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Abstract

This thesis focuses on the one-dimensional Hubbard model, considering
both dynamical response functions and also particular entanglement mea-

sures of highly excited eigenstates.

In Chapter 2 we discuss how to describe the optical conductivity at finite
energy scales. In order to calculate the dynamical response of this in-
teracting system, it is necessary to go beyond the conventional Luttinger
liquid picture. Using mobile impurity models and integrability we make

quantitative predictions which can be compared with numerics.

In Chapter 3, we investigate the existence of the so-called “quantum dis-
entangled liquid” (QDL) in the same system. The diagnostic for the
QDL involves understanding the bipartite entanglement entropy of highly
excited eigenstates. Here we use results from integrability and strong-
coupling expansions to argue that such a state of matter is realised in the

Hubbard chain in a specific sense.



Acknowledgements

I unreservedly thank Professor Fabian Essler for his guidance over the
past 4 —e years. His keen physical insight and formidable technical ability
have been immensely valuable in supporting and challenging me and my
understanding of the field. He is patient, generous, and caring; I could

not have asked for more in a supervisor.

I also want to thank the other faculty for guiding me, most notably Pro-
fessor Steve Simon for broadening my understanding of physics, and Pro-

fessor John Chalker for his sage advice and kind words.

I have been extremely fortunate to share my time in Oxford with a
uniquely friendly and talented set of individuals who have taught me so
much, including Adam Nahum, Curt von Keyserlingk, Neil Robinson,
Dima Kovrizhin, and Yuri van Nieuwkerk. Further thanks are also due
to those who have had the peculiar misfortune of sharing an office with
me: Bruno Bertini, Richard Fern, Stefan Groha, Fenner Harper, and the

long-suffering Dillon Liu.

Deep thanks to Benjamin Yadin, who is still excited to discuss physics
with me after eight years, and has been a reliable and genuine friend

throughout our undergraduate and graduate studies.

My time in Oxford has also been enriched by sharing special moments of
quiet reflection in the mountains. I am especially grateful to Tim Crothers,

Andy Howell, and Matt Titterington for sharing those with me.

I am indebted to my parents and sister for always being available for

support and encouragement in all that I do.

Finally, Anna Sonley has been unerringly kind, patient, and thoughtful;
for this, and for everything else, thank you.

i



Contents

1 Introduction

1.1
1.2
1.3
1.4

1.5

1.6
1.7

Quasi-one-dimensional systems . . . . ... ... ... ... ... ..
Integrability . . . . . . . . .
Luttinger liquids and bosonisation . . . . . . . ... .. ... ... ..
Non-linear Luttinger liquids and mobile impurity models . . . . . . .
1.4.1 Resolution . . . . . . . ... ...
The Hubbard Chain . . . . . . . ... .. .. ... ... .......
1.5.1 Exact solution of the Hubbard model . . . . . . . .. .. ...
1.5.2  String hypothesis . . . . . . . .. ...
1.5.3 Bosonisation of the Hubbard model . . . . . . . ... .. ...
Relaxation of quantum many-body systems . . . . . . . .. ... ...
This thesis . . . . . . . . .

2 Optical conductivity in the Hubbard chain

2.1
2.2

2.3

2.4
2.5
2.6
2.A
2.B

Spectral representation of the current-current correlator . . . . . . .
Bethe Ansatz for the Hubbard model . . . . . . . ... ... .. ...
2.2.1 Excitations contributing to C’S) (t). o
2.2.2  Excitations contributing to C’ﬁ) (t). .o
2.2.3  Excitation thresholds at commensurate fillings . . . . . . . ..
Mobile impurity approach to threshold singularities . . . . . . . . ..
2.3.1 k-Athreshold in oM (w) . . .. ...
Comparison with numerical results . . . . . ... .. ... ... ...
Away from q=0 . . . . . . . ...
Summary and conclusions . . . ... ... ... L.
Velocities and Luttinger parameters in zero magnetic field . . . . . .
Bethe Ansatz results for k-A string . . . .. .. ... ... ... ...
2.B.1 Impurity densities . . . . . . . . ... ... L

il

N O W =

12
13
20
21
23
27
29
32

41
44



2.C

2.D

2.E

2.F

2.B.2 Relation between X — o X and the impurity densities . . . . 71

2.B.3 Simplifications for zero magnetic field . . . . . ... ... .. 71
Bethe Ansatz results for high-energy charge particle . . . . . . . . .. 73
2.C.1 Bethe Ansatz calculation . . . . . .. ... ... .. ... ... 73
2.C.2 Simplification for B—0 . . . . . . ... ... 75
Bethe Ansatz results for two high-energy charge hole excitations . . . 75
2.D.1 Zerofield . ... ... 76
Finite-size momentum spectrum . . . . . . . . .. ... 7
2.E.1 Mobile impurity model momentum spectrum . . . . . . . . .. 7
2.E.2 Bethe Ansatz calculation: high-energy charge particle . . . . . 78
Mobile impurity contributions to @ (w) . . . . ... ... 83
2.F.1 Threshold of the “particle-hole” continuum in c®(w) . . . . . 83
2.F.2 Threshold of the two-hole continuum in 0§2) (W) ..o 86

Quantum disentangled liquids in the half-filled Hubbard model 91

3.1

3.2

3.3

3.4
3.5
3.6

3.7
3.A

Eigenstates of the Hubbard Hamiltonian . . . . . . .. ... ... .. 93
3.1.1 Macro states at finite energy densities . . . . . . . . . ... .. 93
Typical vs atypical energy eigenstates . . . . . . .. .. .. ... ... 95
3.2.1 Thermal states in the Hubbard model . . . . . . . . . . . ... 95
3.2.2  Simple families of atypical finite entropy density states in the
Hubbard model . . . . . . .. ... ... ... ..., 97
3.2.3 Double occupancy for thermal vs atypical states . . . . . . .. 98
Particular atypical energy eigenstates: the “Heisenberg sector” . . . . 101
3.3.1 Microstates . . . . . ... ... 101
3.3.2 Macrostates. . . . . ... 102
Entanglement entropy of Heisenberg sector states . . . . . ... ... 103
Thermal states in the large-U limit . . . . . . ... .. ... .. ... 105
t/U-Expansion . . . . . ... ... 106
3.6.1 Heisenberg sector states in the t/U expansion . . . . ... .. 107
3.6.2  One spatial dimension . . . . . . .. ... ... ... ... .. 109
3.6.3 Quantum disentangled diagnostic . . . . .. .. ... ... .. 109
3.6.4 Entanglement entropy. . . . . . . .. ... 111
3.6.5 Higher dimensions D > 1. . . .. ... ... ... ....... 112
Conclusions . . . . . . . .. 114
Thermodynamic Bethe Ansatz equations . . . . . .. ... ... ... 115

v



3.B  Some inequalities for the total bond length of Heisenberg states
3.B.1 Omne Dimension . . . ... ... ... ... .. ... ......

3.B.2 Higher Dimensions . . . . ... ... .. ... .. .......

4 Concluding remarks



Chapter 1

Introduction

Spurred by the success of quantum mechanics in the early 20th century, theoretical
physicists turned to study many-body problems in earnest. Studying an enormous
number of degrees of freedom has a price: even ostensibly simple many-body quantum
systems are capable of collective behaviours which are qualitatively distinct from the
“fundamental” ingredients of the system. This is simultaneously the root of the diffi-
culty in studying quantum many-body systems, and also the source of the fascinating
variety of behaviour identified in both theory and experiment. An attempt to un-
derstand these complex behaviours throws the limitations of reductionism into sharp
relief[1] and instead guided theorists to embrace the idea that more is different[2].

When considering interacting systems of electrons, the basic components are the
same for insulators, metals, superconductors, quantum hall fluids, topological insula-
tors, magnets and much more, yet the resulting materials do not obviously betray their
common origin. Indeed, the vast range of phenomena observed in today’s condensed
matter laboratories may leave the graduate student feeling hopelessly overwhelmed
at the prospect of understanding even basic materials without resorting to numerical
methods directly simulating systems with a huge number of tunable parameters.

It is perhaps to great surprise (and solace) that despite this apparent complexity
there are ‘simple’ theoretical models which not only qualitatively reproduce real-world
behaviour, but can also offer a precise quantitative understanding in appropriate
regimes. The historical perspective on studying such models is that they are simple

enough to make meaningful statements, but not so simple that they fail to capture



the “important physics”. In many cases this can be understood more precisely in
terms of the renormalisation group (RG)[3]. The philosophy here is to integrate out
high-energy degrees of freedom in order to flow to an effective low-energy theory. In
this picture, the long-distance physics of a simple model which we can understand
and an intractable complicated model may flow to the same RG fixed point. The RG
is an astonishingly powerful theoretical tool when our model is at a critical point[4]
or in a particular scaling limit. In these cases the RG explains why simple models
can impressively describe the behaviour of ostensibly more complicated systems.

To be more concrete, the model to which we devote most of this thesis is precisely
one of these simplifications. In order to try to understand electrons hopping on a
lattice and interacting via Coloumb interactions, we introduce the one-band Hubbard

model, defined by the Hamiltonian

:—tz ZUJG+Uanan’ (1.1)

(ig),o
where the sum (ij) is over nearest neighbours on some bipartite lattice, t > 0 is
the hopping strength, and U > 0 is the repulsive on-site interaction. We have two
species of fermions with spin ¢ =t, |, represented by fermionic operators satisfying

0, {¢ '} = 0i 050, and

the canonical anticommutation relations {c,

1,0 ]o} 1,0 ]a

n;y = Z +Cio- Introduced by J. Hubbard [5], this is essentially the simplest model of
interacting electrons on a lattice that one could imagine, where only the bare essence
of the Coulomb interaction has been left intact. With U = 0, the electrons are free
and form two bands in momentum-space, describing a conductor when not completely
filled, and a band insulator otherwise.

At half-filling, the Hubbard model is capable of displaying Mott-insulating be-
haviour i.e. it can undergo a phase transition from a metal to an insulator which is
driven by electron-electron interactions as opposed to being insulating purely due to
Pauli exclusion. This can be understood intuitively: at U = 0, free fermions man-

ifestly describe a metallic ground state. For U/t — oo, any particle-hole excitation

must create a doubly-occupied site and therefore incur a penalty ~ U, indicating



that the system is insulating in nature. Deep in the Mott insulating phase the Fermi
surface is completely absent.

The Hubbard model also allows us to understand the origin of magnetic materi-
als as a result of Coulomb interactions[6] and exchange statistics of the underlying
electrons. As will be discussed in Chapter 3, at half-filling and large repulsive interac-
tions perturbation theory shows us that the effective low-energy description is given,

at leading order in t/U, by the antiferromagnetic spin-3 Heisenberg model[7]
At?
H=-—2> 88+, (1.2)

where the sum is over nearest-neighbour sites ¢, j. This model is particuarly notewor-
thy as it admits an exact solution in one spatial dimension[8], and has been the subject
of intense theoretical study. Higher order terms can be kept in this strong-coupling
expansion, corresponding to longer-range ring-exchange terms, and are suppressed by

further powers of t/U.

1.1 Quasi-one-dimensional systems

Whilst samples in the laboratory are conventionally three-dimensional, this does not
preclude one-dimensional physics from being observable in particular regimes. In such
a scenario we can meaningfully talk about quasi-one-dimensional systems. For the
sake of illustration, we can consider coupled spin chains comprising spin-S' represen-
tations of SU(2), forming a three-dimensional crystal with an intra-chain coupling Jj,

and inter-chain couplings J, < J| i.e.

H= J” Z [Si,j . Si+1,j] + JL Z [Si,j ' Sz,k] ) (13)

0J i,(j:k)
where the sum is over sites ¢ within a chain labelled by 7, and over chains k£ adjacent
to j, denoted by (j, k). At extremely low energies, we will probe the system on the
longest length scales and we expect the system to be dominated by three-dimensional
physics. However, if we probe the system on some energy scale w such that J, < w ~

J||, then we expect to have one-dimensional behaviour, where the three-dimensional
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physics can be accounted for perturbatively. On intermediate energy scales we will
observe some crossover regime between the one-dimensional and three-dimensional
physics. This “dimensional crossover” can be understood in terms of the RG flow of
inter-chain couplings[9].

In the past decade or so, experimental advances in cold atomic systems have made
it possible to realise one-dimensional physics in a purer sense than that above[10, 11].
These systems are sufficiently isolated that the time-evolution of the system is accu-
rately described by unitary dynamics. Some experiments have such fine control over
system parameters that they can even be used to directly address difficult theoretical
questions e.g. the stability of certain novel states of matter for numbers of particles
far beyond what is accessible via numerical techniques such as exact diagonalisation
(12, 13].

One-dimensional systems exhibit stark differences to their higher-dimensional coun-
terparts: the Mermin-Wagner theorem|[14] shows that in 1D isotropic spin-S Heisen-
berg models, there can be no ferromagnet or antiferromagnetic order at finite tem-
perature. More general comments by Hohenberg[15] lead one to the conclusion that
one-dimensional systems with local interactions cannot break continuous symmetries
at finite temperature. Fluctuations in one-dimensional systems are sufficiently strong
to melt what we might expect to be an ordered phase and we cannot construct a
consistent mean field theory. This means that the ground state of one-dimensional
systems are often in a liquid-like state i.e. there are quantum fluctuations on all
length scales. We say that a state possesses long-range order[16] if there exist local

operators O; and O; acting on sites ¢ and j respectively, such that

li—j|—o0
It may be that we find a scenario with power-law decay i.e. (O;0;) ~ |i—j|~%, where
there are fluctuations on all length scales. This scenario is known as quasi-long-range
order, and is often the “closest we can get” to long-range order in 1D. Understanding
the asymptotic (i.e. long-distance) behaviour of quantities such as (1.4) is crucial for

describing many experimental results in condensed matter systems.
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1.1.0.1 Measurement of quantum systems

Quantum mechanics is fundamentally a theory which describes the outcome of mea-
surements on some system[17]; and the role of experiment in both the validation of
theory and spurring new understanding and directions in research is difficult to over-
state. We therefore focus here on a few correlation functions which are experimentally
pertinent. As the theorist is best poised make statements about long-distance prop-
erties of systems, one often considers the asymptotic form of correlation functions of
local quantities. The joy of universality means that analytic results for correlations
functions from specific tractable models have a bearing on much more complicated
models within which calculation is formidable, impossible or both.

We therefore introduce a few common response functions; these quantitatively
describe the response of quantum systems to experimental probes, and there is a
long history of attempting to calculate these in interacting quantum systems|[18]. A
commonly considered response function in electronic systems is the spectral function,

defined by

Ak, w) = —%Re / " e > e oGS {c; (1), ch(0)}GS), (1.5)

0

where ag is the lattice spacing, gives information about the single-particle content
of a system, as well as being directly accessible via angle-resolved photo-emission
spectroscopy experiments[18]. Such measurements on quasi-one-dimensional organic
conductors (TTF-TCNQ) have been interpreted in terms of the spectral function for
the one-dimensional Hubbard model[19, 20].

One may also consider the density structure factor (DSF), which is defined by

S(q,w) = /daj/dtei(Wt_qx)(p(x,t)p(O,0)), (1.6)

where p(z,t) is the Heisenberg-picture operator corresponding to the density at posi-
tion z i.e. p(x) = c'(z)c(x). The DSF can be understood as the linear response to an
external field coupling to the density p, and is crucial to understanding Coulomb drag

experiments in quantum wires[21-24]. We will consider the behaviour of the DSF as



a case study of the Luttinger liquid and its failures as an effective field theory for
one-dimensional spinless fermionic systems in certain regimes. Analytical calculation
of response functions is generally a very difficult problem in interacting problems.
We devote Chapter 2 to considering the optical conductivity in the Hubbard chain.
The optical conductivity describes the linear response of a system upon the applica-
tion of an electric field, which couples to the charge degrees of freedom. The optical
conductivity in the Hubbard model at half-filling has been studied both analytically
and numerically[25]. In this case there is a field-theoretical limit where results can
be understood in terms of the Sine-Gordon model, a massive integrable theory which
lies outside of the scope of this thesis. We consider the optical conductivity away

from this particular limit.

1.2 Integrability

One-dimensional models are particularly peculiar in the sense that some of them
admit exact solutions. The name is perhaps slightly misleading: there is much
left unknown about exactly solvable models. The exact solution essentially offers
a tremendous reduction in the complexity of finding eigenstates of the system. In-
stead of having to diagonalise an exponentially large matrix (in the system size L),
one can instead solve O(L) algebraic equations. As is often the case, the reason be-
hind this reduction in complexity is intimately related to symmetry. Entire volumes
have been published with regard to the solution and study of integrable systems, and
we therefore refer the reader to these for a comprehensive account [26-30]. Although
a precise definition of quantum integrability is currently not agreed upon[31], one
of the most important features is the existence of an extensive number of local con-
served quantities. This is common to all of the integrable systems with which we
will concern ourselves. This large symmetry allows us to greatly simplify the task
of finding e.g. energy eigenvalues of the particular Hamiltonian. In the case of the
Heisenberg model, a priori one needs to find an eigenvalue of a 2% x 2F matrix. Yet

the exact solution via coordinate Bethe Ansatz reduces this to solving O(L) algebraic



equations. This is an enormous reduction of complexity, but still leaves many of the
properties of the system opaque due to the implicit nature of the solution.

Nature is not integrable: integrable models are extremely fine-tuned, and generic
perturbations violate integrability. Deviations from integrability can cause significant
changes in properties of the system: eigenvalues level statistics can change from
Poisson to Wigner-Dyson[32] and long-time relaxational behaviour may be described
by different statistical ensembles[33]. However, if we “weakly” break integrability, the
decay of quasiparticles can be parametrically slow[34] and many properties appear
the same within the given experimental resolution. In the problems we study, we will
generally avoid pursuing the extremely interesting question of what happens when

integrability is broken.

1.3 Luttinger liquids and bosonisation

In condensed matter physics, we are often interested in using effective models to
describe the long-wavelength behaviour of many-body systems. This behaviour is
important both due to its experimental relevance, and also as this is where universal
features are manifest. At criticality or in the scaling regime the renormalisation group
allows us to understand that various characteristics of the system are insensitive to
fine-tuning of microscopic parameters of our model.

In three-dimensional systems, we are familiar with the notion of the Fermi liquid[35,
36]. In the free-fermionic model, our ground state is a filled Fermi sea and the free
elections define infinitely long-lived particle excitations on top of this. Upon the ad-
dition of repulsive interactions the picture remains qualitatively similar: adding a
bare electron on top of the Fermi sea is no longer an eigenstate of the system. The
quasiparticle excitations are a “dressed” version of the bare electron with a finite
lifetime.

The state corresponding to the quasiparticle excitation must match in some basic
ways with the non-interacting eigenstates: it must be a superposition with the correct

charge and momentum. The overlap between the appropriate free excitation and the



quasi-particle, called the quasiparticle residue, is finite. Indeed, there is still a notion
of the Fermi surface in the interacting picture, and the lifetime of the quasiparticles
diverges as we approach the Fermi surface, as the quasiparticles become an ever-
better approximation to the free excitations. The Fermi liquid therefore leads us to
a universal description of a huge range of electronic systems in three dimensions.

