B,T) = f(p, B,T) + 24.

’ Free Energy Minimization. ‘ The final step is imposing the variation of the free energy density
f with respect to all root densities is 0. This condition will allow to find a thermal equilibrium state,
and must be taken into account with (2.38) as restraint (this equation expresses hole densities in
terms of the corresponding particle densities, therefore leaving the latter as the only indipendent
variables). The outcome of the minimum condition can be expressed as relations involving the
ratios

h O.h O'/ h
(k) = Z,,E,’Z; Mn(A) = JEE/A& M (A) = % (2.43)

These relations are

In (k) = —2C08k = “ 2u— B Z/ o(sink — A)m( %EA)> dA

_Z / a(sink — A) ln< %} A)) dA (2.44)

+ 1 2nB

In(1+n,(A)) = —/ cosk - a,(sink — A)ln (1+C(k)> dk—i———i— Z Apm *In <1+>
- me—1 m

(2.45)
+m 1
ln(1+n;L(A))+/ cosk - ap(sink — A)In (1+ QW) dk
ARey/T — (A — inu)? — 2npu — 4 = 1
_ 4Re ( Z;U) np = dnu Z A, xln <1 " mn) ) (2.46)

m=1
These equations are called Thermodynamic Bethe Ansatz (TBA) Equations, and together with

the restraint conditions (2.38) they can determine the density of particles and holes in the state of
thermodynamical equilibrium. It is useful to define Dressed Energies as

k(k) =T -In((k) en(AN)=T -Inn,(A) n>1 e (A)=T-Inn,(A) n>1 (247

These quantities describe the dressed energies of the elementary excitations in the ground state
(that is, keep into account the dispersion relation of the model fluctuations).
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2.2.2 Zero Temperature Limit in Zero Magnetic Field

Following the arguments in [25], we apply the limit of vanishing temperature to simplify the TBA
Equations, reducing them to a system of integral equations for the Takahashi Equations Root Den-
sities and for the Dressed Energies of excitations over the ground state. The additional condition
B = 0 is imposed to simplify the equations further: the resulting integral equations allow to de-
scribe the T = 0, B = 0 Phase Diagram of the Model, and will be solved numerically in the next
sections.

In the limit 7" — 0 the TBA equations simplify since most of the dressed energies in can be shown
to be positive (therefore implying the excitations they parametrize are thermodynamically un-
favoured). The remaining relevant dressed energies are «(k) and ¢; (A), whose behaviour is

{n(k) <0 k| < Q {61(/\) <0 Af<A (2.48)

k(k) >0 |kl > Q e1(A) >0 Al > A

With x(+Q) = €¢;(+A) = 0 (due to boundaries in k and A spaces, these positive parameters are lim-
ited by Q < 7, A < +00). The case of positive (negative) dressed energies everywhere is considered
choosing @ = 0, A =0 (Q = 7, A = +00). Similar arguments can be applied to the root densities,
obtaining

(2.49)
o

B(A)=0  n>2 ol(A)=0 |A]>A PR =0 [k >Q
MA) =0 JA] <A k) =0 [k <Q

In the B = 0 hypothesis the system must have no net magnetization: it would spontaneously
break the continuous SU(2) spin—rotational symmetry, and therefore violate the Mermin—Wagner
Theorem. Imposing A — +oco turns out to be a sufficient condition to achieve m = 0: the TBA
equations, coupled with conditions on the root densities derived from (2.38), become (expliciting
the dependence on Q)

+Q
k(k) = —2cosk — p — 2u + / cosk’ - R(sink’ —sink) (k") dk’
-Q
*Q cosk 1 p(k) = p" (k) + p" (k
61(/\):/ . E H(k) dk ( ) ! (p) (h)
o coshg (A snk) R ENESVEY
1 +Q +o0o wx
p(k) = 5 / cosk - R(sink’ —sink) p(k'") dk’ R(z) = ﬁ Z—w
A +Q 1 1
o1 ):/_Q E.cosh%(A—sink)p(k)dkj )
(2.50

It is also useful to define Dressed Momenta, momenta associated to the possible system exci-
tations. Starting from (2.32), we can derive that in the limit B = 0 the excitations generated by
adding a momentum k& with |k| > @ and by adding a spin rapidity A carry respectively dressed
momenta +p(k) and +p; (A), with

TN

p(k) =27 /Ok p(k") dk’ p1(A) = oL~ 2 /;Q arctan [exp (—% (A —sin k))] p(k) dk  (2.51)
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B = 0 Ground State Phase Diagram

For B = 0 (corresponding to fixed A = +o00) we can identify three phases, linked by two phase
transitions, in the ; < 0 region. For p > 0, the model shows the same phases with particles
replaced by holes.

e ) = 0: Empty Band. This region corresponds to an empty band, with n. = 0. This is due
to the dressed energies being positive at all momenta in this region, which means Q = 0, and
then (2.50) implies

e 0 < @ < m: Intermediate Filling. We have 0 < n. < 1: the integral equations in (2.50)
can be solved only numerically in this region. Analytical results for B = 0 can be obtained in
proximity of the transitions to the Empty Band: these show the density behaves as

1
ne(p) = TV TR = h(u, 1) (2.53)

Where puo(B) is defined in (2.52) (this transition is described by a nonrelativistic effective
theory as shown in Section 1.3.2). We have shown this phase is described by a Luttinger
Liquid, whose parameters are, for not—weak coupling, an unknown function of iz and U. The
two excitation velocities v, ,) may be described as the equivalent of vr (defined in (1.18)) for
the charge and spin excitation spectra: the spin parameter K, flows to its fixed point K} = 1,
and the remaining Luttinger parameter K, can be linked to the isothermal compressibility
(as shown in [32]).

e <ag§?p)>p—p<cz) B <;:Eg§> b <a€<’191(9]191))p1_p1(,4) - <;l’1((ﬁ))) Ky = guw%
(2.54)

This phase also experiences, as shown in Section 1.3.2, a transition to an half-filled band,
in proximity of whom analytical expansions yield (in terms of the Bessel Function .J; (w))

ne(p) 21 —Cr-vp—(u) — p=1(u, p) (2.55)

1 1 +oeo T
o =_ 1 0 = alEl_Q/ _wh(w)
o 1+exp(2uw)

(2.56)

e ) = m: Half Filled Band. This phase has n. = 1 and, as shown in Section 1.3.2, is a
Mott Insulator. The condition Q = = allows simplifications in (2.50): the phase boundary
can be found from the condition x(£7) = 0, and for ) = = the numerical equations can be
solved exactly by Fourier Transform, allowing to find the chemical potential p_ (u) at which
the system undergoes the phase transition to the half-filled band.

+oo Jl (w)efwu dﬂ

p_(u) =2 —2u— 2/0 cosh(wn) @ (2.57)
“+oo . Lo —wu
kx(k) = —2cosk —2u — p — 2/ Ji(w) -cos(w-sink)e dw (2.58)
oo w cosh(wu)
1 2 Jo(w) - cos (w - sin k)
pr(k) = o=t (cosk) [m 27 (1 oxp (ulw])) dw (2.59)

In this phase n. = 1 for any value of chemical potential i > p_(u): the chemical potential is
then a noninvertible function of n..
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2.3 Numerical Solution

In this section we outline the method we employed to find the (T = 0, B = 0) ground state properties
of the Hubbard Model, and analyze the computed solutions in order to verify their accuracy, using
numerical and analytical conditions.