One might hope that there is still a notion akin to the Fermi liquid in lower
dimensions, but for interacting spinful Fermions in one dimension the picture is fun-
damentally different. The generic existence of spin-charge separation demonstrates
that the quasiparticle excitations of the Landau Fermi liquid are inappropriate for
trying to understand one-dimensional systems: the excitations of the one-dimensional
system are not continuously related to the electrons of the non-interacting system,
even for arbitrarily weak perturbations.

In order to understand the picture that emerges in one-dimensional liquids we
turn to bosonisation[37-44]. In one dimension and at low energies, certain interacting
models of fermions can be mapped onto a non-interacting model of one-dimensional
bosons. The crucial assumption in this identification is the linearisation of the
fermionic dispersion relations. Following the arguments of Haldane, non-linearities
are formally irrelevant but will see how more recent results highlight that they are
nonetheless important for various quantities of interest.

We introduce the idea of bosonisation in the simplest possible way, where a partic-
ularly constructive approach can be found in Ref. [44]. Consider the one-dimensional
free fermionic Hamiltonian

H = —tz <c;cj+1 + c}HCj) + ;LZ c;cj, (1.7)
J J
which is trivially diagonalised for periodic boundary conditions by going to momen-

tum space i.e.

1 . 2mn
c(ky) = — gthniaoc. kp = —, 1.8
(kn) VI JZO j Tag (1.8)
H =" (k)e(k) [u— 2t cos kag) . (1.9)
k



Figure 1.1: Linearised spectrum for a low-lying excited state in the tight-binding
chain of (1.7). The curved arrows indicate particle-hole excitations on top of the
filled Fermi sea.

The ground state of this Hamiltonian is given by a Fermi sea where we have filled up

to momentum kp i.e.

Gs)= 1] ®lo),
K| <k (1.10)
coskpag = ﬁ.
2t

The low-energy excitations above the ground state correspond to particle-hole ex-
citations about the Fermi sea. If we wish to describe low-energy properties of the
system, we can approximate this by two linear dispersion relations centred on the

Fermi points, giving us an effective Hamiltonian of the form
Heg ~ ZCLRcthp(k —kp) — chz,Lck,L(k + kp). (1.11)

k k

This is graphically shown in Fig. 1.1. The canonical partition function for this system,

where we have subtracted the ground-state energy is given by

, (1.12)

annonical = [i ZnP(”)
n=0
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_Byp2m
where z = ¢ 7" Te0 and P(n) is the partition of the integer n. The linearisation has
introduced an enormous degeneracy as the energy of a branch is completely specified
by its total momentum. It is simple to verify that the generating function of the

partitions of the integers satisfies [45]

(e 9]

S 2 P(n) = Hﬁ, (1.13)

n=1
which, as all energies are positive i.e. 0 < z < 1 allows us to cast

00 2

annonical = [H (1 + zn + 2271 + . )

n=1

(1.14)

This is very suggestive of a bosonic representation of the same system i.e.

_ 2mop i t
Hbosonic — I Z n <bnbn + b—nb—n> 5 (115)

a,
0 n>0

which will, by construction, reproduce the correct partition function. These bosonic
modes are precisely the particle-hole excitations. The bosonisation identities take this
further and, more than just an equivalence of the partition functions, it is possible
to actually establish an equality of operators on the Hilbert space[44]. If we split off
the modes at the right and left Fermi points, we can write the fermionic annihilation
operator as

¢; ~ v/ag (R(z)e™ " + L(z)e*r) T = jag (1.16)

where R(z) and L(z) are slowly-varying fermionic modes about the right and left
Fermi points respectively. The bosonisation identities[44] establish that there is a

precise mapping between fermionic fields and bosonic fields

R(z) = _n e’i‘/‘gg"’%(w), L(x) = 1 __piVimer() (1.17)

N \/27'('0,0

where the bosonic fields satisfy the commutation relations

[or(z), pr(a)] = isign(ﬂf — ') = =lpw(x), pr(a)]. (1.18)

The factors n and 7 are so-called Klein factors and enforce anti-commutation relations

between L(x) and R(x) by obeying the algebra {n,7} = 0, n* = 7> = 1. The bosonic
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fields pgr(z) and ¢ (z) admit the mode expansion in terms of bosonic modes £,
satisfying [8,,, B1,] = 0nm. given by

ikn(:v—vt) + B;rle—ikn(ac—vt)} :

(1.19)

1
(Ut 4 iL’) + Z [B— —ikn (z4vt) _|_ ﬁT thn( x+vt)] ’

where [Q, P] =i = [Q, P]. In terms of the bosonic fields, we can write the effective

low-energy Hamiltonian, retaining only the most relevant terms, as

Hep = %F dz [(0,9)® + (0,0)] (1.20)

where ® = ¢y + pgr, © = g — ¢r. It is a simple exercise to verify that the mode
expansion allows one to calculate free fermionic correlation functions using the boson-
isation identity (1.17).

The point of all of this is that the free-fermionic theory can be expressed in
terms of a bosonic theory and the correlation functions of the fermionic theory can
be expressed as correlations of bosonic fields. The utility lies in the fact that the
truth of these statements extends even beyond the free regime, and this is the notion
behind the picture of the Luttinger liquid as a universal description of the low-energy
physics of one-dimensional critical systems[46]. Interactions that would be quartic
in the fermionic degrees of freedom are quadratic in the bosonic degrees of freedom,
meaning that the effective Hamiltonian is, remarkably, still simple to diagonalise in
terms of the bosonic modes! We will see later that by bosonising additional interaction
terms, we can perturbatively identify parameters in the Luttinger liquid Hamiltonian

which simply act to renormalise couplings in the free theory i.e.
v 1 ) 2

For stronger interactions, if still in the gapless Luttinger liquid phase, we can fix v and
K by comparing the finite-size spectra for exactly solvable models. This technique
will generalise as a way to fix parameters for calculations beyond the simple linear

Luttinger liquid regime.
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The calculation of simple correlation functions now reduces to a textbook exercise.
Among other things, we can see that there is no Migdal discontinuity for the Luttinger
liquid, which is crucial in developing the Landau Fermi liquid[47], and demonstrates

the different nature of the one-dimensional case.

1.4 Non-linear Luttinger liquids and mobile impu-
rity models

The Luttinger liquid allows us to say a lot about the low-energy physics of interacting
models due to the linearisation of the spectrum. This simplicity is also the root
of many problems in the Luttinger liquid. Haldane showed that curvature of the
fermionic dispersion relation does not alter the leading asymptotic behaviour of the
equal-time fermionic propagator G(z,0)[46, 48].

In Landau’s Fermi liquid picture, we start from non-interacting particles with
an infinite lifetime. Upon the addition of interactions, we can calculate the self-
energy via perturbation theory. The excitations of the original picture acquire a finite
lifetime perturbatively: the single-particle Greens function broadens from having a
sharp delta-function peak to having some finite width. One is therefore tempted to
proceed analogously in one dimension, including interactions perturbatively. If we
consider the DSF, the curvature of non-interacting fermions has drastic consequences
in the perturbation theory: a generic density-density interaction leads to logarithmic
divergences at the threshold energy[49] at leading order in the perturbation expansion.
Conventionally, the appearance of such divergences is cured by resummation of some
subsequence of diagrams to all orders in perturbation theory. This is a difficult task
in general, and it is worthwhile to consider the kinematics of the situation, as we will
see in Section 1.4.1. In short, a deep hole producing a divergence due to particles
scattering near the Fermi surface, is essentially the same physics as the Fermi edge
singularity[41, 50-52], except here the impurity is not static. This does not destroy
the singularity, and following this techniques through gives a precise understanding

of the singular behaviour at the threshold.
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In the Luttinger liquid theory the curvature term is formally irrelevant, corre-
sponding to an interaction between the bosonic modes. One may therefore attempt
to include the curvature terms perturbatively in the free bosonic picture[53]. This
is plagued with singularities at the mass shell w = vq due to the highly degenerate
nature of all bosonic states with the same momentum, which is a direct consequence
of the linear dispersion. Far away from the mass shell, this can be understood in
perturbation theory[54], but near the threshold this is not applicable. At a finite
energy scale formally irrelevant terms have not flowed to zero and therefore have a
finite coupling which gives rise to infrared singularities in perturbation theory near
the threshold.

We therefore wish to understand the behaviour of one-dimensional quantum lig-
uids beyond the linear regime. We know from exactly solvable models and perturba-
tion theory of non-interacting fermions that spin-charge separate continues to exist
even in the presence of curvature, but understanding the interacting problem with
curvature within perturbation theory is extremely difficult. Whilst the linear Lut-
tinger liquid is tremendously useful for describing static properties of a huge number
of one-dimensional systems, it fails to make sensible predictions for dynamical quan-
tities that are difficult to account for in perturbation theory. Indeed, in the XXZ
model, the linear Luttinger liquid fails to correctly predict transverse spin structure

factors in the non-interacting limit[55, 56].

1.4.1 Resolution

In this section, we will follow the treatment of Ref. [56] to understand explicitly
how the mobile impurity model arises in the simplest scenario. To be concrete, we

introduce the interacting fermionic model

L L
H = —tz (C;Cj-i-l + C;L-+1Cj> + tAZ TNy NGy (122)
j=1 j=1

where the colons indicate normal-ordering of the operatorsi.e. : n; := n;—(GS|n;|GS),

and we take periodic boundary conditions i.e. ¢p41 = ¢;. We are considering the case
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of spinless fermions: this benefits from the constructive nature of the solution, which
is less forthcoming in the case of spinful fermions. We consider this at some filling
where the non-interacting ground state is defined by Fermi momentum kg.

We wish to understand the DSF of (1.6) for spinless fermions in one dimension,

which we reiterate is defined by

S(q,w) = /d:v/dtei(m_q”)@T(:ﬁ,t)c(x,t)cT(O,O)c(O,O». (1.23)

We first consider free fermions (A = 0) and the case of half-filling i.e the ground state

is a filled Fermi sea up to the Fermi momentum kr = 7. In this case, it follows from

an elementary calculation that the DSF is given by[57]

O(w — 2sinq)f(4sing/2 — w)
V/ (4sing/2)? — w?

that is, for slices of fixed momentum ¢, the DSF has finite support at the lower edge

S(g>0,w>0)=

, (1.24)

of which is a step and at the upper edge there is a power-law singularity (square root),
and the power does not depend on the momentum. The form of the DSF' is shown in
Fig. 1.2.

The existence of a threshold is a consequence of the topology of the Fermi surface
in one dimension. Having only two points means that for a large range of momenta we
cannot connect the Fermi points, unlike in two dimensions where for any wavevector q
such that |q| < 2kp, we can always construct particle-hole excitations with arbitrarily
small energy, as shown in Fig. 1.3. Although the free-fermionic picture is simple, we
note that the kinematics of excitations at the lower threshold are of a remarkably
simple nature, and this will remain true in the interacting picture. The lower threshold
in the non-interacting picture is made up of one deep hole that traces the dispersion
from kr through to —kpr and has a particle excitation at the Fermi surface! Upon
adding interactions the picture does change, but some of the highlighted aspects
remain the same. A threshold still exists, but we will find that the behaviour at the

threshold depends on the momentum in a non-trivial way.

'Due to the particle-hole symmetric nature of the filling we have considered, we must also take
the case of the high-energy particle and the low-energy hole.
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Figure 1.2: Plot of the DSF for the tight-binding chain found in (1.24). The shaded
region in the left figure indicates the region of support of the DSF. The right figure
shows the form of the DSF for a cut at fixed momentum ¢*. Singular behaviour can
be observed at the thresholds, both of which will be modified by interactions.

=

Figure 1.3: Creating a low-energy particle-hole excitation with momentum |q| <
2kp in the 2D free fermion theory compared with a particle-hole excitation with
momentum ¢ in the 1D free fermion theory.
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If we consider the spectral representation of the DSF, we have
2
S(g.w) = 2m)?* Y |l Y- (Pu+ We®)|GS) | 3w = B)Slg— P) (1:25)
n k

where we have resolved over a complete set of energy eigenstates |n) with energy £,
and momentum F,. The constraints on the eigenstates |n) appearing in the sum are
two-fold: firstly, we can only make particle-hole excitations, as the Hamiltonian still
commutes with total fermion number. Second, momentum is still a good quantum
number, and hence we are only considering particle-hole excitations with a particular
net momentum.

For zero interaction, the excited states contributing near the threshold consist
of a single high-energy fermionic excitation and a hole at the Fermi surface. Upon
the addition of interactions, we can think of this as being dressed by particle-hole
excitations. These must be particle-hole excitations, due to the number-conserving
nature of the Hamiltonian. Indeed, the kinematics at the threshold are of the same
sort as the non-interacting case: we have a “deep hole” contributing an O(1) term to
the energy, and then a superposition of particle-hole excitations on top of this which
contribute O(L~1) terms to the energy. These kinematics motivate the decomposition

of the Fermionic field, in analogy to the low-energy case, as
¢; = ag [¢* T R(x) + e T L(z) + ei(kF_Q)kwd(x)} . (1.26)

Here ¢ is the momentum at which we wish to resolve the DSF (1.25). This allows us

to identify the pertinent component of the density operator with
p(z) ~ e " R (x)d(z) + h.c., (1.27)

which will determine the correlation function we wish to evaluate in the field theory.
Using the operator identification (1.26), we can write the low-energy limit of the free

Hamiltonian in the form

Hinee = ivr / de [L1(2)0,L(x) — R ()0, R(2)] + / de d'(2) [eo (k) — iuo (k)] d(),
(1.28)
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where vp = 2tsinkp and we have set ay = 1 for notational simplicity. For the
impurity piece, we have eg = —2t cos k, ug = 2t sin k.

In such a case bosonisation is not necessary in order to understand the results, and
the DSF is easily shown to reproduce the step function onset at the appropriate energy.
Far away from the threshold this method fails to capture the correct behaviour because
the kinematics are not the same and the decomposition of (1.26) is inapplicable. Note
that in this case we find the same power-law behaviour as in the Luttinger liquid, and
the threshold is determined correctly by the dispersion relation of the impurity. We
will see that the addition of interactions leads to a change in the singular behaviour
at the threshold.

We now go beyond the free picture and consider small but non-zero A: we insert
the decomposition of the Fermi field into our Hamiltonian and bosonise the low-energy
modes at the Fermi points, this leads us to the mobile impurity model (MIM). The
free part remains the same as in the standard bosonisation case and when we include

the interaction piece the full Hamiltonian can be written as

H= g/dm {% (0,®) + K (9,0)
+ / dz d'(z) (e — iud,) d(z) (1.29)

+ / dz d'(2)d(x) [k10u0r, + KnOwor]

where we have neglected irrelevant terms and the renormalisation of the chemical

potential. At leading order in A, we can identify

A A
K =1— —sin(kp), v = (1 + — Sin(k;F)> UF,
s 7r
A A
€=¢p (1—|——sink:F> , U= U (1——sinkp> , (1.30)
s s
KL = ——4A sin? bk KR = ——4A sin? k= b
L m 2 R m 2

We can see that the Hamiltonian we have written down in (1.29) includes low-energy
modes, the impurity corresponding to the deep hole and a coupling between them. For

small interactions, we perturbatively control what the coupling constants are in the
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MIM. Away from small interactions, this picture is expected to still hold, but must be
considered phenomenological: alternative methods must be used to fix the coupling
constants. Within this effective model, correlation functions can be calculated, and
this is achieved via diagonalisation of this model in precisely the same manner as
used in the X-ray edge singularity problem [52, 58]. This corresponds to a unitary
transformation which can be understood as changing the boundary conditions of the
Luttinger Liquid’s bosonic fields when they pass the mobile impurity, defined by the

operator

U= = dthsﬂR(x)-WLWL($)]dT(ﬂ?)d($), (1.31)

which we use to transform the relevant terms in the Hamiltonian as
o) = Ugnt = on = 2 [ a'sign(e o) o)),

o7 (z) = UpU" = o + % /dx'sign(x —2/)d'(2")d(2), (1.32)

d(z) = UdU" = d(z)e!Omertinen) g~ 0h—7) [ de'sign(e—a)dl(@)d(")

This allows us to decouple the low-energy and impurity degrees of freedom by taking

()= (P ) (@) o

Combining these leaves us with the free Hamiltonian consisting of the sum of a low-
energy piece and an impurity piece, with renormalised impurity energy
v 1 0\2 0\2
H=-[dx ?(&3@) + K (0,0°)

2 (1.34)

+/dx5ﬁ(a:) (F—iud,) d(z) + ... ,
where € = e + Y (73 —11) + % [% (m51e)? 1 K (W)Z] + 5 (krYR — KLyL) and
u = u. Projection of the fermionic operators onto the effective degrees of freedom is
straightforward in this problem. Writing the density-density correlator in terms of
the bosonised degrees of freedom as in (1.27), employing the unitary transformation

allows us to calculate the onset at the threshold as a standard exercise in bosonisation,
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yielding

Sthresh(q’w) ~ (9<w — wL(q)) (w — WL(Q))” 5

1 1 oyr+y)\ 1 e =7\’
= K= 2) 41— _2) | -1
: 2[ (2 VA ) K( VA )] (1.35)
8A sin? (¢
_8Asin® (5)

™ U — Ug

O(A%),

~

This threshold singularity has been validated in numerical studies[56]. Here we con-
sidered the perturbative regime where A is small. In this case, we identified everything
to leading order in A. In principle one can continue to consider higher orders in A
by projecting operators onto the low-energy subspace? . However, from the Bethe
Ansatz, we know that the gapless phase extends for all |A| < 1, and we can use
a different scheme to identify the coupling constants. Here we outline the principle
that will allow us to calculate threshold exponents in generic Bethe Ansatz solvable
models.

The diagonal form of the transformed Hamiltonian allows us to write down the
finite-size excitation spectrum by using the mode expansion, leading to the so-called
“shifted conformal spectrum”, as the terms look very similar to that of the usual

conformal field theory, given by

2mv | 1 — 2 + 2
EZ@GSL+5(k>+T [g (%‘HM*’%) +K(QR_QL+%)

+ UM+ M)

=1

I

(1.36)
with ¢g, qr, M;", M, integers, corresponding to excitations at the right/left Fermi
points and particle-hole excitations around the right/left Fermi points respectively.
Due to the boundary-changing operator U, the boundary conditions of our conformal
fields now depend on the details of the mobile impurity sector. All of our unknown
coupling constants appear either implicitly or explicitly in the finite-size energy spec-

trum. In the case of an integrable model, we can actually calculate the finite-size

2 Indeed, in calculating the impurity propagator, we assumed that the impurity was long-lived,
and this is true in the case the integrable model which we chose. In the general case, we expect a
finite lifetime of the impurity to broaden the singularity[49].
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energy spectrum in the presence of the high-energy excitation. The high-energy exci-
tation determining the threshold corresponds to one of the elementary excitations in
the exact solution of the XXZ7 model. This then allows us to fix all of the parameters
and obtain exact results for the asymptotic form of correlation functions, and this is
the method we will use in Chapter 2.

Whilst we have only examined the case for spinless fermions, one might hope that
the phenomenology will be reproduced in the case of spinful fermions. In this case, the
Luttinger Liquid picture necessarily becomes more complicated: as mentioned before,
the spin and charge degrees of freedom acquire different velocities upon the addition of
even small interactions. The natural way to generalise this to the spin/charge case is
to employ refermionisation to consider the strongly interacting spin/charge fermions,
covered in Ref. [59]. The idea is then to tune the interactions between the spin/charge
fermions to a non-interacting point, called the Luther-Emery point. From here we
can then follow a similar perturbative construction to recover MIM physics in spinful

systems.