2.3.1 Algorithm Description

In this section we describe the algorithm and the methods used to find the n(u) function for the
Hubbard Model at T = 0 and B = 0. The calculation of this function requires the numerical solution
of an integral equation; we outline the general setup needed to find the solution, as described in [25],
and then the numerical concepts used to actually solve the problem, as discussed in [33]".

We will need the equations in (2.50) for the dressed energy ¢ (k) (the dependence on @) will be
explicited henceforth) and for the root density pg(k) (only these quantities matter) along with the
relation between pg (k) and the numerical density n. in (2.41).

+Q ) ) , , +o00 eiw® dw
k) =—2cosk —pu—2 sk') R (sink’ —sink k') dk R(z) = _— —
ko (k) cos ] u—!—/Q (cosk’) R (sin sink) kg (k') (2) [m [ o2lel 2x
(2.60)
1 +Q +Q
po(k) = o / cosk - R (sink’ —sink) pg(k') dk’ Me = / pq(k) dk (2.61)
s -Q -Q

Q takes values in [0, 7], and satisfies the equation kg (£Q) = 0: this condition could be used to find
it as a function of p, but it would require knowledge of the (k) function at fixed x, which in turn
needs Q in order to be acquired (solving (2.60)).

A basic solution method would be to fix y, set a value for (), solve (2.60), and then check if kg (£Q) =
0: if this happens the solution is correct, while if doesn’t the problem needs to be solved again with
different @) (still at fixed p). Another way can be shown taking advantage of the quantities

+Q
Eo(k) =1+ / Eo(K") (cosk) - R(sink’ —sink) dk’' (2.62)
-Q
+Q
Fo(k) = —2cosk — 2u + / cos(k') - R (sin k' — sink) g (k') dk’ (2.63)
-Q

These quantities obey the relation g (k) = Eg (k) — n€q(k), which gives (if applied for k = Q) a way
to determine p as a function of Q (both as an evaluation point and as a parameter in determining
KQ and £Q)

FQ(Q) —r(Q) _ Fe(Q)

_ — (2.64)
g Q) £(Q)
We can prove these two relations involving the auxiliary unknown £g:
oR(k)\ Q) oy One(n) _ €5(Q)
( o0 )k_Q =£0(Q) - 90 Xn(B =0) = T (2.65)

1Although the mathematical concepts and the ideas behind the algorithm have been taken from this source, our code is
different from the algorithm shown in [33].
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The Charge Excitation Velocity u, and the Luttinger Parameter K, can then be determined using
the compressibility property (1.8), along with (2.51), (2.54) and (2.65):

n’(k)) ou@ 1 ™ , 1 £5(Q)

u, = | —2 = . . K,=—-u, n“  —x,= (2.66)
. <p’(k:) k=Q @) oQ  2mp(Q) P2 n2X

These relations allow to find u, and K, from the solution of the B = 0 problem, whose solution
algorithm we can now outline.

e At fixed u, Q € [0, 7] is chosen as free parameter, and (2.62) and (2.63) are numerically solved
to find the functional form of g (k) and £ (k).

e The previously found functions are evaluated in @), and their knowledge allows to find the
value of i corresponding to the choice of Q) using (2.64).

e If i1 is within the desired range of values, the integral equation in (2.61) is solved in order
to find the root density po(k), which is then integrated over [—Q, Q] to find the fermionic
density n.: although formally a function of (), this can be interpreted as a function of x, since

p= Q).

Computational Methods.‘ As outlined in the previous sections, the overall problem can be

solved in steps: each of them consists in an integral problem for a function f(z),

f(z) =g(z) + /_L K(z,y)f(y) dy (2.67)

e In order to solve it, at first it must be discretized: all functions are sampled on a root vector
{z;}. Discretized integrals are calculated as

N
/f(x) de = f(w) - w; (2.68)
=1

Where the sampling weights {w;} ensure all points are properly weighted in the sum. Weights
and sampling positions depend on the chosen integration method: in our program we have
chosen Gauss-Legendre Integration.

e The problem becomes then finding the f(z;) vector by solving the vector equation
N
Flai) = gla) + > (K (@i, 25) f(a;)w;) (2.69)

Jj=1

which can be rewritten as the equation system

N
{Z (K (i, 25)w; — 5ij)] f(x;) = —g(z:) (2.70)

This system can be solved using standard linear algebra techniques: in our program we have
chosen a solution method based on LU Decomposition. Pivoting has been kept in account
for numerical stability.
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2.3.2 Solution Testing

In this section we use the analytical conditions extracted in the previous sections to check the be-
haviour of the solutions of our problem, along with describing the numerical checks the solutions
have undergone to verify their accuracy.

For a value of u, values of ) can be sampled in the interval [0, 7], and then the corresponding 1 and
n(u) can be found. This allows to create datasets depending on two accuracy parameters (namely,
the number of sampling points Nx for the “inner” integration in w in (2.60), with a cutoff chosen at
Wmax defined so that R(w > wmax) < 10716, and the number Ng of sampling points for the outer”
integrations in £ in (2.60), (2.61)).

As the error over Gaussian Integration is not easy to estimate, the reference dataset created for
a choice (Ng, Nk ) is compared with a control one created with a higher precision (for instance,
(2Ns, 2Nk)) and the dataset is accepted only if all 1 and n.(x) in the reference data match those
in the control data within a certain precision (10~% has been taken as testing precision: however,
most datasets match their control data at higher precision).

In addition to this numerical test, all datasets must respect precise analytical conditions, derived
in previous sections, which may help to check wether the used approximation level is good or
insufficient.

1. The first condition to be respected is n.(u,Q = w) = 1 for all u (as we derived when describing
the Half-Filled Band in the Phase Diagram). The program is geared to yield n.(u,Q = 7) in
every dataset, and this control allows to easily neglect badly approximated ones.

2. The system undergoes a first phase transition for y — po = (—2 — 2u), as it passes from the
Empty Lattice to Intermediate Filling. The density function n.(x) must behave as h(u, 1) in
(2.53).

This behaviour can be checked on calculated data: it has been observed, however, that this
behaviour is followed in a region whose amplitude shrinks for decreasing u, and therefore
may not be a significant control for very low—u datasets.

3. Once g is cleared, n. must increase monotonically with ; until the boundary to the Mott
Insulator is reached: this second phase transition happens when the chemical potential as-
sumes the value p_(u) shown in (2.57). In proximity of the phase boundary n.(u:) must behave
as [(u, p) in (2.55).

The program can calculate p, (k = Q) in (2.59), which can be used to determine the coefficients
in [(u, p) using calculation programs. This control allows to check consistency in the data close
to n. = 1 (at the half-filling phase boundary). This behaviour as well restricted to a region
whose size shrinks for small u, and therefore may not be significant for these datasets.

4. Density is fixed to 1 for p > u—(u) (the system is in the Mott-Insulating Phase) and therefore
no datasets must have non—half-filled entries in this region. At half-filling (Q = ), the
dressed energy rg(k) and the root density pg(k) must behave as k. (k) and p,(k) in (2.58),
(2.59). These functions may be sampled and then compared with the approximation to the
same functions generated by the program as kg (k) = Rg(k) — € (k) and pg (k) at fixed Q = 7.