1.5 The Hubbard Chain

A few details of the Hubbard chain have been outlined, but now with greater context
we can say more. The motivation for writing it down was simply to capture the
physics of a system of spinful electrons with repulsive interactions by considering the
tight-binding chain with on-site repulsion. In higher dimensions, the Hubbard model
has been the focus of an astonishing amount of theoretical effort to understand the
phase diagram and correlation functions via approximate techniques.

However, with pioneering work on integrability and the Bethe Ansatz in the mid-
20th centuryl8, 60, 61], it came to be understood that the 1D Hubbard model admits
an exact solution. This allows us to make precise statements: the exact phase dia-
gram in 1D is known as a function of filling, magnetisation and the strength of the
interaction U. Notably, the Hubbard chain is a Mott insulator at half-filling for all

U > 0, undergoing a quantum phase transition at U = 0[26].
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1.5.1 Exact solution of the Hubbard model

While we will not provide a thorough derivation of the exact solution, which can
be found in Ref. [26], we will recapitulate the most important aspects. The Bethe
Ansatz was introduced in the context of the spin—% isotropic Heisenberg model in one
dimension[8]. In the ferromagnetic phase, the ground state (with maximal S?) is given
by the fully polarised state of spins i.e. |GS) = | --- 7). Translational invariance
leads us to construct one-particle states of the form [k) = —= Zle e*g7|GS). Impos-
ing periodic boundary conditions, this yields the quantisation condition k£ = 2“7” for
integer n such that 0 < n < L. At its most basic level, the Bethe Ansatz is a clever
generalisation of this plane-wave single spin-flip excitation to multi-particle states.
Using this ansatz, periodic boundary conditions lead to a more complicated set of
quantisation conditions: one finds a set of algebraic equations for the quasi-momenta
8, 29, 30], and every solution of these algebraic equations implicitly yields an eigen-
state. The main complication lies in the fact that, in contrast to the non-interacting
case, the quantisation conditions for each individual quasi-momentum depend on all
of the other quasi-momenta.

For spinless fermions (or equivalently Spin—% models which may be mapped onto
spinless fermions), the Bethe Ansatz in the form outlined above may be sufficient to
identify all of the eigenstates of the model. The Hubbard model, being comprised
of two species of fermions, is more complicated than this: it took until 1967 for
Yang to make a crucial contribution to so-called nested problems[60]. By using the
Bethe Ansatz, solving the eigenvalue problem for the Hubbard model is reduced to
a separate eigenvalue problem. This second eigenvalue problem can be solved by a
further application of the Bethe Ansatz in a generalised form. This highly non-trivial
work then permitted the exact solution of the one-dimensional Hubbard model, which

quickly followed[61]. The eigenstates of the one-dimensional Hubbard model with

periodic boundary conditions on a system of length L with N electrons, M of which
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are spin down, can be understood in terms of solutions of the Lieb-Wu equations[61]

Ao —sink; —iu
=1,....N
HAg—Slnk]+zu J o
N . . (1.37)
A —sink; —1u H m — 20U
11 (=1,....,M,

)\ + 2iu’

“ A —sink; +iu
m;éf

where u = &, These equations are to be solved for the rapidities {k;}, {\¢}.
terms of these rapidities, due to the nested nature of the problem, the eigenstates of
the Hubbard model are quite complicated, but we present them for completeness. A

particular wavefunction is specified by

N
Tpn) = D Yopon (@, 2n) [[ e, 10) - (1.38)

1<z <L j=1
The functions ¥ depend specifically on the ordering of the x;. We therefore choose a
specific permutation ) of the N elements such that 1 < zg, < ... <ag, < L. In

the sector @), the wavefunction is given by[62]

N
Vor,on (T15 -0, TN) = Z sign(PQ)e 2= 7" p(yy . yu| P), (1.39)
PeSn
where oy,...,00 = —1, opr41,. .., 058 = 1, and the amplitudes ¢(y1, ..., yu|P) are
given by
Sp(ylvayM|P Z A HFP ﬂlayl (140)
FESIM
The numbers yq,...,yy are defined to be the positions of the down spins in the
sequence oq, , ..., 0@, in increasing order i.e. 1 <y; <yo < ... <yy < N. For fixed

permutations P € Sy, m € Sy

y—1 . .
sin(kp,) — Aj +iu 1
Fp(A\i,y) = -
P y) (E sin(kp,) — \j +iu | \sin(kp,) —A\j —iu /)’
Ar, — An, H U
A = Am ~ Am T U
H ( )‘m - >‘7fk )

1<i<k<M

(1.41)

We refer the reader to Ref. [26] for a complete derivation and discussion of the wave-

functions. The form of the wavefunctions is not particularly illuminating; they consist
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of a sum over all permutations of the N rapidities k;, and so the wavefunction con-
tains N! terms with non-trivial weights in the sum. In terms of direct evaluation
of correlation functions, this large number of terms makes exact calculations in the
Hubbard model extremely difficult for generic quantities. We note that there do exist
techniques for evaluating form factors for particular local operators in integrable mod-
els such as the XXZ model, however generalisations to the Hubbard model or other
nested models are less well understood. A small number of quantities are simple in
terms of these rapidities. For example, the energy of a state is given in units of ¢ by

N
E = —QZcoskj+u(L—2N), (1.42)

j=1
where v = U/4t. This is similar to the free fermionic case except that now the k; can

be complex and are more difficult to solve for.

1.5.2 String hypothesis

The solution of the Lieb-Wu equations (1.37) for complex {k;} and {\,;} is generally
a very difficult task. The real solutions are very important, as these characterise the
ground state and a low-lying states in the gapless phase for U > 0. In terms of un-
derstanding all of the eigenstates, however, one must consider the complex solutions.

The solutions to the Lieb-Wu equations are self-conjugate[26], and so we can
consider negative imaginary part without loss of generality. It was noticed that certain
solutions tend to form particularly simple patterns in the complex plane[63]. If one
of the momenta k; has a negative imaginary part, then this must correspond to one
of the denominators in the product being exponentially close to a pole.

At the simplest level, this forces a relationship between two complex conjugate
ks and one A which lies on the real axis[63]. In more general terms, it is possible

to create a string combining 2m ks in the complex plane with m As to form a ‘k-A
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string’ of length 2m. This arrangement is given by the pattern[26]
k' = 7 — arcsin(A"" + miu),
k? = arcsin(A"" + (m — 2)iu),
Ko=m -k
(1.43)

k> 2 = arcsin(A'™ — (m — 2)iu),

2m—1 __ 2m—2
k =1—k ,

E*™ =7 — arcsin(A"" — miu),
AN =N 4 (m—2j+ Diu, j=1,....m.
Physically, the string solutions correspond to bound states of charge and spin excita-
tions, and exponential decay of these states as a function of distance can be explicitly
shown for simple cases[26]. Furthermore, there are bound states of spins which cor-
respond to m As forming a string in the complex plane, which are referred to as a
‘A string’ of length m. These have a configuration given by a regularly spaced roots

about the ‘real centre’ A™ i.e.
A = A"+ (m—2j+ Diu, j=1,...,m. (1.44)

As in the case of the k-A strings, these string solutions are exponentially close (in N)
to the actual solutions for large system sizes.

There exist certain proofs of the exactness as L. — oo in other Bethe Ansatz inte-
grable models [64], and numerical studies have shown that for small system sizes most
solutions of the Lieb-Wu equations are accurately described by string solutions[65].
It is possible to take the string hypothesis and re-express the Lieb-Wu equations
(1.37) in terms of string solutions alone. This has the advantage that instead of
considering solutions of the Lieb-Wu equations, which generally lie in the complex
plane, we can now consider a system of equations for the real centres of strings. The
so-called “Takahashi equations” are a massaged form of the logarithm of the Lieb-

Wu equations. Because of the multi-valued nature of the logarithm, we must choose
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integers/half-odd integers to fix a solution. It is possible to show that the string hy-
pothesis allows us, with the SO(4) symmetry of the Hubbard model, to construct 4%
linearly independent eigenstates and therefore the Bethe Ansatz provides a complete
set of energy eigenstates of the 1D Hubbard model[66].

As mentioned above: for large system sizes, the eigenstates of the repulsive Hub-
bard model can be expressed in terms of solutions of the Takahashi equations. These
equations are most conveniently expressed in terms of so-called counting functions.
Introducing a chemical potential i and magnetic field B in order to tune the filling
and magnetisation, we have that in the case of IV electrons, M of which are spin-down,

these are defined by

27;[ P Zze<smk ) ZZH(smk A’) =1 N—oM

n=1 a=1 n=1 a=1
n N—2M' oo Mm m
Ty ()i ie-(BT) e

orgm 1N /N k; < Mn A AT
) R (52)

j=1
+ 2Re[arcsin(A"" + niu)], a=1,...,M],

(1.45)

where u = U/4t, 0(x) = 2 arctan(x),

o () {e () + 26 (m) e 20 (i) £ () A
20 (5) +20 () + +29(zn 3) +0(5) n=m

(1.46)

and

=> n(M,+M,), M=> nM, (1.47)
n=1 n=1

The sets {1,}, {J}}, {J'} of integer or half-odd integer numbers correspond to charge
scattering states, A-strings of length n and k-A-strings of length 2n respectively. They
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specify the particular eigenstate under consideration and obey the “selection rules”

Z+31 it 3 (M, + M) odd L L
[jE . m , ——<IJ_
Z if > (M, + M) even 2 2’
Z if N — M, odd 1
I e o o 2] < S(N =20 — Ztnm
Z+ 5 it N — M, even
Z if L — N+ M/ odd 1
Jh e o M odd | < = L—N+2M’—ZtanT’n
Z+ 5 if L— N+ M) even 2 —
(1.48)

where t,,, = 2min(m,n) — d,,,. The energy and momentum, measured in units of

t =1, of an eigenstate characterised by the set of roots {k;, A%, A'f'} are given by

N—2M’ oo My,
E=— Z (2COSkj+,U+2u+B)+QBM+4ZZRG\/]_— (A5 + niu)? + Lu,
j=1 n=1 g=1
(1.49)
N—2M' oo My
P = Z k; —ZZ (2Rearcsin (A} 4 niu) — (n+ 1)w) | mod2m.  (1.50)
n=1 =1

As mentioned before, deviations from the string solutions are expected to be small
for large N, M. Although the Takahashi equations look formidable, the integers
associated with the counting functions allow us to determine all of the eigenstates. A

choice of the integers fixes a unique solution to the Takahashi equations.
1.5.2.1 Ground state

We consider the case where L is even, the total number of electrons Ngg is even and
the number of down spins Mgg is odd. The ground state is then obtained by choosing
the set {I;, Ji, J'§'} to be[26]

N, 1

]]:—_QGS _§+j, j:17"'7NGS7 (15]‘)
M, 1

Jl=— 205_§+a, a=1,..., Mgs. (1.52)

This configuration is shown for the example L = 16, Ngg = 2Mggs = 10 in Fig. 1.4.
As will become clear in Chapter 2, taking the thermodynamic limit of such a

configuration will allow us to understand the Takahashi equations in terms of linear
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Figure 1.4: Configuration of the integers for the ground state, explicit numbers given
are for L = 16, Ngg = 10, Mgs =5

integral equations. The finite-size corrections to the energy in the presence of a
high-energy excitation (also specified by certain configurations of the integers/half-
odd integers) will then allow us to fix parameters in the mobile impurity model.
This then permits a non-perturbative prediction for the functional form of threshold
singularities.

Whilst being interesting in the context of experimental systems, the Hubbard
model is somehow the parent of many other well-studied Hamiltonians in one dimen-
sion. In various limits one can obtain the Yang-Gaudin gas, the Heisenberg model,

and the sine-Gordon model.

1.5.3 Bosonisation of the Hubbard model

The bosonisation formulae can be generalised to the spinful case. In both cases we
wish to describe a low-energy theory in terms of the bosonic modes. Generically, the
fermionic operators live at all energies, which includes operators that live outside this
low-energy window. One can perturbatively integrate out the high-energy degrees of
freedom to project onto a low-energy space of fermionic operators. This will result in
higher harmonics of the bosonised fields with non-universal amplitudes for different
harmonics[67].

In the spinful case, we introduce bose fields for both the spin up and spin down
degrees of freedom 4, and ¢4/, corresponding to right- and left-movers respectively.
It will turn out to be useful to consider spin ¢, = ¢+ — ¢, and charge . = @1 + ¢

degrees of freedom. In terms of these, the generalised form of Haldane’s bosonisation
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identities[46, 48, 59] is
Cjo ™ \/% Z Fglc’rr)nAn’meikF(lf4nf2m)eféwc(x)féogos(;p)ei2n;rm<1>c(z)efio%<1>s(z)7 (153>
n,meZ

where kp is the Fermi momentum, F,(f,)n = N5 (MeTeMsT5)" (N575)™ are Klein factors,
A, are non-universal amplitudes, ®, = Qo + @Pa, On = Yo — Po. The fields satisfy

the commutation relations
[@n(x), Op(2")] = 4mida gsign(x — 2'). (1.54)

Applying this bosonisation formula to the Hubbard model in the gapless phase (below
half-filling) and retaining the most relevant terms allowed by symmetry leads to the

spin-charge separated two-component Luttinger liquid, given by|[26]

1 2 00,\>
2 e for [ () (%)

where the ellipsis signifies RG irrelevant terms. The velocities and Luttinger param-

TR (1.55)

a=cC,

eters are equal at U = 0, but when the interaction is non-vanishing the charge and
spin degrees of freedom acquire separate velocities. This demonstrates clearly how
the Fermi liquid fails in one dimension, as the emergent quasiparticles are of a distinct
character to those of the electron.

In the spinful case, although the fundamental fermionic degrees of freedom are not
a good way of describing the low-energy excitations of the interacting system, as made
manifest through charge-spin separation, we can define new fermionic operators via
the bosonisation formulae, corresponding to fermionic spin and charge excitations.
This procedure is known as refermionisation, and is also important in the general
construction of mobile impurity models[49, 59].

It is important to point out previous contributions to the application of mobile
impurity models to the Hubbard model. Ref. [68] considers the true threshold of the
spectral function in the Hubbard model, and Ref. [69] goes on to evaluate additional
singular contributions to the spectral function for fixed ¢ at higher energies. This

arises from excitations which can be identified from the exact solution at higher
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energies than the threshold and also give rise to sharp peaks in the spectral function.
Understanding the fine structure of the spectral function tells us about the real-time
dynamics at late times, which combined with tDMRG data allows the computation

of the spectral function at all energies[69].

1.6 Relaxation of quantum many-body systems

It is well understood[35, 70] that the equilibrium properties of a system with Hamilto-
nian H in contact with a reservoir at inverse temperature S is described by the Gibbs
ensemble, defined by the density matrix p = e ¥, It is interesting to ask to what
ensemble, if anything, large isolated systems relax, and what the transient behaviour
is.

We can understand this relaxational behaviour in the context of the cleanly defined
protocol of the quantum quench|71]. Here we take a local Hamiltonian with some
tunable parameter H(A) and initialise the system in its ground state |1, Ag). At
time ¢ = 0 we then rapidly change Ay — A such that |1, Ag) is not an eigenstate of

H(A). The time evolution is formally is given by

(1)) = e gy, Ag). (1.56)

If we consider a local observable? O, the task is to evaluate

Ostar = lim lim ((2)[O[(2)), (1.57)

—00 L—00

if the limit exists. The state |1y, Ag) generically corresponds to a superposition of
exponentially many (in L) highly excited eigenstates of H(A). This is a very difficult
problem to solve in general, as can be understood by resolving the identity in terms

of complete sets of energy eigenstates

Ospar = lim im 3 (g, Dolthn, A) (Y, Altho, Ao)e' EnE=En By, A|OJi)y, A).

(1.58)

3We consider only local observables, as a quantum many-body system can never relax as a whole.
This is simple to see if one considers sums of multiple projectors onto eigenstates, which trivially
fail to relax from (1.58), but generically correspond to non-local operators.
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This is generally a complicated quantity as the overlaps and form factors do not have a
simple known form for most models. Here we focus simply on what the limit is, rather
than the richer problem of explicitly evaluating the time evolution of observables.

We expect that if our state has a sufficiently narrow distribution of energies[72]
and the energy density is given by

1

€= th{)lo Z<¢0,A0|H(A)|1/JO,A0>7 (1.59)

that we can describe O, in terms of the microcanonical ensemble
Own=5 3 (WnAlOW.A) (1.60)
|Ep—Le|<SE
where the sum is over energy eigenstates [i,, A) of H(A) in the specified energy
window. Here, the small energy shell  E will include an exponential number of states
in the system size. Up to finite-size corrections, the microcanonical ensemble is equal
to the Gibbs ensemble p = e P taken at the inverse temperature 3 such that

. 1 Tr(e PHH)
T e ¢ (1.61)

The Gibbs ensemble can be understood as maximising entropy subject to the only
constraint a generic isolated quantum system has: conservation of energy.

However, the study of isolated systems has led to the identification of other
paradigms of relaxation. Integrable systems are an exception to the generic paradigm
outlined above. The conservation laws of integrable models severely constrain the
evolution and the system retains a memory of far more than just the energy density.
In integrable models, we therefore must have additional Lagrange multipliers for all
of the conserved quantities, leading to the picture of the generalised Gibbs ensemble
(GGE)[33, 73-77]. The generalised microcanonical[78] ensemble then corresponds to
a sum over states in a narrow shell of energy as well as the other conserved quantities,
and is locally equivalent to the GGE.

The other main exception to thermalisation are many-body localised (MBL)[79-
82] systems. These are believed to have a complete set of mutually commuting con-

served quantities, namely quasi-local Pauli operators[83-85] known as “I-bits”. As

30



well as not relaxing, MBL systems are different to integrable models in the sense that
they are not finely tuned.

It is not a priori clear how equations (1.58) and (1.60) should be equal. It is
believed that this can be understood via the Eigenstate Thermalisation Hypothesis[72,
87] (ETH). ETH reconciles this by asserting that expectation values of local operators
are smooth functions of the energy density. Alternatively, this can be understood
as saying that the microcanonical ensemble remains valid in its extreme limit of
including only a single eigenstate, as all terms in the sum (1.60) are approximately
equal. This picture that all many-body eigenstates of generic local Hamiltonians at
finite energy density are created equal naturally leads to the consideration of the
properties of individual eigenstates. Whilst generic systems are believed to obey
ETH, and integrable systems satisfy a suitably generalised version, MBL systems
obviously violate ETH. With this in mind, Ref. [86] introduces the notion of the so-
called “quantum disentangled liquid” (QDL). Heuristically, we consider a system of
both light and heavy degrees of freedom. We associate these with a mass scale m and
M respectively. In the limit of M/m — oo, the picture is simple: for any particular
eigenstate under consideration the heavy particles are literally pinned in place. The
heavy particles act as a quenched disorder potential for the light degrees of freedom.
We expect there to be a regime where the disorder potential is sufficiently strong that
the interacting light degrees of freedom can become many-body localised at finite
energy density. The main question posed is whether or not this localisation of the
light degrees of freedom ‘on’ the heavy degrees of freedom at finite energy density can
survive when M /m is large but finite. In order to identify this we observe that, in
contrast to generic systems, many-body localised eigenstates have area-law bipartite
entanglement entropy even at finite energy density.