Higher u allows faster and more accurate calculations both by accelerating the decrease of R(x)
in (2.60) (therefore allowing lower cutoffs and lower N without losing precision) and by allowing
datasets with lower Ng to pass the numerical test (and the analytical ones as well). Lower u,
instead, forces resorting to higher Nx and Ng, with resulting large increases in the calculation
time.

Therefore, although solutions for small « at sufficient high sampling respect the analytical condi-
tions (1), (2) and (3) (although the convergence region for the latter two shrinks for decreasing w)
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and the numerical test in our datasets is respected within 10~ !! (we calculated up to u = 0.0833),
we focused our analysis on solutions for u > 0.25 (that is, U/w > 1).

In Figure 2.1 are shown the n.(u:) functions for several values of v > 0.25: all the pictured dat-
apoints satisfy the numerical conditions as well as the analytical test (1). Figure 2.2 show the
datasets satisfy the analytical condition (2) and (3) (although the convergence region shrinks with
decreasing u) and in Figure 2.3 it is shown the analytical condition (4) is respected.

0.8

0.6

nelp)

0.4

0.2

Hubbard Model Solutions, u = 0.25

I
u=0.25
u=05
u=1.25
=25

Figure 2.1: n.(u) solutions for v > 0.25 and B = 0.
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and from the numerical solutions (points) for u > 0.25 and B = 0.



Chapter 3

Lattice Models in Trapping
Potentials

3.1 Local Density Approximation

In this section, following the arguments in [21], we introduce the Local Density Approximation
(LDA) formalism, the simplest method to treat inhomogeneity effects in a system whose homogeneous
behaviour is known. The main idea behind the method is using in every point the behaviour of the
homogeneous model, in terms of an effective, position—dependent chemical potential.

If a trapping interaction is applied to a homogeneous systems (more generally, if a position—
dependent potential is present) introduces a spatial inhomogeneity, which causes changes with
respect to the homogeneous behaviour: the Local Density Approximation (LDA) allows to ap-
proximate quantities like the density function in the presence of an external potential by intro-
ducing an effective, position—dependent n. Henceforth, we will restrict to the analysis of lattice
systems, and all couplings in the Hamiltonians will be normalized with respect to w (the kinetic
coupling).

If the unconfined "Canonical” Hamiltonian of a lattice system is H, 0, in the LDA its confined, ”Grand
Canonical” version K can be rewritten as

K=Hy— Y puNi+ Y V(@)Ni=Hy— > (n—V(2:)) Ni = Hy— Y _ ptesi () N; (3.1)

The outcoming density as a function of the chemical potential also depends, implicitly, on the po-
sition, as n(u(z)). Usually the confining interaction of a trapped system is a power—law potential,
defined in terms of the Trap Size | as V(z) = («/1)P: we will apply our formalism to the spinless
version of the tight—binding model,

L L
K =—wd (e + et ) - nd de (3.2)
i=1 1=1

In a confining potential, the LDA density can be found from (1.7) as

43
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! T< (-2
1

(na)Lpa = PLDA (%) = areeos ((1/2) ((%)p - M)) (1 — 2)1/19 < % < (u+ 2)1/17 (3.3)
0 (n+2)'" <<

[ is the charachteristic scale on which trap density changes. (3.3) may be used to calculate the total
number of particles as a function of the chemical potential: for even p,

+oo +oo
proa (u(x)) da +O(1) = 21 / p(u—y?) dy+0(1) =1-Clu) +O(1)

(3.4)

The O(1) error implies an O(I~!) error on the quantity N/I: for this quantity, the O(I~!) term
contains both the error due to the passage from a discrete sum to the integral (which is O(I~1))
and the error of the LDA itself, which the analysis shown in [21] shows being O(I~!) as well for the
spinless tight-binding system (the LDA corrections are studied there for a confined Hardcore Bose—
Hubbard System, equivalent to a confined, spinless, fermionic tight-binding system as shown in
Section 1.2).

Nrpa = Z (na)ypa = /

T — 00

This approximation is used to effectively approximate the behaviour of confined systems of cold
fermions described by the Hubbard Model ([19], [20]), confined cold bosons described by the Bose—
Hubbard Model ([21]) and confined Fermi Gases ([24]). In the latter two systems it is shown the
LDA results become more accurate with increasing trap size, with corrections dependent on neg-
ative powers of [, and therefore vanishing in the | — +oc limit: we will later confirm that this
behaviour is shown by a confined Hubbard System as well.

Despite its usefulness, and rather good accuracy for increasing trap size, the LDA approximation
has some shortcomings: it allows to obtain with good accuracy only local quantities, since does
not keep into account correlations between different points, and for the same reasons its accuracy
decreases in proximity of critical points (where correlation effects become relevant).
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3.2 Trap-Size Scaling

The accuracy of the LDA method decreases in proximity of critical points, since correlations between
different points start to become relevant. In this case, even local quantities like the particle density
develop sizable deviations from the LDA behaviour: these corrections can be analyzed in the Trap-
Size Scaling (T'SS) method, which allows (using the RG formalism) to find the leading scaling
behaviour in terms of the trap size; the general RG arguments shown in the first subsection are
taken from [23].

A model-specific analysis is required to find the scaling functions connected to this scaling be-
haviour: an example of this calculation is done for a confined, noninteracting tight-binding system
to describe its behaviour in proximity of the transition to the empty lattice at . = (—2), adapting the
arguments in [21, 22] (the TSS formalism is applied there to a confined Hardcore Bose—-Hubbard
System, equivalent to a spinless, fermionic tight-binding system as shown in Section 1.2).

General Formalism

The critical behaviour of a system is modified when a trapping potential is applied: within the
trap, the original critical behaviour can be observed around the middle of the trap only if the
correlation length £ is much smaller than the trap size but large enough to show the universal
scaling behaviour. If the latter condition is verified while the former is not (we will work in this
hypothesis) the trap will change the features of the observed critical behaviour, though some of the
original ones may remain.

Taking in consideration only local contributions, the LDA starts to fail in proximity of any phase
transition, where correlations become relevant. This approximation can be improved taking in
account scaling behaviours, which are modified by the presence of a confining potential: the Trap-
Size Scaling (T'SS) framework can be used to evaluate these modifications. In this method, we
define a critical exponent 0 linking the correlation length and the trap size as

e~e (3.5)

We will suppose the system undergoes a T' = 0 quantum phase transition. If we suppose the critical
point is close enough, irrelevant scaling fields and their contributions can be neglected. If the model
has a relevant scaling field g, whose scaling dimension is y,, and v = /! has scaling dimension y,,
invariance under a scaling transform of parameter b is achieved only if the singular part of the free
energy density follows, at the quantum critical point, the scaling law

F(g,Tyv,x) = b~ @2 . F (gb¥s, TH* wb¥, ab~") (3.6)

x is the distance from the center of the trap. If the rescaling factor b is chosen so that vb¥» = 1
(implying b = ['/¥») and the Trap Exponent is defined as § = 1/y,,, we find the free energy density
follows the TSS behaviour

Fo=[0@s) (gz‘g/",TﬁZ,er) 3.7)