Considering the entanglement of these eigenstates leads to a precise diagnostic of
such QDL behaviour via the entanglement entropy. If the heuristic picture adopted
above is correct then we can use the entanglement entropy to clarify the idea further.

The notion of ‘localisation on the heavy degrees of freedom’ is characterised by the
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bipartite entanglement entropy after a projective measurement of the heavy degrees
of freedom. We are now in a position to define the QDL diagnostic. We say that an
eigenstate possesses QDL if: we take a finite energy density eigenstate with volume-
law EE and, upon projectively measuring the heavy degrees of freedom, we are left
with a state with area-law EE describing the light degrees of freedom.

A simple model in which one might expect to be able to observe such behaviour
is the Hubbard model. In D = 1 integrability tells us that there is a notion of spin-
charge separation at finite energy densities. At half-filling and large U/t, the spinon
bandwidth is small, scaling as ~ /U, and the charge bandwidth scales as ~ t. We
therefore consider the spin degrees of freedom as heavy and the charge degrees of
freedom as light. This idea has been investigated numerically for small system sizes

in Ref. [88], and the results are consistent with the premise.

1.7 This thesis

The non-linear Luttinger liquid, as outlined above, is crucial for describing threshold
singularities in one-dimensional quantum liquids, where the Landau Fermi liquid fails
to capture even the qualitative physics correctly. Furthermore, the linear Luttinger
liquid fails to describe the quantitative singular behaviour at thresholds.

Motivated by the success of mobile impurity calculations, the work of Chapter 2
applies the idea to the scenario of the optical conductivity in the charge-spin sepa-
rated metallic regime of the one-dimensional Hubbard model. The work presented in
Chapter 2 appears in Ref. [89]. Here we use integrability to identify the elementary
excitations permitted by symmetry that can contribute at various energy scales, and
then apply this to the mobile impurity calculation to both guide our construction of
projected operators in the effective model, and in precisely fixing coupling constants
to determine the threshold behaviour of dynamical correlation functions. Here there
is no “true threshold” as the system is conducting below half-filling, meaning that
the optical conductivity has support at all w. Despite this support at all frequencies,

near half-filling there is nonetheless a remnant of the Mott-Hubbard gap: there is
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a parametrically large region of low spectral weight which is followed by a signifi-
cant increase in the value of the optical conductivity. This “threshold” we identify
corresponds to the support of a particular bound state excitation of the Hubbard
model which we cannot continuously connect to the non-interacting Luther-Emery
point as in [59], so here we must rely entirely on the phenomenological picture. The
calculation requires various non-trivial steps which are not present in previous non-
linear Luttinger liquid calculations. We show that the mobile impurity method is
applicable for breaking new ground in a quantitative understanding of complicated
response functions in particular models. The predictions of the onset of the optical
conductivity compare favourably with data from Ref. [90].

The work presented in Chapter 3 is heavily based on Ref. [91]. Here we attempt to
develop the idea that some notion of QDL behaviour can be observed in the Hubbard
model. We take two very different approaches to the problem to provide evidence
in support of a modified version of the QDL diagnostic. The first approach relies
on integrability. We identify an exponential number of eigenstates for which, up to
exponential accuracy in U/T at temperature T, the volume-law contribution to the
entanglement entropy can be identified as coming solely from the spin sector i.e. the
heavy degrees of freedom.

The other approach attempts to deal explicitly with eigenstates. Here we use a
strong-coupling expansion to examine the entanglement structure of eigenstates after
a measurement of the spin degrees of freedom. We find that in one dimension, within
the strong-coupling expansion the leading term has an extremely low entanglement
entropy. Furthermore, the structure of this low entanglement persists order-by-order
in the expansion and we are led to conclude that only non-perturbative corrections
could give rise to a volume-law contribution to the entanglement entropy. As this
approach does not rely on integrability, we are able to make some comments on the
Hubbard model on higher-dimensional bipartite lattices.

Finally, we close the thesis in Chapter 4 with remarks on what has been covered

and what lies ahead.
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Chapter 2

Optical conductivity in the
Hubbard chain

In this chapter we consider the optical conductivity in the one dimensional Hubbard
model in the metallic phase close to half filling. In this regime most of the spectral
weight is located at frequencies above an energy scale E,; that tends towards the op-
tical gap in the Mott insulating phase for vanishing doping. Using the Bethe Ansatz
we relate Eq, to thresholds of particular kinds of excitations in the Hubbard model.
We then employ a mobile impurity models to analyze the optical conductivity for
frequencies slightly above these thresholds. This entails generalising mobile impu-
rity models to excited states that are not highest weight with regards to the SU(2)
symmetries of the Hubbard chain, and that occur at a maximum of the impurity
dispersion.

Electron-electron interactions play a crucial role in determining the physical re-
sponse to external probes of various quasi-one-dimensional materials e.g. organic
semiconductors[92]. In order to successfully describe the mechanisms and excitations
responsible for distinct physical phenomena, it is imperative to have a microscopic
model capturing the essence of the physics involved; providing a framework within
which realistic physical systems may be interpreted. The one-dimensional Hubbard
model[26] offers an excellent theoretical laboratory in which a comprehensive micro-
scopic understanding of the origin of various behaviours can be developed. Here, we

consider the Hubbard model with a chemical potential ;+ and a magnetic field B which
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allow us to tune the filling and magnetisation respectively, which for completeness we

include as T .
H=—t Z Cit10Cio T CioCit1o T U Z n; 41 |
1,0 7

—H Z(”m + ni,i) - B Z(”m - ”u)

As noted in (1.55), the low-energy degrees of freedom in the metallic phase of the

(2.1)

Hubbard chain are described [26, 93, 94] by a (perturbed) spin-charge separated
Luttinger liquid [40, 41, 46, 48], with Hamiltonian

Vo ]_ a@CXQ a®a2
H_Zlfi_w/dx [E(ax) +Ka(8x>

The parameters K, v, can be calculated for the Hubbard model by solving a system

+ irrelevant operators. (2.2)

of linear integral equations (see Appendix 2.A). The Bose fields ®,(x) and dual fields
O, (x) obey the commutation relation (1.54). The spectrum of low-lying excitations
relative to the ground state for a large but finite system of length L in zero magnetic

field is given by [26, 93, 94]

210, | (AN,)? D\’ B
AE=""|""Y 49K (D.+=2) + NS +N
T | ar T Dot 5 ) F NN

, :(AN axy? o (2.3)

Vs s 9 s + —
S L Nf+N

7 5 + 5+ NN

Y

where AN,, D, and NT are integers or half-odd integers subject to the “selection

rules”

= AN, + AN, —; AN, mod 1, D, = A;VC

NfeNy, AN,€Z, D, mod 1. (2.4)

At low energies, correlation functions can be calculated from (2.2) and generically
exhibit singularities at the thresholds of the allowed collective spin and charge degrees
of freedom, with power-law exponents given in terms of the quantities AN,, D,,

N:I:

~, and K,. As discussed in Chapter 1, when working at a finite energy scale

RG irrelevant terms have a non-zero coupling and may (and in fact generically do)
significantly alter the predictions of the unperturbed Luttinger-liquid [54-56, 59, 68,
69, 95-115]. Over the last decade or so a fairly general method for taking into account
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the effects of certain irrelevant operators in the vicinities of kinematic thresholds
has been developed[49, 116]. The case of spin-charge separated Luttinger liquids
has very recently been revisited [59] in order to make it explicitly compatible with
exactly known properties of the Hubbard model. The essence of this approach is
that, when considering a response function, there are thresholds in the (k,w)-plane
that correspond to particular excitations. In integrable models, these excitations hold
privileged positions: they are stable (i.e. have infinite lifetimes) and can be identified
in terms of the exact solution. If the kinematics near the threshold are described by
a case in which small number of high-energy excitations carry most of the energy (in
the precise sense of up to corrections of O(L™')) then the problem becomes analogous
to that of the X-ray edge singularity problem for a mobile impurity [117].

In this work we employ mobile impurity methods to study the optical conductivity
L/2—1

L (W) = —ie? /0 "t 3" (GSI(), Jo(0))|GS),

I=—L/2

(o) = X

(2.5)

where J; is the density of the current operator

Jj = —it Z |:C;[7JC]~+17U — C;['—&-l,acj,a] ) (2.6)
In the Mott insulating phase of the Hubbard model the optical conductivity has
been previously determined [25, 118-121]: o7 (w) vanishes inside the optical gap 2A,
where A is the Mott gap. At frequencies w > 2A there is a sudden power-law onset
o1(w) ~ vw — 2A. Away from half-filling, the system is a metal and therefore has a
finite conductivity for all w, specifically acquiring a Drude peak[122, 123] at w = 0.
The low-frequency behaviour has been previously studied[124-126] in the framework
of Luttinger liquid theory, predicting w? behaviour for 0 < w < t. Close to half-filling
one expects most of the spectral weight in o;(w) to be located above an energy scale
E,p that tends to 2A as we approach half-filling. The scale E,p has been previously
correctly identified in Ref. [127]. In the same work it was conjectured that the optical

conductivity increases in a power-law fashion above Eyp

01(w) ~ (@ = Eopt)* O(w — Eop) (2.7)
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where ( is a real number which can be identified with a quantity that may be cal-
culated from the Bethe Ansatz. As we will see in the following, the mobile impurity
approach leads to a more complicated functional form. In the case where power-law
behaviour can be observed, we find that ¢ has a different formulation in terms of
Bethe Ansatz quantities to the predictions of Ref. [127].

The outline of this chapter is as follows. In Sec. 2.1, we consider the spectral
representation of the optical conductivity and identify the quantum numbers of the
states contributing non-zero spectral weight. In Sec. 2.2 we review the Bethe Ansatz
description of the ground state and construct the excited states considered in Sec. 2.1,
specifically identifying the thresholds of these continua. In Sec. 2.3 we calculate
the threshold/edge behaviour for the associated excitations via the mobile impurity
approach, fixing the coupling constants using the Bethe Ansatz to determine the

finite-size corrections to the energy in the presence of the high-energy excitation.

2.1 Spectral representation of the current-current
correlator

In considering the optical conductivity as defined in (2.5), the basic quantity of in-
terest is

(GS|Tj14(8)1;(0)|GS) = > (GS|Jjseln)(n| J;|GS)e Fn=Fas)t, (2.8)
where {|n)} constitute a complete set of energy eigenstates. To understand threshold
behaviours, we wish to identify the states contributing to this sum. A crucial insight to
this end are global continuous symmetries and their relation to the energy eigenstates
provided by the exact Bethe Ansatz solution[62, 66, 128-130]. In the case of zero

magnetic field and chemical potential, the Hubbard model possesses two independent
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SU(2) symmetries[26, 131, 132]:

L L L
Z chacir —clieiy), Z Cl1Ciy ST=) i
i=1 =1
L L L
Z CifCiy T chw D, n" = Z( 1)'c jicjw no= Z(_l)lcmczgv

1 =1

-.
Il

(2.9)
The S generate the well known spin rotational SU(2) symmetry, while the n* are
known as n-pairing generators. The Bethe Ansatz provides us with the lowest weight
states[62], which we denote by |LWS;m). Here m is a multi-index which labels all
distinct regular Bethe Ansatz states in the sense of Ref. [62]. The states are lowest-

weight with respect to the two SU(2) algebras in the sense that
n~|LWS;m) =0 = ST|LWS;m) . (2.10)

Each state | LWS;m) is defined on a system of length L and has a well-defined num-
ber of electrons N and z-component of spin S,. A complete basis of states is given
by {(n")F(S™)|LWS;m) | k=0,...,L — N; 1 =0,...,25%}. For the repulsive Hub-
bard model below half-filling, the ground state in zero magnetic field and finite chem-

ical potential is a spin singlet and a lowest-weight n-pairing state i.e.
ST|GS) = STGS) =77 |GS) = 0. (2.11)

Using the algebra defined in (2.9) it is readily verified that [n~,[n~,J;]] = 0 and

therefore for integer m > 0

(LWS:nl(n”) ™ J|GS) = (LWSsnl ()", J)|GS) = 80 (LWS; ™, J]IGS).
(2.12)
This shows that the only states that may have a non-zero overlap with J;|GS) are
lowest weight states | LWWS; m) or n-pairing descendant states of the form n*|LW.S; m),
which implies the expansion

Ji|GS) = (am| LWS;m) + by [LWS; m)) , (2.13)

m
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where ay,, by are complex coefficients. Substituting this into (2.8) provides further
constraints on the subset of energy eigenstates that may make non-vanishing contri-

butions to the correlator. The subset consists of
1. Lowest-weight states with Ngg electrons with S? = S% = 0;

2. States of the form n™|LWS; m), with |LWS; m) having Ngg — 2 electrons and
S? =57 =0.

Using that [H,n"] = —2un™ we can thus express the current-current correlator in the
form
Cu(l,t) = (GS|Jj+e(t)J;(0)|GS)

= (GS|Jje| LWS; m)(LWS; m|.J;|GS)e " Fm=Fas)t o1
™ 2.1

4 Z (GS|Jjen™ [LWS; m) (LWS; m|n~ J;|GS) o—i(Em—Egs—2u)t
- 2

The factor of (2nZ,)~" arises from the normalisation of the state n*|LWS, m). We

note that u < 0 and hence —2u is a positive energy shift. It is not obvious how to

understand the second term in the framework of a mobile impurity model. However,

using the lowest-weight property n~|GSS) = 0, we can rewrite (2.14) in the form

Cys(0.t) =Y (GS|Jje| LWS; m)(LWS; m| Jj| GS)e i (Fm—Fas)t

m

1 .
+> 5 (G|, n N LWS; m) (LWS; m [, Jj)|GS) e Fm=Fas =2t

2n
(2.15)

The main advantage of the representation (2.15) is that it only involves regular Bethe
Ansatz states, which can be constructed by standard methods. As we concern our-
selves only with the threshold behaviours of the optical conductivity, we need only
focus on the lower edges of the various excitation continua. As a consequence of
kinematic constraints and matrix-element effects, processes with a small number of
excitations above the ground state give the dominant contributions to response func-

tions. Defining

O; =", J;] = 2it(=1)" (¢jycjp1r + ¢jy1,1650) (2.16)
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we can recast (2.15) in the form

CJJ(€7 t) = Z ‘(GS’J] ’LWS’ m> ‘26_i(Em—EGS)t+iPmZ

+) 271511 [(GS|OI|LWS; m) [2ei(Bm=Eos=2wt+ilPm=mt — D (7 ) +- C5(0,1).

" (2.17)
Here the additional contribution to the momentum arises because acting with n*
shifts the momentum by 7. If the ground state contains /N fermions, the contribution
C’%) (¢,t) is proportional to 1/(L — N + 2), and can therefore be dropped in the
thermodynamic limit away from half filling. However, as we are interested in densities
close to one fermion per site it is useful to retain it in view of potential comparisons to
numerical results for finite-size systems. The optical conductivity can then be written
as

2
(&
o1(w) = %

22:2/_00 dt ¢ C3(4,1) — {w — —w}| = ia@(@. (2.18)

2.2 Bethe Ansatz for the Hubbard model

To gain further insight into the representation (2.17) we now construct the ground
state and low-lying excitations above it. We first calculate the energy of such ex-
citations in the thermodynamic limit. This will allow us to identify, on kinematic
grounds, which states within the manifold identified earlier are important with re-
spect to the threshold behaviours we aim to describe. We recapitulate some results
from Ref. [26] to allow a self-contained discussion. The eigenstates of the Hubbard
model can be expressed in terms of the roots of the Takahashi equations, as explained
in Section 1.5.2, and the ground state is exhibited in Section 1.5.2.1, upon which we
will build the excitations which can contribute to the optical conductivity. In the
previously established notation, we denote the ground state defined by the integers
of (1.52) by

GS) = |[LWS; {1}, {JL)). (2.19)
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2.2.0.1 Thermodynamic limit

On taking the thermodynamic limit at fixed density ngs and magnetisation mgg
the roots of the Takahashi equation corresponding to the choice of integers in (1.52)
become dense and we can describe the ground state in terms of root densities p.,

ps,0, Which satisfy linear integral equations|26]

1 A
peo(k) = 5, T cos k/ dAay(sink — A)pso(A), (2.20)
™ —A
Q A
peo(A) = / dk ay (A — sin k)peo(k) — / AN ap(A — M)pso(N).  (2.21)
-Q —A
Here a,(z) = %m and the integration boundaries () and A are determined by
Q A 1
/ dk’ pc,O(k) = ngs, / dA p570(A) = 5 (TLGS — 2mgs) . (222)
-Q —A

The energy density of the system is given to o(1) by[26]

@ dk
ces — /_ geeelh) (2.23)
where
A
co(k) = —2cosk — ji—2u— B + / dA a (sin k — A)z, (A), (2.24)
—A

es(A) =2B + /QQ dk coskay (A —sink)e (k) — /j dA"as(A — Neg(A).  (2.25)

The dressed energies e.(k) and e4(A) satisfy e.(£Q) = e5(+£A) = 0. The dressed

momenta are given by[26]

pe(k) =k + /_i dA po(A)0 (W) : (2.26)
pe(A) = / z dk peo(k)0 (@) - / i AN pyo(A)6 (A;UA/). (2.27)

2.2.1 Excitations contributing to Cg)(é,t).

We now turn to excited states that contribute to the spectral representation (2.17)
of C’J(? (¢,t). These are lowest weight states of the spin and n-pairing SU(2) algebras

with quantum numbers N = Ngg, M = Mgs.
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2.2.1.1 “Particle-hole” excitation with N = Ngg, M = Mgs.