The trap exponent depends on the universality class of the model and may be calculated using RG
methods. It modifies the behaviour of all quantities near the critical point: for instance, the gap
energy A (and any low—energy scale at T' = 0) and the correlation length at the trap center (as well
as any length scale linked to the critical mode) are expected to behave as
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A=1"%.D (gl"/”) =1 X (gz"/",Tz"Z) (3.8)

With D(y) ~ y*¥ for y — 0 and X (y,0) ~ y=* for y — 0, to match the free scaling behaviours
A ~ g*¥ and £ ~ ¢g~". For a general operator O(x), of RG dimension y,, its expectation value and
equal-time correlation function are expected to behave as

(Oa)) =177 - 0 (g1, T1% 21 7") (O(2)0(0), = 172" - Go (g1, T1%,21")  (3.9)

In the limit p — oo the trapped system becomes a homogeneous system inside a box of size L = 2]
with open boundary conditions. This system can be described by finite—size scaling, with L~!
becoming a relevant parameter of scaling dimension (+1), and therefore we should find 6(p —
4+00) = (yr-1)"" = (+1). In order to find 6 for a power—law potential, V(z) = (/1) = vPa? (all
energies are rescaled by the hopping coefficient) the confining interaction may be seen as a RG
perturbation, and the trap exponent can be found knowing the structure of the effective theory.

Let us take, for instance, the spinless tight—-binding model (3.2): its effective theory in proximity
of the critical point ¢ = (—2) can be derived from (1.14), removing the spin sum, passing in the
coordinate domain, and neglecting all higher—order gradients, as

oY (z) n 1

L=V ==+,

U*(2) V2 (2) — i - U*(2)U(z) (3.10)

Here 1/ = (p+2): we can define y, = dim(y') as shown previously. The external potential term
would take the form V' = (vP2P¥*(z)¥(x)): this term has the same nature of the chemical potential
one, with simply (vPa?) replacing 1/. These terms share the same scaling dimension only if py, —p =
Yu, and then

1 D

Yo P+ Y

(3.11)

As expected, 0 — 1 for p — oco: this formalism allows, for instance, to predict the 7' = 0 confined
scaling behaviour at the ;4 = +2 transitions of the Noninteracting Tight—-Binding Model (we had
yu = 2, according to (1.16), and therefore 6 = p/(p — 2)).

TSS for the Spinless Tight-Binding Model

In the previous section we found the TSS trap exponent for the 1 = (—2) critical point of the spinless
tight-binding model (3.2): we can now obtain additional information (for instance, the structure of
the scaling functions) about the T'SS behaviour from the Hamiltonian itself, in absence of magnetic
field and in proximity of the unconfined critical point 1 = (—2) (in correspondence to the transition
to the empty lattice). The Model Hamiltonian can be rewritten as

H = Z/C\jh”a hij = (Sij — (51-_’(]-,1) — 6i,(j+1) + (V(.Z’z) - ﬁ) 5ij (3.12)
¥

Defining 7z = (1 — 1). The TSS behaviour can be derived diagonalizing the model, by passing in the
momentum domain: new canonical fermionic coordinates can be defined as 7, = >, ¢1.¢;, with the
¢r; satisfying the equations

hijor; = wWiPri (3.13)
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In these coordinates the Hamiltonian becomes H = ), wkn};nk, describing a gapped system with
gap amplitude A = miny |wg|. The matrix ¢;; defined in this fashion turns out to be orthogonal,
and therefore it can be easily inverted obtaining

G=Y brimk (3.14)
K

In the TSS formalism, the interesting critical behaviour is found in the large— limit: since the tran-
sition correlation length £ will depend on [ through the trap exponent, all lengths will be rescaled
in terms of a positive power of [, and become effectively continuous in the limit | — +oco. This
implies that the Hamiltonian A;; in (3.13) can be approximated, replacing the discrete differences
in terms of a derivative expansion in the continuum limit. This way, (3.13) becomes (in terms of
the continuous function ¢y (x) = ¢r.)

1 d? 1 d*
{_M+(f)p_2m2_%dﬁ+... o (2) = wdn(z) (3.15)

Close to the transition we might neglect the higher derivative terms, which depend on higher
powers of the inverse correlation length £~!: in this approximation, the model can be rewritten in
terms of the rescaled quantities

X =P/t o, = 120/ D)y Q,, = 129/ F2) or(X) = 17/ Cr+2) g, (lp/<p+2> X)
(3.16)

Under this rescaling, (3.15) becomes

2
(=5 + X7) 900 = (@ 4 ) 9u(X) = Pga(X) 3.17)
At the unconfined fixed point 7 = (—1) the length 2 may be written in terms of its invariant scaling
function as z = £ - X, and comparing the coordinate scaling in (3.16) with the the trap exponent
definition ¢ = [ implies 6 = p/(p + 2) in this model (as derived using RG analysis in the previous
section). The dominant correction (the neglected quartic derivative) is an O(I=2%) term: this should
be the accuracy of the TSS predictions.

The solutions of (3.17) for O, and ¢, (X) depend on the value of p: for p = 2 we find

91/8 2

a — 1 _ 1/4 X

With & € N, X = 217'/? and with the H,(z) being Hermite polynomials. We can now calculate
the T'SS behaviour of the particle density: in particular, exploiting (3.14) and the structure of the
system ground state in the momentum domain (with all momentum states with negative energy
contribution singly occupied), we find

(n(@) = (@) = D biyubrae (M) = D GR@) =177 > GHX) =N (7, X)  (3.19)

k1,k2 k:Q <0 k:Q. <0

The sum is taken only on occupied levels (those whose occupation is favoured by their energy
O = Qk — 1, being negative) and this is the only dependence on 7, in /. A similar analysis can
also be made for the density—density correlation function: its scaling behaviour is
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(@) = (n(2)n(0)) = (n(x)) (n(0)) = I"*'G, (7i,., X) (3.20)

This scaling behaviour is confirmed if the definition of G, in terms of the density operators is
expanded. The scalar product (3.20) can be calculated using the Wick Theorem, which allows to
rewrite it in terms of sums and products of two—operators scalar products, obtaining the scaling
function

%WX)[Z@mwwﬂ[Z¢mwmﬂ

k:Qp <0 k:Qp >0
2
=0(X) l > @k(X)Wk(O)] - [ > @k(X)¢k(O)] (3.21)
k:Qp <0 k: Q<0

The last equation can be derived taking advantage of the completeness of the p;(X) set, which
reads >, ¢r(X)pr(0) = §(X). As previously, the dependence on i, is restricted to determining,
through €, the occupied, and therefore contributing, levels.

’Fixed—N Formalism. ‘ While our previous results for the transition to the empty lattice were
obtained at fixed the chemical potential, the TSS behaviour can also be studied at fixed particle
number N: this number will be asymptotically linked to the chemical potential by a definite rela-
tion N/l = C(u), like the LDA relation in (3.4) (expected to become exact, as already discussed, for
[ — +00).