Creating a particle-hole excitation in the charge degrees of freedom yields a state with
the same charge and spin quantum numbers as the ground state, but with a finite
momentum and energy difference. The (half-odd) integers for this type of excitation

are given by

_ Ngs+1 i+ O (—Naestl ;i Ih i =1,.... Naog — 1
I = SO (=TEE 4 )vJ_ e T (2.28)
TP 7 = Ngs
M, 1
J, = _%—i_ a, a=1,..., Mgs, (2'29>

where ©(z) = 1 for x > 0 and 0 otherwise. The arrangement for these integers is

shown in Fig. 2.1. This excitation is two-parametric and has an energy and momen-

Ncs—l h NGS 1

w —

*O—Q—O—H—O—O—O—Q—O—Q—Q—%O—O—O—>I €Z+1%

m\h
Mko
M\\I
m\c
M\w
k\)\»—l

MGS 1 Mcs 1

4¢—0—0—0—¢—>J1€Z

-2 -1

Figure 2.1: Configuration of the integers for the particle-hole excitation above the
ground state, explicit numbers given are for L = 16, Ngg = 10, Mgs = 5

tum of the form
E =egsL + e.(kP) — sc(kh) + o(1),
(2.30)
P = po(k?) — pe(k") + o(1),

_ 27th (kp) _ 2nIP

where the rapidities are determined by z.(k") = =, This forms a

continuum of excitations above the ground state, shown in Fig. 2.2.
2.2.1.2 “k-A string” excitation

We start by considering excitations with N = Ngg, M = Mgg involving a single
(“k-A string”) bound state. This excitation has been considered previously e.g. in
Section 7.7.2 of Ref. [26]. It involves having a single (half-odd) integer in the sector

corresponding to the set {J'.}. The lowest-energy bound state which can be created
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Particle-hole continuum for U = 8, n = 0.8

E — Legg

0 1 1 1 1 1 1
-1 -08 -0.6 -04 -0.2 0 02 04 06 0.8 1

p/m

Figure 2.2: Particle-hole excitation continuum above the ground state

comprises of two ks and one A forming a string pattern in the complex plane. The
Takahashi equations describe the real centres of these and other root patterns. The

case we consider is realised by the integer configuration

Ngs—2 1 ) )
IJ:_%_é_}_‘j’ jzlu)NGS_27 (231)
Masg—1 1
r]oléz_ G; _§+CY, 04:17"'7MGS_17 (232)
JL=J" B=1, (2.33)

which is displayed in Fig. 2.3. In the notations used above, we can denote this excited
state by |LWS;{L;},{J}}, {J’é}> We can again take the thermodynamic limit and
compare the energy of this excited state with that of the ground state. Following
similar manipulations to the case of the ground state energy, the O(1) corrections

can be calculated[26]. The energy is given by

E = Legs + €kA(Ap) + 0(1), (234)
where
Q
exa(A) = 4Rey/1 — (A —iu)? — 2p — 4u + / dkcosk ai(sink — A) e.(k). (2.35)
-Q
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Figure 2.3: Configuration of the integers for the k-A string excited state

The momentum is given by P = pya(AP), where

Q

pra(A) = —2Rearcsin (A" + iu) + / (2.36)

dk peo (k)0 <ﬂ> |
-Q

u
and A? is determined by z](AP) = % This form can be readily interpreted phys-
ically as a particle-like excitation above the ground state. The k-A string dispersion
describes the threshold of an excitation continuum obtained by adding e.g. particle-
hole excitations in the charge sector. The dispersion relation for this excitation and
the particle-hole continuum is shown in Fig. 2.4. The existence of such a continuum
at p = 0 is necessary to understand the problem within the mobile impurity approach

to threshold singularities.

2.2.2 Excitations contributing to C’g)(ﬂ,t).

We now turn to excited states that contribute to the spectral representation (2.17)
of C'J(? (¢,t). As we have re-expressed C’ﬁ) (¢,t) in terms of matrix elements of the
operator O]T- defined in (2.16), we will focus on excited states | LWS; m) that have non-
vanishing matrix elements (GS |(’)JT-|LWS ;m) # 0 These are lowest weight states of the
spin and 7n-pairing SU(2) algebras and their quantum numbers are N = Ngg—2, M =
Mas — 1. It is of course straightforward to translate back to excitations contributing
to the original spectral representation (2.14): all that is required is to act with 5! on

the states we discuss in the following.
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(a) Dispersion relation exa (A(p)) for the k-A string for various U and n. Each
curve has been shifted down by —2u.
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(b) k-A and charge particle-hole excitation continuum.

Figure 2.4: k-A string dispersion for various U and n, and particle-hole excitation
continuum above this for U = 8 n = 0.8. For small momenta, the k-A string
dispersion marks the lower edge of a continuum described by additional excitations
e.g. particle-hole excitations in the charge sector.
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2.2.2.1 “Particle-hole” excitation with N = Ngg — 2, M = M¢gs — 1.

The integer configuration for this type of excitation is given by

_Nes 4 ;4 @(=Nes L j_ Jh =1,...,Ngs — 3
Ij: 2 +J+ ( 2 +J )a ] ’ ) IVGS 7 (237)
17, J=Ngs —2
M
Ja:_ 2Gs+a7 0621,...,MG5'—]. : (238)

This is shown graphically in Fig. 2.5.
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Figure 2.5: Integer configuration for the particle-hole excitation, explicit numbers for
L =16, Ngs = 10, Mgs = 5.

In complete analogy to the previous case, the energy and momentum of this state

are given by
E = Legs + €c(k5p) - 8c(kh) + 0(1),

(2.39)
P = pe(k?) — pe(k") £ 2kp + o(1),
where k? and k" are determined by z.(k?) = £, 2 (k") = # The contribu-

tions £2kp arise from the asymmetry of the charge “Fermi sea”, leaving a choice of
two parity-related states. The continuum of excitations given by (2.39) is shown in
Fig. 2.6, and consists of the union of two copies of the continuum depicted in Fig. 2.2
shifted by +2kr respectively. We note that in order to make closer contact with the

spectral representation (2.17) we have shifted the momentum by .
2.2.2.2 “Two particle” excitation with N = Ngg — 2, M = M¢gs — 1.

A closely related type of excitation corresponds to the choice of (half-odd) integers

—Ras=t 4 j, j=1,...,Ngs—4
Iy =q 1™, J = Ngs =3, : (2.40)

12, J=DNgs—2
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“Particle hole” excitation continuum for U = 8, n = 0.8
4.5 T T T

E — Legg

Figure 2.6: Continuum for particle-hole excitation with momentum shifted for clarity.

M
Ja:—%—{—oj, OJ:L...,MGS_L (241)

Such a configuration is shown in Fig. 2.7 and can be thought of as involving two

particles associated with IP* and IP? respectively. The energy and momentum of this

Ngs—6 Ngs—4
1P —=ag 5= [p=
IjGZ

L

2

2
-2 -1 o0 1 2 3

NS

 Mgs—2 Mgs—2
2 2

e e L+l

3

_3 _ 1 3
2 2

[N
[N

Figure 2.7: Integer configuration for the particle-particle excitation, explicit numbers
for L = 16, NGS = 10, MGS = 5.

excitation are
E = Legs + e.(kP') + e.(kP?) + o(1),
(2.42)

P = p(kPY) + pe(kP?) £ 2kp + o(1),
with z.(kP?) = 22I* The continua corresponding to (2.42) are shown in Fig. 2.8. We

note that both possible choices £2kr have been taken into account, and we have again
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shifted the total momentum by 7 in order to make closer contact with the spectral

representation (2.17) of our correlator.

“Particle-particle” excitation continuum for U = 8, n = 0.8
1.4 . . .

1.2 e Al i

0.8 4

FE — Legg

04 + 4

0.2 + 4

0 1 1 1
-1 -0.5 0 0.5 1

(p—m)/m

Figure 2.8: Continuum for particle-particle excitation with momentum shifted for
clarity.

2.2.2.3 “Two hole” excitation with N = Ngg — 2, M = Mgs — 1.

Finally, we consider excitations characterised by the distribution of (half-odd) integers

N, N,
Jj:—ﬁ+j+®<—ﬁ+j—1hl>

2 2
Nes | . iw ;o 2.43
+ 0 _T+j—[ ) j_]-a"‘7NGS_27 ( )
M
Jo = — 2GS+057 05:17"'7MGS_17

which is displayed in Fig. 2.9. We see that these states can be viewed as involving
two holes associated with I"* and I"? respectively. The energy and momentum of

this excitation are given by
E = LGGS — &?c(khl) — €C(l€h2) + 0(1),
(2.44)
P = —p. (k") — p.(k") £ 2kp + o(1),
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Figure 2.9: Integer configuration for two hole excited state, explicit numbers for
L =16, Ngs = 10, Meg = 5.

with z.(kh) = % The continua for these excitations are shown in Fig. 2.10,
where we have taken both possible choices of £2kr into account and we again have
shifted the total momentum by 7 in order to make closer contact with the spectral

representation (2.17) of our correlator.

“Two hole” excitation continuum for U = 8, n = 0.8

7 T T T , . . : : I I

FE — Legg

O 1 1 1
-1 -08 -06 -04 -0.2 0 02 04 06 038 1

(p—m)/m

Figure 2.10: Continuum for two hole excitation with momentum shifted for clarity.

2.2.3 Excitation thresholds at commensurate fillings

By considering additional excitations around the “Fermi points” in the charge sector

we can construct other excitations that are degenerate in energy (to o(1)), but differ in
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their momenta by integer multiples of 4kr. As we consider the case of zero magnetic
field, there is no freedom to rearrange the integers in the spin sector that leads to a
lower energy for a given momentum. In this way we can determine the thresholds for

a given class of excited states.

1. The absolute threshold is obtained by combining the particle-hole excitation
of Sec. 2.2.1.1 with zero-energy particle-hole excitations at the “Fermi points”
in the charge sector, which shift the momentum by multiples of 4kp. It is
depicted by a dashed red line in Fig. 2.11. At zero momentum, the relevant value
for the optical conductivity, the absolute threshold occurs at zero energy. At
low energies the optical conductivity is dominated by particle-hole excitations.
Close to half-filling, the spectral weight of this contribution is small and tends
to zero for n — 1. In the vicinity of half-filling most of the spectral weight
concomitantly occurs above a “pseudo-gap” that is close in value to the Mott

gap of the half-filled system.

2. Above an energy scale that tends to the Mott gap as the band filling approaches
one from below, excitations involving a single k-A string of length two exist.
Their threshold is shown as a dashed black line in Fig. 2.11. Precisely at half
filling these excitations do not contribute to the optical conductivity [25, 26, 118]
as a result of the enhanced symmetry: at half filling this excitation describes a

singlet of the n-pairing SU(2) algebra and does not contribute to oy (w).

3. For band fillings close to n = 1 there are other excitations of the form ™| LWS, m)
that contribute to the optical conductivity. At half-filling these are the only
states contributing to o1(w) in the frequency regime 2A < w < 4A, where A is
the Mott gap. Below half-filling, their contribution to o;(w) can be cast in the
form of C’ﬁ) (¢,t) in (2.17), and the states to be considered are then given by
Sec. 2.2.2.1,2.2.2.2 and 2.2.2.3.

The thresholds shown in Fig. 2.11 are at a high commensurability: 5(4kp) = 8.

We note that thresholds involving high-order umklapp processes are suppressed in
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Spectral features for current-current correlator

9

8 .....................................................................................................

7

6

5 Absolute threshold -
el “k-A threshold” --eee
Ry “Particle-hole” edge contributing to ¢ (w)

“Two-hole” edge contributing to o? (w)

3
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-1 -0.5 0 0.5 1

P/x

Figure 2.11: The continuum of lowest-lying excitations of the Hubbard model involv-
ing only the charge sector for n = 0.8, U = 10. As the optical conductivity is defined
at zero momentum, only the features encountered at P = 0 are relevant. The k-A
string dispersion defines the lower edge of a continuum of excitations involving the
k-A string. The contributions to ¢®(w) are shifted by —2, in accordance with the
spectral representation (2.17).

o1(w), cf. Refs. [98, 100, 101]. Analytic forms for the “high-energy” thresholds are
given below in eqns (2.52), (2.214) and (2.231). These results show that the contri-
butions from ¢(? (w) do not constitute the “pseudo-gap threshold”, and moreover are
suppressed by a factor 1/L as we have pointed out before. Hence they do not play
an important role in the initial growth of o;(w), even for finite-size systems, and we

therefore relegate their discussion to Appendix 2.F.

2.3 Mobile impurity approach to threshold singu-
larities

Our goal is to determine the behaviour of the optical conductivity in the metallic phase
of the Hubbard model close to half-filling above the excitation thresholds occurring

in the vicinity of the Mott gap at n = 1. This can be achieved by following the
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mobile impurity approach to the Hubbard chain set out in Ref. [59]. In the main
cases of interest to us here, the mobile impurity model describes low-energy degrees
of freedom in the presence of a single high-energy excitation with momentum ¢ and

takes the general form

H = Hiy, + Himp + Hint, (2.45)
Hyp, = / dx[a;S% (i(&ﬁ@:)z + 2Ka(ax@:;)2) ] (2.46)
Hy = [ 42 B1(0) [el0) = ()0, - 3002 Bla) (247
Hi, = / dz BY(2)B(x) [fa(@)0et(2) + fu(@)0:B0(0)] + ... . (2.48)

Here v., and K., are respectively the velocities and Luttinger parameters of low-
energy collective spin and charge degrees of freedom, ¢ ., @ ; are chiral charge and

spin Bose fields, and
@2:¢;+@Z’ @:;:902_952’ a=gs. (249)

The high-energy excitation under consideration has a “bare” dispersion €(q) and is de-
scribed in terms of the field B(z). Finally, the functions f.,(q) and f. (q) parametrise
the interactions between the high-energy excitation and the low-energy degrees of free-
dom. Our Bose fields are related to the usual spin and charge bosons[40, 41] by a

canonical transformation

@*
D=2, O,=+20", 2.50
7 (2.50)

and were introduced in Ref. [59] by bosonising the physical fermionic spin and charge

excitations in the Hubbard model. The form of H;, is fixed by symmetry considera-
tions and assuming the high-energy excitation to be a point-like object. Within the

mobile impurity model the current operator is represented as
J; = B'(2)Op(z), (2.51)

where Oy, (z) is an operator acting in the Luttinger liquid sector of the model (2.48)

only. In order to fully specify our problem we proceed as follows:
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1. The spin and charge velocities and Luttinger parameters are determined directly
from the exact solution of the Hubbard model, see Appendix 2.A for a brief

summary.

2. The relevant (“dressed”) dispersion relations for the various excitations we need

to consider have already been determined above in section 2.2.

3. For a given threshold, the projection Orp, of the current operator onto the Lut-
tinger liquid sector is determined by bosonisation/refermionisation techniques.

This is done in sections 2.3.1.1, 2.F.1.1 and 2.F.2.1 below.

4. Finally, the interaction parameters f.(q), f..(q) are determined in sections
2.3.14, 2.F.1.4 and 2.F.2.4 by comparing finite-size corrections to excitation
energies in the Hubbard model and the mobile impurity model (2.45).

2.3.1 k-A threshold in o™ (w)

This threshold is obtained when the entire O(1) contribution to the excitation energy
and momentum are carried by the k-A string. The functional form of the threshold

SR () = e (M),

Q A — si 2.52
q = —2Re arcsin(A + iu) + / dk 0 (ﬂ> peo(k), (2:52)
-Q u

where p.o(k) is the ground state root density (2.20). It important to note that in
the case relevant for the optical conductivity the k-A string sits at ¢ = 0, which
corresponds to a mazimum of egx(A). The mobile impurity Hamiltonian appropriate

for the description of this case is therefore of the form

Hiy — / dz B'() (6(0) - %e"(())ag) B(x), (2.53)

where €¢’(0) < 0. We note that by virtue of the interactions between the mobile
impurity and the Luttinger liquid degrees of freedom, the bare dispersion €(q) is differs
from the actual threshold e, (A(q)) The relationship between the two quantities is
established below. The threshold g4 (0) is shown in Fig. 2.12 for various U and n
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Figure 2.12: The threshold of the k-A string e (0) is shown for various U and n

2.3.1.1 Projection of the current operator

Having identified the state involving the k-A string as contributing to agl)(w), we

wish to project the current operator (2.6) onto the operators involved in the mobile
impurity model. To this end we introduce the Hubbard projection operators|[26],

defined on site j as
X;lb = |a>jj<b|’ a,b= 07T7\l/72(/l\\l/) (254)
The current operator is expressed in terms of the X qu as
Jj= ity (0X37 + X7) (0XT3 + X7%)) — (0X70, + X71) (0X7% + X))
(2.55)
In order to proceed further, we now consider the large-U limit, in which the k-A
string corresponds to a doubly-occupied site. The current operator J can be decom-
posed into three terms: a piece which increases the double occupancy by one (J1),
a piece which decreases it by one (J~) and a piece that leaves the double occupancy

unchanged (J°) i.e.
Jy=J + T+ T (2.56)
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As we are concerned with creating an excitation involving double-occupation, we are

interested in .J;" only. This is given by

J J

T =ity oXPXY, - oX27 X, (2.57)
and can be suggestively rewritten as

_ 20 04 501
Jf = =it | X2 (X)X

01 x-0)
J J+1 XJ' X

Jj+1

)_Xzo

j+1

(XOi X0 X9 X(.’i)} . (2.58)

J+1<%5 JH1>5

As, in the large-U limit, a k-A string corresponds to a doubly occupied site, while the
ground state has zero double occupancy, we can identify the operator creating the

k-A string as BY(z) ~ X?°. This allows us to recast J* in the form

+ ; 1 1
i~ it [Bj - Bj+1] (Cm%m (1 - ”m) (1 - ”j+1,¢)

TG (1 - ”m) (1 - ”j+m>> '

In order to complete the projection of the current operator onto the mobile impurity

(2.59)

model we simply bosonise all remaining electron operators. The final result is

Jia(z) ~ (9, B (x)) 7@/ V2 gin (2(%) + ... (2.60)

2.3.1.2 Finite-size corrections to excitation energies in the mobile impu-
rity model

Energies of excited states in the mobile impurity model in a large, finite volume can

be calculated following Refs. [55, 59]. The chiral spin and charge Bose fields have

mode expansions

T > 21 .2mn 2
90;;('7;) = 902,0 + ZQZ + Z \/; [el%zaa,R,n + eil%xal,R,n] ) (261>
n=1
—x —x T =y C 2 —j2rng 2y
(pa(x) = D0 + ZQO‘ + Z E [e L Qq,nt+e€ T a’a,L,n:| . (262)
n=1

Here Q% Q7, ¥a0, Pa, are zero-mode operators, obeying the commutation relations

(02,00 Qa] = —[Pa 0, Qal = —4mi. (2.63)
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The eigenvalues qq, o of the operators Q, Q7 depend on the boundary conditions
of the fields ¢%(z), @%(x). These boundary conditions are, crucially, influenced by
the presence of a mobile impurity: coupling the impurity to the Luttinger liquid
will change the boundary conditions and therefore modify the eigenvalue spectrum,
causing a shift in the O(L™!) spectrum. It is precisely this relationship that will allow
us to determine the coupling constants by examining the finite-size spectrum of the
Hubbard model in the presence of a high-energy excitation. An important distinction
from previous calculations is that the dispersion of the mobile impurity is quadratic
in our case and has negative curvature.

The interactions between the impurity and the LL degrees of freedom in (2.45)

can be removed by a unitary transformation of the form [49, 59]

U = o= %% & So(ai@)+7a6 @) B (2) B@) (2.64)

The transformed fields are given by
o = UpU" = ¢ (2) — 2m7,C(),
Po =UgU" = @3 (2) + 217,C(x), (2.65)
B(z) = UB(2)U' = B(z)e! Zae#a@)+7a94(2)) g =im 2o (15-72)C(),

where

O(a) = / " dysgn(e — 9)B'(y)B(y). (2.66)

o0

By choosing the parameters v,, 7, to fulfil

—vt —0- o 1
()= ) () wm(mngg) e

we find that, retaining only the most relevant terms, the impurity decouples in the

H:/dx

4 / dz B'(z) l’g(q) _ %é’(qmg] Bla)+....

new basisi.e.

Vo 1 o0\2 0\2
Z E (2Ka (ax(ba) + 2KO¢ (837@04) )

(2.68)
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We note that the “dressed” impurity dispersion for momenta k ~ ¢ is €(q) —3€"(q)(k—
q)? and differs from its “bare” value ¢(k) by a constant!. Importantly, it is the dressed
dispersion that relates directly to the Bethe Ansatz result for EXA (k) in (2.52). In
the decoupled theory of (2.68) it is a straightforward matter to calculate the spectrum
of low-energy excitations above the ground state in the presence of an impurity. The
result is[59]

21 1 Qo + q. 2
ABpp =), = [4Ka( in _%”L%)

a=c,s

Qo — th _
+K, (T a) +) n M, + Mn,a}] :

n>0

(2.69)

Here Mniﬂ are non-negative integers corresponding to particle-hole excitations at the
edge of the “Fermi seas”. Any operator acting on the ground state will, in general,
produce a superposition of energy eigenstates. Noting that the ground state is anni-
hilated by Q7, Q%, the state O(z)|GS) has well-defined quantum numbers q((xo), q&o)
if O(x) satisfies the relations

(@2, O(@)] = 4PO0(), (@i, Ox)] = 4P O(x). (2.70)

If the operator satisfies such a property then all states in the superposition defined
by O(x)|GS) must have the same ¢, G,, namely gq ), qa . The only difference in the
energies comes from having different Mflfa. We can therefore identify the “minimal”
excitation[59]: this is the state with all M;fa = 0 i.e. no particle-hole excitations. For

the specific case of interest here, namely acting with the projected current operator

Jra(z) on the ground state, this can be represented pictorially as

Ja(z)| sxe=~) ~ A | s =) +B |+~ =) 40 |s>—=~) +D | =) +...
RA N0 kAN kAN RA N0 kA N0
—_—— —_——— —_—— —_——
qa= (1( ):(ch q( ) qo _q( ),(104 q( ) qo _q( ),Qa q( ) qo _q( )7ch q( )
“minimal” M s#0 My o#0 Mt .#0, M .#0
(2.71)

In such a case, the difference between e(q) and &(g) is simply a constant shift of
5 e (S5 4 2K (0 +70)7).
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From the bosonised expression for Jia(z), and focussing only on the @/ 2V2 term

with the other following from parity, it follows that
N A N 272)

The total momentum can also be calculated using the mode expansion, and is found
to be of the form

kr
P=—"= (G — qc) + Pup(k}
7T\/§(q q) P( L)

_ _ 2.73)
27T Qa+qa _ Ga — 4o _ _ (
o e a7 N+_N 3
+ 7 K e 7+7)( e a )+ (NS - NG)

a=c,s
where k7 includes finite-size shifts to the rapidity k?. We can identify the “mini-
mally excited” state with the Bethe Ansatz excitation at the relevant threshold. By
matching the expressions for the finite-size energies, we will be able to constrain the

parameters vy, Yo
2.3.1.3 Finite-size corrections to excitation energies from Bethe Ansatz

Finite-size corrections to the energies of states involving both high- and low-energy
excitations can be determined from the Bethe Ansatz solution of the Hubbard model
following Ref. [68]. The details for the excitations of interest here involving a k-A
string are given in Appendix 2.B. The final result for zero magnetic field and total

momentum P = O(L™1) is

m
E = egsL - —
eas :ngA(O) 6L(Uc—|—vs)
270. | (AN, — Nmp)2 D, — Dimr\?
c 9K, (D, — D™ 4 255
7 8K, * e T (2.74)

2 _ imp)2
| 2, 1(ANS_ANC) L (Dy— D)

L |2 2 2

Here egg is the ground state energy per site in the thermodynamic limit, while g4 (0)

is the contribution due to the (high-energy) k-A string excitation and is obtained
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from the solution of the integral equations

Q
exa(A) = 4Rey/1 — (A —iu)? — 2u — 4u +/ dk cosk ay(sink — A) e.(k),
0 @ (2.75)
ee(k) = —2cosk — p —2u + / dk’ cosk’ R(sink — sink')e.(k'),
-Q

where the function R(x) is given by

R(z) = /_ Tdw e (2.76)

~ o1+ exp(2u|w|)’

The spin and charge velocities v5,. and the Luttinger parameter K. are given in

Appendix 2.A, while the quantities N'™P and D™P are given by

c,s

_ ) ) Q
pime =0, pimP—(, NP — / dk pes (k), (2.77)
-Q
where
Q
pei1(k) = cosk ai(sink — A'?) 4 cos k/ dk" pea(K')R(sink — sin k). (2.78)
-Q

Finally, the quantities AN., AN, D, and D, characterise low-energy excitations of
the spin and charge degrees of freedom and for the “minimal” excitation of interest
are given by

AN,=-2, D.=0, AN,=-1, D,=0. (2.79)

We note that in order to fully specify the mobile impurity model we require the value

of the curvature of the impurity dispersion at its maximum. This is given by

1 82€kA(A) 6%1\(0)
. L TRAVT = RANT 2.80
m o) P (2mol(0))2’ ( )
where
1 4 Q / . /

Eka(O) = —m — dk al(sm k)éfc(]{?>,
, 0" (2.81)

2rol(0) = — 27 dk a1 (sin k) peo(k).

CVIra? —0Q
The total momentum of the state of interest can also be calculated from the Bethe
Ansatz and for the case of interest results in

2

+ 7 [(ANa_Nciump)(Da_Diazmp>+(N+_N_)} )

a=c,s
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with ¢ the contribution, including finite-size shifts of the rapidities, from the high-
energy impurity and NI are integers corresponding to particle-hole pairs at the edge
of the “Fermi seas”. The method used for deriving this result is summarised in

Appendix 2.E.

2.3.1.4 Fixing the parameters 7,, 7,

By equating the Bethe Ansatz results (2.74) and (2.82) for energy and momentum
with the ones obtained in the framework of the mobile impurity model (2.69), (2.73)

we can fix the parameters 7., 9, to be

_ L (AN N 1
Ve Ve V2 /2 ) Vs = s /2

2.3.1.5 Current-current correlator in the mobile impurity model

(2.83)

We are now in a position to work out the current-current correlation function (2.14) in
the mobile impurity model framework. Given the expression (2.60) for the projection

of the current operator, we have
CW 1) ~ Gz, t) = (I}, (2, 1) Jea(0,0)). (2.84)

In order to evaluate G(z,t) we go over to the transformed basis, in which the impurity
decouples from the LL degrees of freedom. Given (2.83), the leading contribution

takes the form

chNémp A]\,‘27]\[(12111;)

~ N _ .
JkA(ZL') ~ axBT(:E)GZGC(x)T + i'YcBT(IE)am@z(:E)eZGC(m) Nl
B 00 (z) ANe=NI™ (2.85)
3 (0.5 )

Substituting this back into (2.84) leads to three kinds of contributions to the correlator

G(x,t) = Gy (2, 1){0,B(x, )9, B7(0,0)) + Gs(x, t)(B(x, ) B(0,0))
+ Gs(z, )i | (0, B(z, t) BT (0,0) — <§(x,t)8xl§*(0,0)] | (2.86)
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Here Gj(x,t) are correlation functions in the LL sector of the theory and can be

evaluated by standard methods. The results are

1
Gi(z,t) = @ — ey
Go(z,t) 292 [ 2 +v2t? 2yx? 1 22+ 022 5 87
Girt) K @—wer  @—vep| 2@—wep 280
Gs(x,t) . v 2x
— iy | ~-sgn(NI™P 4 2 ,
G1(z,t) " Kcsgn( +2) x 242
where we have defined
1 Nim
= 1 : 2.
=g (1455 ) (259)
The free impurity correlator is given by
~ ~ Mdp
(B(z,)B1(0,0)) = / P (—ipn gzt (2.89)
—_A 2T

where £(p) is the dispersion relation for the k-A string and A is a momentum cutoff for
the impurity excitation. Using (2.84), (2.86), (2.87) and (2.89) we may now determine
the contribution from the k-A string excitation to the retarded correlator (2.5). The

result can be written in the form
S Ge G
@), ~ 5 [ g (14 [Gaag (0= 0).p) + G a0 = <(0).9)]

~29G5 1 (= E(P)ap)>
+ \/?%p [G'Cy+1 ( 8(29)71)) - éi,w—l (w — 6(p),p)]

+p2GC (w—&t( ),p) +7; [Gs(w—s( ),P) —|—Gs(w—e(p) p)] },
(2.90)
where we have defined

(2)?
T )T () ugyre 7

G5 (w,p) = /01 o [F% r b = 00) 1 6o — 71— 5!

G5, o (wip) = (w+vep)”~Hw = vep)” T O(w — velp])

! (M1 (=)
" 20.(w — Usp)s W= Up @(ZUC(w — vsp)s L w— Ucp>
v — v? Ve — Vs v2 — 02 Ve — Vs )

(2.91)
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The dependence of (2.90) on the momentum cutoff A is shown in Fig. 2.13. We see
that over a wide range the result is only weakly cutoff-dependent. Unfortunately, the
mobile impurity method provides no simple way of predicting how large the cutoff
should be. The only obvious constraint is that it should fulfil A < 7(1 —n). If we
approach the threshold from above, i.e. consider the limit w — €4 (0), the remaining

integral in (2.90) can be carried out and yields a power-law behaviour of the form

wiiﬁ(o> (W)~ é [w — exa(0)] 1O (w — g4 (0)) . (2.92)

This is shown in Fig. 2.13 together with numerical evaluations of (2.90) for several
values of the cutoff A, and is seen to provide a good approximation across the entire
frequency range examined. Importantly, the exponent v—1 is always larger than one,

which is in disagreement with that of Ref. [127] . Additionally, the exponent v can

Onset behaviour for U = 10, n = 5/6 for various cutoffs A

1 T T T T T
A=7(1—=mn)/5
A=mn(l-n)/10
0.8 t A=7(1=n)/100 wwwreeeeem i
Power-law ——
_é 0.6 + A
3
S 04 1
0.2 T
0 L
7.4 7.9

Figure 2.13: Optical conductivity (2.90) for U = 10, n = 5/6 and several values of the
cutoff A. The different curves have been normalised such that o1(exp + 0.5)] = 1.
kA

For comparison we show the power-law behaviour (2.92), valid for w — €xx. We see
that the power law in fact provides a good approximation over the entire range of
comparison.

be calculated for a variety of parameters, as presented in Fig. 2.14.
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Figure 2.14: Value of the exponent v in (2.92) characterising the power-law behaviour
of o1(w) just above the pseudo-gap, for several values of U and n

2.4 Comparison with numerical results

In Ref. [90] the optical conductivity of the one dimensional Hubbard model has been
computed by matrix product methods. The approach requires introduction of a
damping parameter 7 > 0 and provides Im x”’(w + in) for a chain of finite length.
In order to facilitate a comparison with the results obtained here it is necessary to
remove this broadening. In order to do this approximately we proceed as follows. For

positive frequencies the zero temperature optical conductivity can be expressed as

I
1w > 0) = —Xw)
w
o2 (GS|J|n)[? (2.93)
X+ (W) =— Z ; :
L - w+zO—En+EGS
Ref. [90] provides results for the quantity
co+10 dw’ 277
s L,m) = — I ! 2.94
ok = [ G5 (). (2.99)

where L is the chain length and w takes values on a regular grid of frequencies.

We first use rational function interpolation to extract a continuous function from
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the numerical data, which we then deconvolve using the Richardson-Lucy algorithm

133, 134].

Onset behaviour for U = 20, n = 0.875
0.007 . .

Deconvolved data ———
Theoretical prediction ----------

0.006

0.005

0.004

o1(w)

0.003 r

0.002 |

0.001

16.5 16.6 16.7 16.8 16.9 17

w

Onset behaviour for U = 10, n = 5/6
0.01 T T T

'Deconvolved data ———
0.009 F Theoretical prediction ----------

0.008
0.007
0.006
0.005
0.004 |
0.003
0.002 |
0.001 }

o1(w)

T4 745 7H TH5 76  T65 T 775 T8

Figure 2.15: Comparison of deconvolved DMRG data from Ref. [90] with the onset
as predicted in (2.90), varying the offset and overall scale factor and choosing A =
(1 —n)mw/10. The onset value at n = 1 is given by w = 16.28,6.547 for U = 20 and
U = 10 respectively.

The deconvolved numerical results obtained in this way can then be compared
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to the onset predicted at the lowest threshold, as given by (2.90). We allow for an
unknown scale factor in the calculation, as well as a small constant contribution from
the particle-hole excitations. We choose a specific value of the cutoff A, but as noted
earlier, the results do not depend strongly on the precise choice. Due to the soft
nature of the onset predicted, it is only realistic to compare the initial onset due to
the k-A string, as when moving away from this point less relevant operators will begin
to contribute. Comparisons between the prediction of the MIM and numerical results
are shown in Fig. 2.15. The agreement is not perfect, but the results are seen to be
compatible. As usual the size of the frequency window in which the MIM prediction
applies is not known. The theoretical and numerical results of the onset being convex
are in stark contrast to the results of Ref. [127], which for the parameters we consider

predicts concave power-law behaviour.

2.5 Away from ¢ =0

One can easily generalise the results here to examine the conductivity at finite mo-

mentum i.e. consider
L/2—1

Y (w,q) = —ie? /000 dt Z e!Wt=dlao) (@S| [ Jy(t), Jo(0)]|GS), (2.95)

I=—L/2
for ¢ # 0. The analysis proceeds in an identical manner to identify the quantities
NP DM as the high-energy impurity simply shifts its momentum. However, in
order to find the threshold away from ¢ € [(n — 1)m, (1 — n)7], umklapp processes
must be involved. For an arbitrary filling, these will generically be of a very large
order, which will suppress the contributions. The dispersion relation is generically no
longer a saddle point and therefore in the region where one impurity is involved and
one can linearise, power-law behaviour for the onset will be obtained. For the k-A
string at momentum ¢, one must first solve for A? such that pya(A?) = ¢, and then

NImP(AP) DImP(AP) can be calculated. + is still given by (2.88). The most relevant

contribution will then have the form

1
(w — wn(g))"
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where v(AP) is a function of the quantities N'™P DImP and K,,.

2.6 Summary and conclusions

We have studied the optical conductivity o1(w) in the one dimensional Hubbard at
zero temperature and close to half filling. Recent DMRG computations [90] have
shown that in this regime o7 (w) is very small within a “pseudo-gap” and exhibits a
rapid increase above an energy scale F,,; that depends on doping as well as the inter-
action strength U. Using the Bethe Ansatz we have identified the relevant excitations
that contribute to o1(w) for w > E,,. One of these, the k-A string excitation, had
been previously proposed to describe the scale Eqp [127]. We then followed Ref. [59]
to construct a mobile impurity model describing the behaviour of o1(w) above Eqpt.
The analysis of this model entailed several generalisations relating to the projection
of lattice operators to local fields in the MIM, the treatment of excitations that are
not highest weight states with respect to the n-pairing algebra of the Hubbard model,
and considering the mobile impurity to be located at a maximum of its dispersion.
We also derived an explicit expression for the finite-size momentum of the relevant
Bethe Ansatz states, which is useful in determining the various unknown parameters
in the MIM. Our main result is to show that the MIM approach predicts a smooth,
slow increase in oy (w) for frequencies above E,. This is in contrast to the half-filled
case [25] and previous predictions[127], but consistent with recent dynamical DMRG
computations[90]. The results presented in this work are by construction specific
to the Hubbard model. However, we expect the gross features seen in the optical
conductivity to be quite general for weakly doped Mott insulators. In particular, we
expect that such systems to exhibit a rapid increase of o1 (w) above a pseudo-gap. As
the functional form of the increase is non-universal, it is conceivable that for other

models it could be considerably steeper than in the case considered here.
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2.A Velocities and Luttinger parameters in zero
magnetic field

In zero magnetic field the charge and spin velocities are given in terms of the solutions
to the linear integral equations (2.20), (2.21), (2.24), (2.25) for the dressed energies

and root densities as

A __&(00)

Ve = , Vg = . 2.97
27Tpc,0<Q> QWPS,O(OO) ( )

The spin Luttinger parameter is fixed by spin rotational symmetry to be
K, =1. (2.98)

We stress that all spin excitations relevant to our mobile impurity model description
occur at (approximately) zero energy, so that corrections to (2.98) are negligible. The

charge Luttinger parameter is

K, = , (2.99)

where (k) is the solution of the linear integral equation
Q
Ek)y=1 —i—/ dk’ cos k' R(sink — sink’) (k). (2.100)
-Q
Here R(z) is defined in (2.76).

2.B Bethe Ansatz results for k-A string

Having established that the threshold above the low-energy continuum can be ex-
plained by a k-A string excitation, the simplest equations to consider are the Taka-
hashi equations|[26] in the presence of a single k-A string of length 2 i.e. consisting
of 1 A and 2 ks. It is also clear that as the correlator is a zero momentum quantity,
k-A string is pinned to zero momentum. The Takahashi equations can be analysed

for large L, keeping terms to O(L™?) in order to calculate the finite-size corrections
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to the energy. The counting functions in this specific case are given by

sin k; — sink; — AP
Lz.(kj) = k;L 0| —~L—|, j=1,....N—2,
Z +Z( =)
N-2
Slnk Ay — Ag
L 0 — 0 _— =1,...,M —1.

7j=1

Employing the Euler-Maclaurin summation formula

rt
1 , (N , (Mg
_nZ,;f< )= [2 de @)+ (v <f>_f <f>)+
where ny = ng + % and n_ = ny — %, it can be seen that
A+ sink — A 1 sink — AP
oK) k+/ d 9( : )pg( )+Le( . )
N 27 [al(sink—AJr) B al(sinkz—A_)]
2412 ps(A-i-) ps(A—) ’

%M)=/Q3me(55535)m%wiéhdwe(A;f)pxw>

N 27 [a1(A —sin@Qi)cosQy  a;(A —sin@Q_)cosQ_
2412

pe(Q+) pe(Q+)
Cax(A— A @M—A)}
ps(As) ps(A-)
Taking derivatives, equations for the root densities can be found
1 A+ 1
pe(k) = — + / dA coskay(sink — A)ps(A) + — cosk ay(sink — A'P)
27T A_ L
N 1 [Cosk:a’l(sink: —Ay)  coskd(sink — A_)]

2417 po(A7) po(AD) ’

Q+ Ay
ps(A) = / dk ai;(A — sink)p.(k) — / dN as(A — N)ps(A)

N 1 [a’l(A —sinQ4)cos @y ay(A —sin@-)cos Q-
2417 pe(Q) pe(Q)
JMA—&)+%M—A)]
Ps (A-i-) ps(A—)
As the integral equations are linear, we can write
@),
Pa(2a) = Pao(2a) + %pa,l (2a) + 2411—12 ; Z;(ﬁ)ég))’
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here X¢ = @Q,, X = A,. The integral equations satisfied by the first two terms in
(2.106) are
Paa(z) = pg%(z) + Ko * pg.a, a=0,1, (2.107)
5
with Kap * fs denoting the convolution g f;(; dzs Kop(za, 23) f8(23), the kernels
defined by

Keo(k, k') =0, K s(k,A) = coskay(sink — A),

(2.108)
Ko (A k) = a1 (A —sink), Ko(AN) = —as(A = A),
and the driving terms given by
5& C
Pad = 5 (2.109)
p(()g)l = accosk ai(sink — A'P). (2.110)
The final integral equation is determined by
£ = d9) + Ko £17, (2.111)
where
) = 0 Kap(z,2') (2.112)
« a / vx?