Since N/l — 0in the [ — 400 limit at fixed IV, this regime corresponds to the 7 — (—1) limit studied
in the previous paragraph, and therefore shows the same scaling behaviour: the TSS behaviour of
the thermodynamical quantities at fixed N can be obtained from the results in terms of p, simply
noting the number of occupied levels is, for spinless particles, exactly the number of particles, and
no other dependencies from 1 arose:

N

N
ww=2ﬁma42ﬁw5ﬂmu> (3.22)
N

N 2
Gu(z)=1"% [5(X) (Z %(X)%(O)) - (Z %(X)%(O)> ] =1"%GN(X) (3.23)

N does not change under the rescaling of /, and therefore (unlike the chemical potential) it appears
only as a parameter, and not a variable, in the scaling functions.

’ Trapped Thermodynamic Limit. ‘ Another TSS limit can be found keeping the chemical po-

tential fixed: in this case, C (1) = N/l must be kept constant, and therefore the number of particles
will have to increase to have simultaneously ! — co and N — +oo while N/l remains constant.

If N/l is linked, even asymptotically, to the chemical potential (as in the LDA relation (3.4)) this
limit consists in working at fixed chemical potential. This limit will be called Trapped Thermo-
dynamic Limit, and its charachteristic TSS behaviour will be studied, along with the one in the
Dilute Limit, for the Hubbard Model.



Chapter 4

Results

4.1 Results for the Homogeneous Model

In this section we show some results we can gather from the Bethe Ansatz solutions: namely, the
Phase Diagram of the model for T = 0 and the Luttinger Parameters K,, u, of the conducting phase.
These results allow to determine more precisely the behaviour of the model, and comparing them
with the same results in other works also allows a further control of the solution accuracy.

In this section we will use the numerical solutions of the Bethe Ansatz Equations to understand
the charachteristics of the T' = 0 Phase Diagram of the Hubbard Model. Henceforth, all chemical
potentials determining the function n.(1) = nq4 (1) + ny (1) (derived from (2.61) using the Hamilto-
nian (1.39)) will be adapted to be compatible with the solutions of (1.37) (compatibility is ensured
increasing all chemical potentials by 2u, since in the former Hamiltonian a term —2u/N has been
added).

As U increases, the transition to the empty lattice remains at y = g, from (2.52), while the transi-
tion point 1 = p—(u) to the Mott Insulating phase changes following (2.57). Keeping in account the
(+2u) shifting, these chemical potentials assume the values

e’} w e—wU/4 W
po(U) = (=2) /‘f(U):2_2/0 Lilo(sh)(umcfu

The function p_(U), plotted in Figure 4.1, becomes 0 for U — 0 (the transition happens at very
small chemical potentials for small U, but it does not happen at U = 0, since the model becomes
free and no Mott Insulating Phase can exist any longer) and becomes (+2) for U — +cc.

(4.1)

Some n.(u) curves obtained from our solution algorithm are shown in Figure 4.2. We previously
found n.(p) shows a square-root behaviour in proximity of the transitions to the Empty Lattice
and to the half—filled Mott Insulator, as in (2.53) and (2.55):

ne(1 X po) & Vi g ne(p = - (U)) 21— Cr - /i (U) — 42)
As shown in the solution testing, the square-root region of these curves shrinks with increasing U.
The Mott—Insulating Phase extends over a chemical potential region of width Ay = 2 |u_(U) — U/2|:
the particle-hole symmetry ensures n(y) = 2 — n(U — p) for p > U/2 (the symmetry point for
the Hamiltonian (1.37)) and therefore the model shows another Conductor-Insulator transition at
uw=(U—p_(U)) and a transition to a Band Insulator (an empty lattice of holes) at . = (+2 + U).

49
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Transition p to the Mott Insulating Phase
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Figure 4.2: T = 0 Phase Diagram.
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The conducting phases outlined in Figure 4.2 can be charachterized by the correlation functions
of their excitations, whose asymptotic behaviour is determined (as shown in (1.43) and (1.46)) by
the Luttinger Parameter K, (for U > 0 the other Luttinger Parameter, K, flows to its fixed point,
K} =1). The data we collected also allows to compute the charge excitations velocity u,,.

We report in Figure 4.3 the results for K, and u, as computed using our Bethe Ansatz solution
data and (2.66), both as a function of the particle density n. and of the chemical potential n. The
resulting functions K ,(n.) and u,(n.) plotted here are in good agreement with those shown in [26].

Luttinger Parameter Ky(nc) Luttinger Parameter Kg(p)
C'.QEI T T T T T T CI-QE' T T T T T T I I
0.9 b - 0.0 F i
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Figure 4.3: Luttinger Parameters for the Repulsive Hubbard Model, in function of the numerical
density (left column) and of the chemical potential (right column).
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4.2 'Trap-Size Scaling in the Dilute Limit

The TSS formalism is applied to a Hubbard System in a harmonic confining potential, in order
to determine the scaling behaviour of the density function and of the correlation functions in the
Dilute Limit (large trap size | at fixed particle number N). Simulation data shows the system has
a TSS behaviour in the large-l limit at fixed rescaling interaction strength U,. All simulation data
has been generated by M. Campostrini.

Let us consider a fermionic confined system, described by the Hubbard Model, whose confining
potential has a power—law structure V(z) = (x/1)P, with trap—size [ and confining exponent p = 2:
the effects induced by the presence of the trap can be kept in account using the TSS framework.

As previously underlined, in applying the T'SS limit the lattice system is effectively described by the
equivalent continuous theory (for instance, since the coordinates are rescaled as X = /1%, and for
increasing [ the variable X becomes continuous). Quantities like the overall density (comprensive
of both spin polarizations) or the density—density correlation function become effectively functions
of a continuous coordinate, and are defined as

pla) = (n(@)) = (C1,Cur + C1,Coy) G(@) = (n(2)n(0)) -

—~

n(z)) (n(0)) 4.3)

In this section we will analyze the behaviour in the Dilute Limit (that is, for large | at fixed
number of particles N). In the dilute limit the system has small particle density, since the charach-
teristic size along which density changes is [ (and the correspondent density is N/I) and its critical
properties are therefore described by the effective action (1.40),

So = /Jf”/{; V5 (k) [{i + (;; —u’ﬂ v, (k) +U// U3 (q) U4 (k)T (p) @, (k — p+ q) c(igﬂcjg} % "
(4.4)

As previously stated, this theory has as relevant parameters ; and U, whose RG dimensions are
dim(p) = (+2), dim(U) = 1: our general discussion of the T'SS formalism allows to define the trap
exponent

D D 1
0 = R S— 4.5
pt+y, p+t2 2 @5

Exploiting (3.9), and dim((n(z))) = 1, we can compute the TSS behaviour of the particle density
and of the density—density correlation: their TSS behaviour will be

o 29 X=1"%
p(z,U,N,l) =1""Rn (X,U,) Gn(z,UN,l)=1"""Py(X,U,) —r (4.6)

In terms of unknown scaling functions Ry, Py (whose amplitudes will likely depend on N since
it is a conserved quantity in this case). This TSS Hypothesis has been verified by comparing
numerical simulation data to the predicted T'SS behaviours: the numerical results have an error
conservatively estimated as not larger than 1076,

As can be seen in Figure 4.4 and in Figure 4.5, the model density (points) shows the scaling
behaviour (4.6) at fixed U,., since the data generated at different values of [ align if multiplied for
the predicted power of | and plotted in function of the rescaled coordinate X. We will henceforth
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study the system in the hypothesis of large trap size (asymptotically, | — +oc) at fixed rescaled
interaction strength U,..