The exact finite-size energy of the system is given by (1.49). Using the Euler-
Maclaurin summation formula (2.102) again, corrections can be kept to O(L™!),
yielding

E= Lu+LZ / dz €9(2)pal(z) + e (AP). (2.113)

Expanding in powers of L and exploiting the identical kernels of the integral equations
for dressed charge and root density equations, if the energy is now considered as a
functional of the integration boundaries, performing an expansion about cX® to

second order (the first order term vanishes)[68], it can be shown that
E= LGGS({XQ}) + €kA(A/p)

LY va { (Pao(X) (XS = X)" + (pao(X) (X2 + X))} (2.114)
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2.B.1 Impurity densities

The following are taken as definitions

Ne = /X):j: dz pa(z), (2.115)
2D, = Iy 4 1= [ @a) + Q)] (2.116)
0D, = o+ J = % 0(AL) + 2(AL)]. (2.117)

The corrections from adding the “impurity” i.e. the high-energy excitation can be
identified and separated off from the terms that would be present without it. This is
achieved by using that

lim z,(A) = — lim z4(A), (2.118)
A—o0 A——o0
) A+ A A/p

This allows the “quantum numbers” to be expressed in terms of integrals of the root

densities, which can then be split off order-by-order in 1/L. More explicitly, one finds

that A [e%)
2D, =L </ dA ps(A) — / dA PS(A>> )
—c0 A
N " (2.120)
:L ( [ an po - [ an /)s,o(A)> +opi,
where
. —A o
2D — / dA psi(A) — / dA ps1(A). (2.121)
—o A

Similarly for the charge sector

2D, = - (@) + (@)~ =tm - =iom =2 [ an e (2) - 20 (A1),

B u
Q- ™ 1 [A+ A )
) ( / dk peo(k) — / dk poo(k) — = / dA p,o(A)8 (—)) + 2D,
-7 Q+ TJa U
(2.122)
. 7Q ™ A p
202 = [k pa(h) — [ dk gt~ [ pus(a)s (é) ~ 19 (A—>
- Q T™J)_A u T Uu
(2.123)
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Similarly,
XC!
NP — / dz pe1(2). (2.124)

— X«
2.B.2 Relation between X7 —cX“ and the impurity densities

Following Ref. [68], considering the variation of the integration bounds X¢ with re-

spect to ng, it can be seen that, in terms of the dressed charge matrix[26] Z,z, defined
by
Zaﬁ = £aﬁ(Xﬁ)7
§ap(2) = Oap + Eay * Kyp
with K,p given by (2.108), one finds

(2.125)

Xo—oxo—gh oo (np, L) _as(y L pm (2.126)
g =0 ) ng 7 8 ,ano(Xa) 8 I 8 . .

These results can be inserted into the finite-size energy, which now reads as

1 s
E = Leas({X°}) +en(0) + 7 (‘g(vs + )
o : - N (2.127)
+27 {ZANQ(ZT)Q;UWZWBIANB + DaZovaZvTﬁDﬁ}) =
where
ﬁa _ Da . D;mp7 (2128)
Aﬁa = AN, — N(ilmp' (2129)

2.B.3 Simplifications for zero magnetic field

In the B — 0 limit, the integration boundary A — oo and many results simplify by
use of Fourier transforms. Useful identities used can be found in Ch. 17 of Ref. [26].

First, the dressed charge matrix adopts the simple form

7 = <§ ! ) : (2.130)

2 V2
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where £ = £(Q) and (k) obeys (2.100). Following a similar method to Ref. [68], the

root densities can be shown to simplify as

Q
pei1(k) = cosk ai(sink — A7) + cos k/ dk' pea(K)R(sink —sink’),  (2.131)
-Q
Q
psi(A) = / dk pea(k) s(A —sink), (2.132)
-Q
where
1
= —. 2.133
s(@) 4u cosh (%) ( )
Considering the Fourier transform of (2.132), it can be shown that
. 1. .
NI = SN, (2.134)

In the A’” — 0 limit, both p.1(k) and ps1(A) are even functions and therefore
D> = D™ — (), (2.135)

It is useful to note that the dressed energies take the form

Q
gc(k) = —2cosk — pu — 2u + / dk’ cosk’ R(sink — sink)e.(k'), (2.136)
-Q
Q
es(A) = / dk cosk s[A —sink] e.(k), (2.137)
-Q
Q
ekn(A) = 4Rey/1 — (A —iu)? — 2 — 4u + / dkcosk ay(sink — A) e.(k). (2.138)
-Q

The value of £, (0) provides the location of the threshold at zero momentum in this

sector. The finite-size energy can therefore be simply written as

TV,
E = Leas({X"}) + exa(0) — &=
20, | (AN, — N™)2 . D, — Dmp\ 2 (2.139)
C DC o Dlmp S ]
* L 4£2 +¢ e T 92
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2.C Bethe Ansatz results for high-energy charge
particle

2.C.1 Bethe Ansatz calculation

Starting from the Takahashi equations

-l sink; — A
— J o .
LZC(]{IJ)—]{Z]L‘f' E_IQ(T), ]—1,...,N,
= (2.140)
N M
Ao —sink; Ao — Ag
Lzs(A,) E 6 —E 6 , a=1,...,M.

B=1

We can use the Euler-Maclaurin formula (2.102) to recast this as

iy =k ang (TEZAY ) 4 2 [k o) ek Z )]

(2.141)

@+ A —sink Ar (A= N ~n 1 (A—sink?
zs(A) = / dk 6 (T) pe(k) —/A dA'6 ( 5 ) ps(A') + Z@ (T)

N 27 {al(A— sin@4)cos @y ai(A—sinQ_)cosQ-  ap(A—Ay) N as(A— A_ )}
E 0(Q) 0@ nd) A )

(2.142)

Taking derivatives gives the root densities

1 A+ _ 1 aj(sink —A;)  aj(sink — A_)
pe(k) = by + /_ dAa;(sink — A)ps(A) cosk + mcosk AL — A ] ,

(2.143)

Q+ Ay 1
ps(A) = / dkay (A — sink)p.(k) — / dA as(A — N)ps(N) + zal(A — sin kP)

1 [a’l(A—sinQ+)cosQ+ a’l(A—sinQ_)cosQ_+a’2(A—A_) a’Q(A—AJF)}

+

2412 pc(Q+) - pc(Q—) ps(A—) - ps(A-i-)

(2.144)

We can again split these linear integral equations into the form (2.106), (2.107),
(2.111) where in this case

Suve
b= Par(za) = Basan(za —sin 7). (2.145)
T
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and the integral kernels are again given by (2.108). We can then construct the impu-

rity densities

Xﬂt

NP :/ dzapai(za), (2.146)
— X

imp " ]' 4 A

2Dc = / dk [pc,l(_k) - pc,l(k)] - dA pS,l(A) 01— ) (2147>
Q TJ-A v

2D / dA [p,a(~A) = pea(A)]. (2.148)
A

To determine the thermodynamic rapidity kP and the finite-size correction 0kP, we

can examine the requirements that

2w IP

2(ky) = =, (2.149)
2 [P
zeo(K) = 7TL , (2.150)

with k7 = k? + 22 Expanding (2.149) in the deviation 6k? and using (2.150) yields

L 1 A A — sink?
okP = ——— U9 (k) (X9 — 0 XP ——/ dAps (M) | ——" ),
27Tpc70(]{;17) ; B ( )( B o )] 27_‘_)0070(]#,) . P ,1( ) u
(2.151)
where
- oA —sink A - A —sink
U (k) = opso(A)d (T) 8s s + /_ A ) (A)0 (T) ,(2.152)
%) = 0p.0(X7) Kup(2a, 0XP) + Ko + 1'%, (2.153)
Using the results of Appendix 2.E, this can be shown to reduce to
1 . . . .
OkP = N"D, 4+ D" AN, — DPP NP 2.154
o) Z ( ) (2.154)
We then have that
o0k?  m 2 [1 , ~ _ = = ~
B = casL W1~ oo+ [{AR (2T 500238y + D Zyuva 2D
(2.155)

with the form of D,, AN, and Z,s given by (2.128), (2.129), (2.125).
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2.C.2 Simplification for B — 0

In the B — 0 limit, the integral equations describing the impurity densities are given

by

Q
pei1(k) = cosk R(sin k — sin kP) 4 cos k/ dk’ R(sink — sink)p.1(K),  (2.156)
-Q

. Q . 1 :
Nmp — / dkpeq(k), Nmp — 5(1 + NPy, (2.157)
-Q

L sm’fp>r<1+zsm“>”

F( _i_ZsmkP)F(l_ s1nk1’)

4u
I ( —isii’“)F(lﬂ%)”

1
2
U +50) T (1 =50)

Q

i Q
+ 2 [ dhpea(k)
TJ-q

. 4 )
2D — / Ak [pei (<) = pea (k)] + = {m

(2.158)
D™ — (. (2.159)

This gives the finite-size corrections to the energy as

SkP e
E = easL+2o(k") + €/ (k) - - 7;2

21v. [ (AN, — Nimp)2 . D\’
c D.— Dmp s
+— e & De = D+ =

27mvs |1 AN, 1\? D?
1= AN, — < _ - =
7 2( 2 2) 3

(2.160)

Y

where £ = £(Q) and &(k) obeys (2.100).

2.D Bethe Ansatz results for two high-energy charge
hole excitations

We again start from (2.140). Following similar steps to Appendices 2.B and 2.C,

applying the Euler-Maclaurin summation formula (2.102) then allows us to write

(o)
1 1 fag (2a)
pa(za> - pa,O(Za) + Epa,l(zoz) + b .

(2.161)
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We can again split these linear integral equations into the form (2.106), (2.107),
(2.111) where in this case

50[ C
Pl = 5 (2.162)
,0((3607)1 = —0as [a1(A — sin k™) + a; (A — sink")] . (2.163)
and the integral kernels are given by (2.108). We can now determine
- T I A
20 = [k lpoa(-h) = peaB) = 3 [ aro(S) o) a0y
Q TJ-a
207 = [ 74N [pua(=A) = pea ()] (2.165)
A
We also have that
, 27 [hi , 2 [hi
k) = = zeo(kh) = (2.166)
with k:h = kM + %% vielding
1 A A — sin k"
kM = — Wl (kM) x? ——/ dAper (MO | ———
27Tp00 kh Z 7 ) 27Tpc,0(khi) —A g ,1< ) u ’
(2.167)

with W(°) (k) given by (2.152). We now have all of the quantities required to evaluate

the finite-size spectrum in the presence of the two high-energy holons:

Skh Skhe T
_ o hi1y _ ho\ h1 ho
E =egsL — e (k™) — e (k") — el (k™) — 7 el (k") — T 6L — (vs + V)
o 1 ~ _ -
+ % TAN(ZT) 000 Zf AN + Dy ZyavaZls D (2.168)

with the form of D,, AN, and Zap given by (2.128), (2.129), (2.125).

2.D.1 Zero field

In zero field, the integral equations for the functions p. 1, ps1 simplify due to A — oo

allowing the use of a Fourier transform, specifically

Q
pei(k) = —cosk [R(sink — sink™) + R(sink — sin k)] + cos k:/ dk' R(sink — sin k") p.1(K'),
-Q
(2.169)

Q
ps1 = —8(A —sin k") — s(A — sin k"2) + / dk s(A —sink)p.1 (k). (2.170)
-Q
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We also have

. 1 ..
NP = §Némp — 1. (2.171)
The finite-size spectrum can then be written as

Sk Skl

E — L _ h1 _ ho _ / h1 _ / ha _ l
€as _ ec(k™) — ec(k™) I ec(K™) I ec(k") 6L(UC+U5)
2mv. | (AN, — Nimp)2 . D, — Dimp\ 2
c D. — Dimp s
7 1€ HO N\ De = D+ ———— (2.172)

2mv, [ 1 AN, \? (D, - Dimp)2

— (AN, - 1 Ws 7 s )

L2 r1) 4 B

2.E  Finite-size momentum spectrum

As well as the finite-size energies, it is also possible to match the finite-size momentum
spectra. We consider here the simple case of a single high-energy charge excitation,

but the reasoning is the same for other excitations.

2.E.1 Mobile impurity model momentum spectrum

We bosonise the Hubbard chain at U = 0, decomposing the fermionic annihilation
operator as

co(2) = Ry(2)e™® + Ly (x)e™*r, (2.173)

To identify the momentum operator, we consider it as the generator of translations
by one site i.e.

e Pe (2)eP = ¢, (x4 ap). (2.174)

Which means that R,(z) — R,(z + ag)e®*r%. By utilising the refermionisation

identities[59]

Rpm T[ e vamaa® o J] es% wa®, (2.175)

a=c,s a=c,s
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we can identify that, in terms of the mode expansion of the spin and charge modes,
the momentum operator is given by
7r\/§

=2
+ i / dl‘BT(l‘)axB(,I) + Z Z %n <CL,R,nCo¢,R,n - cL,L,nca,L,n> .

a=c,s n=1

Nk * ]' * )k * )k
P (Qc — Qc) + 37l [ch — QP+ Q- QSQ]

(2.176)

Employing the unitary transformation, this can be written as

kr_ 5 A = 1 2 _ A2 2 _ A2 / ota B
P: o _ 0_4 4 o2 o 02 o BT B
5 (@2 — Q2 —dmye + %) + 7 [Q2F — Q2 + Q2 = Q%] +i [ dzB'o,

= 271
+ Z Z L (CL,R,nCa,R,n - CL,L,nCa,L,n) :
a=c,s n=1
(2.177)
This therefore predicts a finite-size spectrum of the form

kF _ 2 QC+Cjc _ QC_q_c _
P=—=(q—q. Prrimp(K? - — e c Y — Ye — Ve
7T\/i(q Ge) + Primp( )+L[< yp 7+7)( — =%~ % |+

QS+qs _ QS_(js _ 2m —
(g ) (2 =) |+ F X =),

k=c,s

(2.178)
where the NV, ,;t are non-negative integers enumerating the number of particle-hole pairs

in the vicinity of the “Fermi points”.

2.E.2 Bethe Ansatz calculation: high-energy charge particle

We wish to know the momentum contribution from the high-energy charge particle:
there will be finite-size contributions to this from interactions with the low-energy
sector. As we know precisely the integers forming this state from (2.38), we can
simply sum these integers to find the momentum. This approach, however, yields
no information on which contributions come from the finite-size shift of the rapidity
and which contributions come from interactions between the high-energy and low-
energy degrees of freedom. The solution is to explicitly include the finite-size shift of
the rapidity and calculate the remaining corrections in terms of the quantites N™P,

D N, D,, as we had for the finite-size energy.
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2.E.2.1 Basic integral equations

The solution for p,; implicitly defined by (2.145), can be formally written as

Pt (7a) = (Keap (1= K)3)) (2. 7). (2.179)
We introduce the shift functions[27]
1 ink — A
2n " (2.180)
1 A —sink 1 A—N '
FOMNE) =—0(=—20)  F (A AN)=——0 ,
2m U 2m 2u
and the “dressed” shift functions
0
Fap(2a: 28) = Fop (20, 28) + (Fay * K1) (20, 28). (2.181)
It is useful to note that
Kop(2a, 28) = 0., FLY. (2.182)
Both the finite-size energy and momentum spectra involve the function
P (20) = Kag(2a, 0X°) + Koy % 7. (2.183)

2.E.2.2 Finite-size momentum spectrum

As for the energy of the system, the momentum can also be expanded as an asymptotic
series in powers of L=!. In the analysis of the finite-size energy calculation, when

determining 0k” as in (2.151), one finds

p P / p (WCP
() = eoR?) + 2 (R) 21

ink? — o X7
£ ops0(X7) {9 (Sm’f—a) 5.

U
076

4 sink? — A\ _
+ / dAg (—> rg;(A)} (X8 —0X7]

—_A Uu

A in kP
+%/ dA&(M)ps,l(A).

_A u

(2.184)

We will first look at the term in the sum multiplied by X? —oX?. (2.181) and (2.183)

imply that
Fap=FO« (1= RK)Jh 7 = (1= R)g) x Kopla,oX7),  (2.185)

a'y*
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allowing us to write
0 ~(o
FO k0 X?) + FO «77) (k") = F.5(k?, 0 X7). (2.186)
It can also be shown that

A -
/ dA (M) por(A) = 25 Fc(k, k7). (2.187)
_A u

The finite-size momentum can therefore be written in terms of the dressed shift func-

tions as
p
lB]) = 2 (R9) + g B7)
9 2.188
+ Z o2mpso(X°) Fos(kP, 0 XP) [XE — 0 XP] + %Fcc(k:p, kP). ( )

0—7/8

We now wish to relate the functions F,s(2,, 25) to the impurity densities NP Dimp,
2.E.2.3 Relating shift functions to impurity densities

By using (2.179) and (2.182) in (2.146) and (2.147), it can be shown that

2D — F (XY KP) + Foo(— X KP), (2.189)
NP — [ (XY EP) — Foo(—Xa, kP), (2.190)
i.e.
) Nimp
Dmp 4 % = Foo(£X kP). (2.191)

2.E.2.4 A useful identity

To express the finite-size momentum (2.188) in terms of the NP DImP (2.191), we
need to relate F,.(c X, kP) to F.5(k?, 0’ X?). Here we derive a result which explicitly
relates the two. In short: we consider the Neumann series of (2.185) and integrate by

parts. By definition, we have that
0
Fup(Zas 28) = Fu (20 28) + (Faoy % Ky5) (7, 28)- (2.192)

We can rewrite this as

Fop =F9) % (1K)}, (2.193)
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Fop=F9 %Y (K")ys. (2.194)
n=0
Expanding this explicitly, we can write this as (dropping the explicit arguments)

Fop(2a, 28) = Z { Z /dzw ~dzy, (ig)le SR Kvn,ﬁ-} (2.195)
v

n=0

Fog(2ay 28) = {Z / dzy, - de, FO 0, FO . a%FW‘S?B}. (2.196)

.....