In order to calculate the scaling functions, we can, as done for the spinless tight—binding model,
pass to a continuum description. The continuum theory equivalent to the Hubbard Model is the
(1/2)-Spin Gaudin—Yang Model (1.33) with the inclusion of a confining potential (written here in
the first—quantization version, since we are working at fixed NV):

~ N T; 2 1 d2
HZZ((;) _zdxz)wzﬂfi—%) %)
1 ¢ i<j

1=

In this passage, the interaction g of the Gaudin—Yang model is in general an unknown function
of the Hubbard interaction strength U, and then of U,.: knowledge of the mapping between the
two models would be required in order to obtain the scaling function for arbitrary U,.. This can be
obtained, nevertheless, in two limiting cases.

One such limiting case is U = U, = 0, in which the system is described by a confined, noninter-
acting, (1/2)-Spin Gaudin—Yang Model, whose Hamiltonian is identical to the sum of two of the
spinless versions of (4.7) with g = 0, with N/2 particles each (the two spin components do not inter-
act, and each counts as a system of N/2 particles). In the fixed—N formalism, the scaling functions
of each component are those in (3.22), (3.23), and the resulting scaling behaviour (due to the lack
of correlation between the two components) is

Pl Uy = 0,N,1) =17 - 2Ny (37) (@, Uy = 0,N,0) =17 2Gnya) () 48)
Another interesting limit is the U, — +oo case. The results for this case can be derived from the
behaviour of the (1/2)-Spin Gaudin—Yang model (4.7) in the limit of infinite repulsion g — +o0
(while the mapping ¢(U.,.) is in general not known, we can assume the Hubbard Model in the limit
of infinitely strong repulsion will map in the same limit of the (1/2)-Spin Gaudin—Yang model: this
assumption is confirmed by our results).

The behaviour of the model in this limit has been studied in [34]: in particular, the density and
density correlation functions of this model become those of a spinless, confined, noninteracting
Gaudin—Yang Model of N particles. The result is found exploiting the possibility to reduce the
effect of an infinitely—strong interaction to a hard—core boundary condition, which has the same
structure of a Pauli condition: in particular, the system wavefunction vanishes when two fermions
of the same spin polarization occupy the same site, effectively "strengthening” the Pauli Principle.

This identification also implies that, despite the wavefunctions of the two models remain different
(in particular, the wavefunction of the hardcore, confined, (1/2)—Spin Gaudin—Yang model still has
a spin part, while those of the spinless, confined, noninteracting Gaudin—Yang model do not) the
density profile (and therefore the density correlations) share the same behaviour for both models.
The resulting scaling behaviour, still in terms of (3.22), (3.23), is then

P(x, Ur — +OOanl) = l_e 'NN (l%) Gn(l', Ur — +OO»N7Z) = 1_20 : gN (l%) (49)

The density and the density correlation functions of an 1D harmonically confined Hubbard system
show, as previously, a scaling dependence from the trap size [ in the dilute limit: this time the scal-
ing functions associated to the scaling behaviour are those of a spinless, confined, noninteracting
fermionic system of N particles.

We expect that the rescaled particle densities and density correlation functions converge to the
scaling behaviour (4.8) for U, — 0, and to the scaling behaviour (4.9) for U, — +o0o. The predicted
scaling behaviours are plotted in Figure 4.4 and Figure 4.5 at fixed values of U,., and convergence
to the predicted T'SS behaviours is good for both p(z) and G, ().
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As an observation, we might note that the U — +oco limit in a confined system described by the
Hubbard Model, followed by the | — +oo limit, is not equivalent to the limiting case U, — +oo.
While in the latter case we have the TSS behaviour illustrated above, in the former the fermions
will gather in the sites at the center of the trap, with one fermion per site (this is the least—
energy configuration, since it makes the divergent interaction contribution vanish and minimizes

the confining potential contribution). This configuration remains the same for any trap size, and
therefore does not have any kind of scaling behaviour.
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Figure 4.4: TSS behaviour of the particle density at fixed N = 10 and U, = 2, 5, 100.
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Figure 4.5: TSS behaviour of the the density correlation function at fixed N = 10 and U, = 2, 5, 100.
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4.3 'Trap-Size Scaling in the Trapped Thermodynamic Limit

A Hubbard system in a harmonic confining potential is analyzed in the Trapped Thermodynamic
Limit (I — +oc at fixed N/1). The solutions of the homogeneous Hubbard model are used to describe
the behaviour of the confined Hubbard system using the LDA method; subsequently, simulation data
is used to calculate the deviations from the LDA behaviour, and the behaviour of these corrections is
studied. All simulation data has been generated by M. Campostrini.

4.3.1 LDA Results

The Trapped Thermodynamic Limit (large ! while keeping N/!I fixed) is another limit in which the
confined system shows trap—size dependence. In this case, the particle number N is not a fixed
parameter, while the density N/ is: in the LDA approximation, the last condition is equivalent
to fixing (4, since the two quantities are linked by a relation N/l = C(u) like (3.4) for the spinless
tight-binding model.

This relation is expected to hold at least asymptotically, since the LDA should improve for [ — +o00
(as proven in the next section). All observations and comparisons, therefore, will be done between
systems at fixed N/l (that is, at fixed p: this is the equivalence criterion for variable particle
number).

As previously, we will choose a Harmonic Potential, and the knowledge of the confining potential
allows to establish an "effective chemical potential” u.g(x), linked to the total particle number N
(counting both spin polarities) by the equivalent of (3.4),

N =3 (ndupa / :o e (@) da+ of0) =2 [ o (u - (f)Q) dz + o]

N
= 21/ ne (u—y?) dy+o(l) =1-C(n) + o(l) (4.10)

0

The corrections to the LDA estimate for the function C(u) are therefore (N/I — C(u)) = o(1): these
keep into account both the error coming from the passage from the sum over sites to the continuous
integral (of order O(I~1)) and the intrinsic error of the LDA itself, which is conservatively estimated
as o(1) (the results shown in the next section will give the order of this correction, and show that it
is o(1) everywhere in the confined system).

n.(u) becomes 0 for p < pp, and this generates the upper integration limit /i — po. (4.10) allows
to link the center chemical potential i to the parameter N/I by inverting C(u) at a given U; the
resulting function ;(N/I) is shown in Figure 4.6 (the non—analiticities are due to the Conductor—
Insulator Transitions).
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Figure 4.6: u(N/l) function for U = 1,2
Insulator transitions.

Once 4 is known for a given N/l and U, the function p"PA(z) = n. (teg(z)) can be computed,
obtaining the plots in Figure 4.7.

We can see from Figure 4.7 that the LDA predicts the coexistence of Insulating (the fixed—density
sections of the system, both at p = 1 and p = 2) and Conducting Phases (with variable density) in
the confined system for high enough N/I. This phenomenon has already been found using the LDA
approach for Hubbard systems ([19]) and has been confirmed by numerical simulations ([10]).

In the LDA approximation, the "transition coordinates” can be computed exactly imposing p.g(z) =
u — (x/1)? assumes the values (—2) (for the vacuum—conductor transitions), x_ (U) (for the Mott—
Insulator-Conductor transition at p"P4(z) < 1) and similarly for the other transitions, using the
phase boundaries given in Section 4.1. As shown in the plots, different interaction strengths allow
different extensions of the Insulating plateaux (the Mott—Insulating one is present at U = 1 as well,
albeit very narrow and hardly visible).
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Density Map in the LDA Approximation, U= 1.0
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Figure 4.7: p*P*(z) maps for U =1, 2, 4.
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The corrections to the LDA results can be obtained using numerical simulations to determine the
system behaviour: the simulations have been run, at fixed U, for several values of the fermionic
number N and the trap size /, and the error on the numerical results can still be considered, as
previously, not larger than 106, Since we expect the LDA to approximate well the simulation data,
simulated datasets at fixed U with the same N/! should be very similar (in the LDA, they would
be identical). This is confirmed by plots like the one in Figure 4.8, where density datasets p(x)
(obtained by numerical simulations) p at U = 1, 2 and N/l = 1, 1/2 are shown to differ for small
deviations, which decrease for high particle number.

We can observe that, for higher [ at fixed N/I, the transition to p = 0 happens at a smaller z/I:
the transition point moves slightly for increasing U at higher 2/l, and moves significantly more
towards lower /! for decreasing N/I. This behaviour is very similar to the one shown in Figure
4.7, and is another hint of a good accuracy of the LDA results in approximating the real density
behaviour.
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Figure 4.8: p(z) forU=1,2and N/l =1, 1/2.
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In Figure 4.9 the LDA results are compared directly with the system density: this is well approx-
imated by the LDA results, with the difference between them being an oscillating function, more
visible for decreasing ! (as expected, since for | — +o0o the LDA should improve). As shown in the
plots, the transition point pointed out by the numerical data is always at a larger 2/l than the LDA
one, and converges to it for increasing I.

U=1, Nj=1 U=2, Njl=1
0.7 T T T 0.7 T T T
: =10 o - =10 o
0.5 R l=20 o . 0.6 Ggg o [ |l=20 o .
e |=30 ® " =30 ®
05 - M LDA - ] 05 e . LDA - ]
o4 b 0.8 b
e =
= 0.3 F = 03 F
0.1 0.1
= 0Ok R pessacasaeess
0 0 0.5 1 1.5 2
%/
U=1, Mjl=1/2 U=2, Nfl=1/2
AN 7RI B R O S 0 0 =20 =
o LT . = (u] . =
0.4 S : |=40 o ] 0.4 =40 ]
035 v 1B =50 X = 0.35 ; =80 X =
03 koo : DA —— ] 0.3 b A DA —
— 025 bieeioe 3 s _ 0.25 i I T A
] : : ¥ ] : : B : : :
nos Lo ! : 0.05 fioi 8
I:I N ) :. D e TR B
1 | | 1 |
0 02040608 1 1214 0 02040608 1 12 14
X/l /I

Figure 4.9: p(x) and p*P*(x) Data for U = 1, 2and N/l =1, 1/2.

As the deviations from the LDA results are small, the latter can be used to approximate well the
behaviour of the system. In the next section the structure of the corrections and their dependence
on the trap size [ will be analyzed.
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4.3.2 TSS Corrections

The deviations shown by simulation data from the LDA results can be analyzed in order to find
their dependence on the trap size i: here we will concentrate on studying the leading behaviour
in this parameter. As we will show, corrections to the LDA results follow two different behaviours
in terms of [: one in proximity of the trap center, following (4.11), and another in proximity of the
Mott Transition point to the empty lattice, following (4.13).

Trap Size Dependence around the Trap Center. ‘ The corrections to the LDA results in the

conducting phase of the Hubbard Model might share the structure of the same corrections for
the conducting phase of the Bose—-Hubbard Model in the Hardcore Limit (which, we recall, was
equivalent to a noninteracting, spinless, tight—binding fermionic gas).

These phases are similar: both are described by a bosonic relativistic theory ((1.41) for the former
and the spinless version of (1.18) for the latter), and the interaction term in the former model is
RG-irrelevant in the conducting phase, therefore suggesting equivalence in the critical behaviour
(at least for the dominant scaling exponents: spin and interactions will likely be felt in subleading
corrections and in scaling amplitudes).

The corrections to the Hardcore Bose-Hubbard Model in the conducting phase have been thor-
oughly studied in [21]: the corresponding dominant trap—size dependence for the Hubbard Model
would be

= (7 ()

As shown in Section 1.3.2, in the conducting phase U is a marginal parameter, and therefore does
not rescale in the Trapped Thermodynamic Limit. The function L. = (I - Ap) is plotted in Figure
4.10 for U = 1.0 and in Figure 4.11 for U = 2.0. The analysis of this plot shows L. is an oscillating
function, whose overall number of peaks is (V + 3), where N is the number of particles: this
suggests the oscillation frequency might depend on the number of particles (as for the Hardcore
Bose-Hubbard Model, where an oscillating term, dependent on the Fermi Momentum, appeared in
the corrections).

-r(3)) Ap=0 () (4.11)

The amplitude of these oscillations decreases, around the trap center, for increasing ! at fixed N/I
(the different number of particles implies a different number of peaks, but the comparison can
be done by observing the ”oscillation envelope” is, near the trap center, approximately the same
function for all values of [ at fixed N/I, and decreases slowly for increasing /). Furthermore, the
amplitude of the corrections also appears to decrease by increasing U at fixed N/! and (.

While the leading behaviour of the density is O(I~!), the rescaled density differences L. have an
oscillating behaviour around L. = 0, and appear to have vanishing average if this is taken around
the trap center, suggesting that the actual correction to the LDA behaviour in this region is of an
higher order than O(I~1).

This argument, however, holds only for the region around the trap center, since the peaks at the
boundary of the fermionic cloud do not oscillate, and (as we will show) their corrections are more
relevant than O(I7!), being at a lower order. While our data is sufficient to state these results,
more data and a more advanced analysis will be required for a thorough analysis.

TSS at the Fermionic Cloud Boundary.| The dependence shown in (4.11) breaks down in prox-

imity of the boundaries of the fermionic cloud, where sizable differences between systems at differ-
ent [ start to arise in the peak heights, suggesting [~! is replaced, as leading behaviour, by a smaller
power of the parameter 1/i. This change in trap—size dependence is caused by the appearance of
critical modes related to the transition to the vacuum phase.

This phenomenon can be treated by adapting the TSS formalism at the dilute transition, shown
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in the previous section. p becomes 0 only asymptotically: however, due to the small deviations of
the simulation data p(z) with respect to the LDA results (which instead show a sharp transition)
the transition coordinate in the lattice may be approximately localized in the LDA transition point
2 defined by the condition jieq(z;) = (1 — (2¢/1)?) = (—2). The function peq(z) might be expanded
around this position.

zo=1\/n+2 ucﬁ(xNxt)—{u(fl”ﬂ =(-2)-2 u+2<x_l””t)+... (4.12)

The dilute—transition T'SS formalism may be applied to describe the anomalous behaviour at z =
x4, but with a (locally) linear confining potential, i. e. p = 1. The TSS ansatz may be applied at
first to the model density p(x), and we must take the scaling exponents of the low—density effective
theory (4.4): the Trap Exponent ¢ and the expected scaling become (as implied by (3.9) and (3.18),
knowing dim(U) = dim(n) = 1 and dim(G,,) = dim(px) = 2 in this theory)

(4.13)

— 1
>~ =17C. 0 (220 Ky __r _-
plx = xy) t ( TS ¢ Pty 3

While in the previous section U was a marginal parameter, invariant under rescaling, in the low—
density effective theory U is relevant, and the rescaled interaction strength U, = (‘U will appear
in the scaling functions. Y = I=¢(x — z;) is taken as rescaled coordinate since, due to the definition
of trap exponent in (3.5), the dominant modes in proximity of the transition will have a correlation
length scale ¢ ~ IS. We note that x; varies even at fixed N/I since it depends linearly on .

This scaling behaviour (for both density and coordinate rescaling) is confirmed by the plots in
Figure 4.12, where the numerical density datasets converge if rescaled following (4.13) and in
terms of the rescaled coordinate Y. We must note that in these plots we compare datasets at
constant N/l and U, which in general would not guarantee the satisfaction of the scaling behaviour
(4.13) (this appears when data at the same U, are compared). Since the available data did not allow
comparison between data at constant U, comparisons at constant U were done.

The error in doing this should be small, since the chosen values of | would induce only small
changes in the U, needed for comparison: instead of comparing data at the same U they should be
at (U V22U, /30 ), and therefore the difference between the needed interactions and the used ones
is very small. As can be seen comparing the U = 1.0 and the U = 2.0 data, a slight change in the
interaction strength would produce only a small change in the obtained data, and therefore the
plotted data should show the scaling behaviour (4.13) anyway.

This argument explains the good convergence in proximity of the transition point Y = 0, which
gradually breaks down (along with the validity of (4.13)) away from the transition point. While
our results cannot be taken as rigorous results to prove the scaling behaviour, they are a good
qualitative proof of it, since the datasets wouldn’t be very different considering constant U, instead
of constant U.

In Figure 4.13 the scaling behaviour (4.13) is tested on the Ap function, the difference between
the density and the LDA results. Again, data has been compared at constant U, and therefore the
scaling behaviour cannot be rigorously proven: however, as can be seen from the plot, the small
differences in the required U, for the optimal plot allows to see the expected scaling behaviour
is followed well (again, while our results cannot be a rigorous proof of (4.13), they are a good
qualitative proof of it, for the same reasons outlined earlier).

The small magnitude of the deviations in peak heights and positions for varying [ (likely caused by
the choice of constant U rather than constant U,) imply good accuracy of (respectively) the scaling
behaviour of the quantity Ap(x = x;) and of the coordinate (z —z;). As both the numerical data and
the density differences follow this scaling behaviour, the LDA density p“P* will show the scaling
behaviour (4.13) on its own as well. As previously, the scaling behaviour (4.13) begins to fail far
enough from the transition point.
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Figure 4.10: Rescaled Deviations from the LDA around the Trap Center, U = 1.0.
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Figure 4.11: Rescaled Deviations from the LDA around the Trap Center, U = 2.0.
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Figure 4.12: Rescaled Density at the Fermionic Cloud Boundary.



CHAPTER 4. RESULTS

0.2

0.15

0.1
0.05

|13 *Ap

-0.05

0.2

0.15

0.1

Figure 4.13:

U=1 Ni=1

=30

-3 % (x - x)
U=1,Nl=1/2
| = 60

=13 # (3 - )

U=1, NI=1/3

| =90

I3 (- )

[REE *ﬂlﬂ

|3 % ﬂp

0.2

U=2 Nl=1

0.15

0.1

0.05

-0.05

3

=N =]

| =30

0.2

[-13 (5 - 3)

U=2 NlI=1/2

0.15

SO

0.05

= P
[=N=]

60

0.2

=52 # (3 - )

U=2 NI=1/3

0.15 -

| =90

I=U% # (3 - 3gp)

Rescaled Deviations from the LDA at the Fermionic Cloud Boundary.




Conclusions

In the present work, we study the behaviour of a one-dimensional, unpolarized fermionic system
with repulsive interactions, described by the Hubbard Model, in the presence of a harmonic con-
fining potential: this description can be applied to study systems of cold fermionic atoms in optical
lattices, to keep into account the effects of the trapping potential in the experimental setup. Our
analysis can be generalized to the case of any power—law potential V' (x) = (z/1)P.

In particular, we study the corrections to the behaviour predicted by the LDA method, commonly
employed to describe these inhomogeneous systems: this method consists in approximating the be-
haviour of a confined system using the y—dependent behaviour of the homogeneous system in terms
of a position—dependent chemical potential p.(x). We analyze the structure of these corrections
and their dependence on the trap size [ in the large—{ limit, by means of the T'SS framework.

At first, the behaviour of the homogeneous Hubbard Model, instrumental to compute the LDA
results, is determined applying the Bethe Ansatz method, which leads to integral equations, solved
numerically to find the density of the homogeneous model, as a function of the chemical potential.
We then use this result to determine, in the LDA, the spatial density p(x) of a confined system.

In a confined system, density is highest in the center of the trap and decreases for increasing
distance from it. The LDA predicts the coexistence, for high enough density, of insulating and
conducting phases in the confined system. We use the LDA results to compute the boundaries of
the fermionic cloud inside the trapped system.

In order to study the validity of the LDA and to determine the nature of the corrections to this
approximation, we compare its predictions with numerical simulation data for a trapped Hubbard
system, at fixed N/l and increasing trap size I. In the large—/ limit at constant chemical poten-
tial (that is, at fixed N/, since the two quantities are linked at least asymptotically in the LDA
approximation) the corrections show two different behaviours, in different regions of the confined
system.

¢ Around the trap center, the corrections Ap = (p"“P*(z/l) — p(z/l)) to the LDA behaviour
are O(I~!). The rescaled density differences (/- Ap) have an oscillating behaviour around
(IAp) = 0, suggesting that the corrections to the LDA behaviour might be of higher order
than O(I71), if the average is computed around the trap center. The oscillation amplitudes of
the corrections also decrease for increasing fermionic interaction strength U.

<& The behaviour of the fermionic density differs away from the trap center, close to the bound-
ary of the fermionic cloud, showing larger corrections to the LDA results. This new scaling
behaviour can be interpreted as due to the appearance of modes correlated to the transition
to the p = 0 phase. This behaviour is described within the TSS framework associated with
an effective linear confining potential around the fermionic cloud boundary. The resulting
scaling law is

_ r — X .
p=1 1/3Lt< ll/gt,l1/3U> (4.14)

where z; is the coordinate calculated as the transition point to p = 0 in the LDA. This be-
haviour is substantially confirmed by the analysis of the data up to [ = 90.
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More data and a more detailed analysis will be required for a thorough study of the structure of
the corrections to the LDA, leaving it to a further work.

We also study the large—! regime at fixed particle number N. In this case the density and the
density—density correlation function show a TSS behaviour with trap exponent 6 = 1/2. We show
that a nontrivial TSS behaviour is obtained by keeping U, = Ul’ fixed in the limit of large trap
size. The U, = 0 and U, — +oo TSS behaviours correspond to those of, respectively, a (1/2)-Spin
noninteracting Fermi gas of N particles and a spinless noninteracting Fermi gas of IV particles.
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