Focussing on just a smgle term

Fég) * Ky = Z/dZwFég)(Zm ZvWWFy(g)(Zﬁm z5)
= Z/dzv (Zavzv)F(g)(szé)} - [ach(ug)(Zme)] Fég)(zv,z(;)}

= ZO‘F 0 za,aXW)Féé)(ch“’,z(;) - z:/dz7 [@Fég)(za, z)] F,sg)(zv,z(;)

= Z 0F 9 (20,0 XV FQ (0 X7, 25) + Ko 0 EY,

yo
(2.197)
FO K, = FOOFY + K40 FY. (2.198)
We have defined U] by
AaOBgy =Y 0Aup(20,0X°) By (0 X7, 2)), (2.199)
a”ﬂ
and o to be convolution over the first index i.e.
Auap 0 Boy = Z/ dzaAas(Zas 28) Bay(Zas 2+). (2.200)

This provides a way of “moving the F(® to the right”. Repeatedly employing this

yields
Fc(vg)y) # (K")yp = (For O+ K5y 00) (Fry0, 0+ Koy 500) - (FvnfwnD + K'Vnﬁnflo) Fég?ﬁa
= —F (xF, 0 —OF, ) - (5, o — OF, o) -
(2.201)
Putting this all together, this yields the useful identity:
Fop(2a, 28) + Fsa(28, 2a) = ZO‘ a(0 X7, 20)Fyp(0 X7, 23). (2.202)
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2.E.2.5 Determining boundary terms

To establish the desired relationship, (2.202) implies that we require the values
Fop(r X ' XP). It is simple to show that

Fop (X% XP) — Fop(— X% XP) = Zop — Gugp, (2.203)

with Z the dressed charge matrix as defined in (2.125). (2.202) also implies that
Fog(X® XP) + Fao( X7, X%) = = [Fa(X7, X)F5(X7, X7)
> (2.204)
—Fo(— X", X*)F5(— X", X7)] .
Substituting (2.203) into (2.204) and simplifying, if we define F' to be the matrix
Fo5(X® X?), then it satisfies the equation
Z'F+F'Z=01-2)'(1-2). (2.205)

Considering

Faa(—=XP, X)) — Fop(—X% XP) = Za o(0 X7, X F5(—0 X7, X7),  (2.206)

and using (2.203) again, we find the similar equation
Z2'F-F'Z2=272-27". (2.207)
(2.205) and (2.207) determine F' uniquely, giving

/
Fog(rX®, 7' X%) = % (Z=1),,+ % (Z‘lT - 1) . (2.208)
af

This therefore allows us to write down the dressed shift functions appearing in (2.188)

in terms of the known quantities NP DImP viz,

F.(k" k") = = DIm° NI, (2.209)
Y
Foalk?,rX%) = =3 <2N;mpz— + D™z, ) . (2.210)

v

Combining the previous results, we find

SkP 2 . . o
2e(kE) = zeo(KP) 420 () =7 — % [NI™PD,, + DI"PAN, — D™ NI™] . (2.211)
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Using Eq. (8.38) from Ref. [26], the full finite-size momentum spectrum in the presence

of a high-energy charge particle is given by

okP
P= 2DckF,T + 2(DC + Ds)kp’¢ + Zc70(/€p) + 27Tpc,0(k}p>7
o [ (2.212)
+=7 [ANT-AD + SV =N |

ke{c,s}

where the V, ,j[ are non-negative integers enumerating the number of particle-hole pairs
in the vicinity of the Fermi points and kpyy) = 3 (7n. £ 2mm). In the zero-field limit
m = 0 and therefore kpy = kp| = kp, giving

P

k
P = 2kp (2D + D,) + zeo(K?) + 27rpc,0(kp)%

o (2.213)

+ = [ ANT-AD + ke{Z}(N,j — NJ)

2.F Mobile impurity contributions to ¢ (w)

2.F.1 Threshold of the “particle-hole” continuum in ¢®(w)

Next we examine the thresholds in the second contribution (2.18) to the optical
conductivity. The lowest threshold arises in the “particle-hole” and “two-particle”

excitations considered in 2.2.2.1 and 2.2.2.2 respectively. The threshold in both cases

is given by
h
Etphres(q) - €c(k(q>> - 2:“’7
0 ink — A 2.214
qg==k +/ dA 6 (SIDT) ps0(A), ( )

where ps(A) is the ground state root density (2.21). The threshold for the particle-
hole (two-particle) excitation is obtained by fixing the position of the hole (one of the
particles) in momentum space at one of the “Fermi points”, so that it contributes only
at O(L™') to the excitation energy. Hence the impurity degree of freedom corresponds

to a particle in both cases.
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2.F.1.1 Projection of the operator O;

We will use the representation (2.17) to determine the contribution C’ﬁ) (¢,t) to the
current-current correlator. Hence we require the projection of the operator O, defined
in (2.16) to the mobile impurity model (2.48). This can be worked out by following

Ref. [59]. We start by taking the continuum limit of the lattice fermion operators
Cio ~ Ro(2)e™™ 4+ Lo (x)e ™™ 4 2 = jag (2.215)
where ag is the lattice spacing. The continuum limit of O; then takes the form
O(z) ~ e R 9 R e T d¥' Q) 4 (2.216)

with Q.(x) = Rl(z)R,(z) + Li(z)L,(z). Next we decompose the charge part into the

low-energy and impurity pieces
Ro(x) ~ 1o+ Bl (2)e!"=2kr)e (2.217)

Substituting this back into (2.216) and then bosonising the low-energy degrees of
freedom we obtain

O(z) ~ B (x)e 7va%@ | (2.218)
where we have retained only the most relevant piece in the sector with a single im-
purity.
2.F.1.2 Finite-size excitation energy in the Mobile Impurity Model

As the mobile impurity model is again given by (2.46) to (2.48), and the impurity
again is located at a maximum of its dispersion, we can follow through the same steps
as in our analysis of the k-A string threshold. The finite-size spectrum is, accordingly,
of the same form as (2.69). The values of q&o) follow from the form of the Luttinger
liquid part of (2.218) to be

O =i = wVs 0 =39 =0, 2219
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2.F.1.3 Finite-size excitation energy from Bethe Ansatz

We consider again the excitation described in Section 2.2.2.1. The finite-size correc-

tions to the excitation energy are calculated in Appendix 2.C. The final result is of

the form
E =egsL jL e.(kP) + #5’0(#’) - 6111(% + vs)
+ 27;% <ANc8—K JCVémp)Q +2K, (Dc — DI + D. - D% _ZDismp)Ql (2.220)
27, :1 (ANS i AN, — Ncimp>2 N (Ds — D;mp)zl |
L |2 s 2 2

Here the ground state energy per site egs and dressed energy e.(k) are given in (2.23)
and (2.24) respectively, while the velocities vs,. and the Luttinger parameter K, are
calculated in Appendix 2.A. The thermodynamic value kP of the impurity rapidity
and its finite-size correction 0k? are determined by (2.150) and (2.154). Finally, we

have

AN,=-3, AN,=-1, D,=0, D,=0, (2.221)

N <o [ k) DT =0, 222

-Q
P —o) T +iTgr)
P (5 +am) (L - i)

4u

2D = / dk [pei(—k) — pea (k)] + ! {ln
Q m

i Q
+ 2 [ dbpes() {n
TJ-q

where p. (k) is the solution of the integral equation

T (% 4 Z'sir;k) r (1 o isink)

4 4u

Q
pei1(k) = cosk R(sin k — sin kP) 4 cos k / dk’ R(sink — sink")p.1 (k). (2.224)
-Q

In order to fully specify our mobile impurity model we also require the the curvature

of the dispersion relations of €.(k) at k = m, which is given by

2+ J%, dk R (sin kel (k)
(2mpeo(m))?

1 dek(e)
m dg?

(2.225)
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2.F.1.4 Fixing the parameters v,, 7,

By matching the expressions (2.220) and (2.69) for the finite-size energies we can fix
the parameters v,, Yo

1 1

Ve = 2—\/51 2—\/51(ANC - Némf’) ) s =0, a6,
Ve = —2—\/5—2—\/§(ANc—Nclmp) ;s =0.
2.F.1.5 Current-current correlator in the mobile impurity model
Given the expression (2.218) for the projection of the operator O;, we have
C (1) ~ H(z,t) = (O'(2,£)0(0,0))
(2.227)

~ (B(z, t)emva® @) Bi(0, 0)e vz 00y,
This is readily calculated using the unitary transformation (2.64). In the new basis
the correlator factorises

H(z,t) ~ <€ﬁ(ANc—Némp)@2(zyt)e—Qﬂ(ANc—Némp)@8(070)><§(x’t)gf(o’ 0))
A 2.228
1 / @e—ime—%(p)t ( )

(22 — 022 J_\ 27 ’

~Y

where in this case e(p) is given by e.(m + p) and

1 (3 Nme\?
=g (§+ : ) . (2.229)

Fourier transforming and using (2.18) we arrive at

I L
~ — /Adprm(w — g(p),p) , (2.230)

ph w

o1 (W)

where égm(w,p) is given by (2.91). The behaviour of (2.230) is shown in Fig. 2.16.
We see that the contribution vanishes smoothly at the threshold and increases slowly

above it.

2.F.2 Threshold of the two-hole continuum in af) (w)

Last but not least we wish to consider the threshold of the contribution of the two-

hole continuum to a§2) (w). This occurs at a higher energy than the threshold of the
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Particle-hole onset behaviour for U = 10, n = 5/6

1 T T T T T
A=0.01 x7(1—-n) )
09 FA=0.1x7m(1—n) A
=z 08 A=02x7(1—=mn) e |
2 08 rA=05xa(l—n) o
S| 0.7 A |
506 1
2 05} ]
=
< 0.4 i
_S
3 0.3 i
a0 02¢F |
0.1 i
0

Figure 2.16: Contribution to onset of af) (w) from particle-hole excitation in (2.230)
for U =10, n=5/6

particle-hole and particle-particle continua, but unlike the latter two persists as we

approach half-filling. The threshold is parametrised by

Efhes(q) = =22 (@) — 24, (2.231)

where k(q) is again fixed by (2.214). The threshold corresponds to having two high-
energy hole excitations with momentum ¢/2 each. As we are now dealing with two
impurities with equal momenta, the appropriate mobile impurity model is of the form

(2.48), but we now have to retain impurity-impurity interactions

1
Hipp = /dx [Bf(x)(s —iud, — —02)B(x)
2m (2.232)
+V Bl(2)9,B'(2) B(m)@mB(x)] .
2.F.2.1 Projection of the operator O;

Next we require the projection of the operator O; onto the mobile impurity model.

This proceeds as before, cf. eqns (2.215), (2.216), but now we take
R.(2) ~ ro(z) + Bl (x)e /2. (2.233)
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Substituting this into the expression (2.216) for O(z) we find
O(z) ~ Cr=m=02 Bt (1) Bf (z)e2va®@ (2.234)
where we have retained only the most relevant term in the sector with two impurities.

2.F.2.2 Finite-size corrections to excitation energies in the mobile impu-
rity model
The interactions between the mobile impurities and the Luttinger liquid degrees of
freedom can again be removed by the unitary transformation (2.64). In the trans-
formed basis finite-size corrections to the excitation energies in the LL part of the
theory can then be calculated as before, and lead to the result (2.69).
The zero mode eigenvalues for the “minimal” excitation (cf. (2.70)) associated

with O(z) as defined in (2.234) are

S

2.F.2.3 Finite-size corrections to excitation energies from the Bethe Ansatz

The two-hole excitation has been constructed in 2.2.2.3, and the threshold of interest
here occurs when, in the thermodynamic limit, the two holes have equal momen-
tum. The finite-size corrections to the excitation energy can be calculated following

Ref. [68], details are given in Appendix 2.D. The final result in zero magnetic field is

Skh Skhe T
E = I — h1y hay ! (1.h1y !hay T
€as _ 60(1{5 ) 5C(k ) I €c(k ) I Ec(k ) 6_L (Uc + US)
210, | (AN, — Nimp)2 . D, — Dmp\?
< 2K. | D, — D™ 4 — 5
L 8K, tafte(Hem B 9 (2.236)
2 _1 . AN, — Nimp\ 2 D. — Dimp 2]
s LA, - e - AN Z NPT (D Z DI
L 2 5 2 2

Here the ground state energy per site egs and dressed energy e.(k) are given in (2.23)
and (2.24) respectively, while the velocities v, and the Luttinger parameter K, are
calculated in Appendix 2.A. The thermodynamic values k" of the impurity rapidities
and the finite-size corrections 6k" are determined by (2.166) and (2.167). Finally, we
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have

1
AN,=0, AN=-1, D.=5., D,=0, (2.237)
| | Q |
NImP — (NI 4 1) — / dk per(k), D™ =0, (2.238)
-Q
| . i [r(3-imE) o (14 e
20 = [ dklpes(=b) — pra(®) - 3 £ 1 kN K
Q S| [r (3 imE ) (1 )

U — i) T+ )

2 4u :
D(p+igs) T —gr)

i Q
2 [ b pua) {1n
TJ-Q

where p. (k) is the solution of the integral equation

} , (2.239)

pei(k) = —cosk [R(sink —sin k") + R(sin k — sin k)]

Q (2.240)
+ cos k/ dk" pe1 (K )R(sink — sin k).
-Q

2.F.2.4 Fixing the parameters v,, 7.

By comparing the finite-size spectra calculated from the Bethe Ansatz (2.236) with
those obtained from the mobile impurity model (2.69) we are again able to determine

the parameters v,, 7». In the case at hand we obtain

1 imp

Ve + '70 = _\/§Dicmp ) Ve — /70 - _ENC ) Vs = ’75 = 0. (2241)

2.F.2.5 Current-current correlator in the mobile impurity model

Given the expression (2.234) for the projection of the operator O;, we have
2
C37(4,1) ~ (O (2, 1)0(0,0))

~ (0, B(z, 1) B(x, t)e e @D/2V2 B1(0,0)8, BT (0, 0)e™® 00/2V2) = [(z ¢).
(2.242)

This is readily calculated using the unitary transformation (2.64). In the new basis

the correlator factorises

L(z,t) = (8,B(z,t)B(x,t)B'(0,0)0,B(0,0))

imp im (2243)

imp 1_ p
i A 00—t ety

1 _opimp
- o 2
Ve Oc@t) it Vo

_i2 c o
> <6 it— DL (z,t)+
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The Luttinger liquid part of the correlator is readily calculated

L(z,t) = (0, B(x,t)B(x,t)B7(0,0)0,B7(0,0)) (x — vet) " (z +vt) ", (2.244)

where
1 i imp 2
vy =2 |VK.|-—-2D" )| F —| ,
2 2V K,
) o (2.245)
+ ik, (L —apme) & ()
v=v v_ = C = - > .
* 2 c K,

In the absence of interactions between our two high-energy impurities (V' = 0) the

impurity part of the correlator is readily calculated as

(0, B(x, ) Bz, ) B'(0,0)0,5(0,0)) ~ tg%a(z —ub). (2.246)

In order to gain some insight in the importance of interactions, they can be taken
into account in a random phase approximation in the impurity-impurity interaction.
Summing up the RPA bubble diagrams does not change the behaviour sufficiently
close to the threshold. Putting everything together we find

1 1 d(z — ut)
L(z,t) ~ 2.247
(z,t) (z — vet)"+ (z + vet)r- +3/2 ( )
The resulting contribution to Jf) (w) for frequencies close to wy = —2u — 2¢, (@)
is thus
1 1
o? () ~ = (W —wo)"t? Ow —w). (2.248)

two—hole w

As we have pointed out before, the excitation with two high-energy holes persists
at half-filling. Importantly, this contribution is no longer suppressed at half-filling,
and in fact gives rise to the square root increase above the absolute threshold in the
optical conductivity in this limit[25, 109, 118]. Our result (2.248) is reconciled with
this behaviour by noting that the frequency range w — wp over which (2.248) holds is
related to the cutoff A, of the charge sector of the Luttinger liquid degrees of freedom.
As we approach half-filling this cutoff tends to zero i.e. the frequency window in which
(2.248) applies vanishes. At sufficiently high frequencies w > wy + A, we expect on

general grounds to recover the square root behaviour observed at half-filling.
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Chapter 3

Quantum disentangled liquids in
the half-filled Hubbard model

In this chapter, we investigate the existence of quantum disentangled liquid (QDL)
states in the half-filled Hubbard model on bipartite lattices. In the one dimensional
case we employ a combination of integrability and strong coupling expansion methods
to argue that there are indeed finite energy-density eigenstates that exhibit a “weak”
form of QDL behaviour. In particular we show that measuring the spin degrees of
freedom in these states leaves the system in an area-law entangled state order-by-
order in the strong coupling expansion. The states exhibiting the QDL property are
atypical in the sense that their entropy density is smaller than that of thermal states
at the same energy density. We argue that within a certain temperature window
parametrically large in U, the thermal states also exhibit a weaker form of the QDL
property.

The question of how isolated many-particle quantum systems relax and how to
describe their steady state behaviour has attracted attention for a long time[135].
The past decade has witnessed a tremendous resurgence of interest in this problem,
which was largely motivated by ground-breaking experiments on systems of trapped
ultra-cold atoms[136-146]. It is now understood that generic many-body systems re-
lax towards thermal equilibrium distributions at an effective temperature fixed by the
energy density, which is by definition conserved for isolated systems. This behaviour

follows from the eigenstate thermalisation hypothesis (ETH)[32, 72, 87, 147]. When
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a system thermalises the only information about the initial state that is retained at
late times is its energy density. This does not, however, exhaust the theoretically
understood paradigms of relaxation: quantum integrable systems possess conserva-
tion laws which constrain the system to retain information on more than just the
energy density. As such, they do not thermalise, but instead relax towards Gener-
alised Gibbs Ensembles [33, 73-77|. This can be understood in terms of a generalised
ETHI78, 148]. Sufficiently strong disorder is another mechanism that can preclude
thermalisation[79-82, 149, 150]. This can again be related to the existence of con-
servation laws[84, 85, 150], although, unlike in the integrable case, no fine-tuning
is required. Moreover, in (many-body) localised systems eigenstates at finite energy
densities exhibit an area-law scaling of the entanglement entropy. This is qualitatively
different to cases in which the ETH holds and differs dramatically from the situation
encountered in integrable models as well.

Recently it has been proposed that the eigenstates of certain systems may fail to
thermalise in the conventional sense. The corresponding state of matter has been
dubbed the “quantum disentangled liquid” (QDL)[86]. A characteristic feature of
such systems is that they comprise both heavy and light degrees of freedom. The
basic premise of the QDL concept is that while the heavy degrees of freedom are
fully thermalised, the light ones, which are enslaved to the heavy particles, are not
independently thermalised. A convenient diagnostic for such a state of matter is the
bipartite entanglement entropy (EE) after a projective measurement of the heavy
particles. The possibility of realising a QDL in the one dimensional Hubbard model
was subsequently investigated by exact diagonalisation of small systems in Ref. [88].
Given the limitations on accessible system sizes it is difficult to draw definite conclu-
sions from these results. Motivated by these studies we have recently explored the
possibility of realising a QDL in the half-filled Hubbard model on bipartite lattices

by analytic means[91]. The Hamiltonian of the one-dimensional Hubbard model is

1 1
H=—t Z <C;',ocj+1,cr + C}L-+1’ch7a> -+ UZ (nﬂ — 5) (nj,¢ — 5) (31)
Jo=1{ J

We recall that at half-filling (one electron per site) (3.1) is invariant under the 7-
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pairing SU(2) symmetry with generators[151]

n = %Z (g +njy—1),  nt =) (=1 =@ (3.2)
J J

The outline of this chapter is as follows. In Section 3.1 we briefly recall necessary
facts from the exact solution of the Hubbard model. In Section 3.2 we consider typi-
cal states at finite temperature. In Section 3.3 we employ methods of integrability to
show that it is possible to construct particular eigenstates at finite energy densities
for which the charge degrees of freedom do not contribute to the volume term in the
bipartite EE, corroborating the notion of the QDL diagnostic proposed in Ref. [86].
In Section 3.5 we show that there exists a parametrically large regime in which ther-
mal states support a weaker version of QDL as proposed in Ref. [91]. We turn to
strong-coupling techniques in Section 3.6 to address the question at the level of the

wavefunction,

3.1 Eigenstates of the Hubbard Hamiltonian

The one-dimensional Hubbard model is exactly solvable by the Bethe Ansatz method
[26]. Within the framework of the string hypothesis, eigenstates in the Hubbard
model are determined by solutions to Takahashi’s equations[26]. For a state with N
electrons, M of which are spin-down, the Takahashi equations can be found in Sec-
tion 1.5.2 on page 25. In the framework of the string hypothesis each set {I;, Ji, J'5'}
of (half-odd) integers gives rise to a unique eigenstate of the Hubbard Hamiltonian. In
particular, the ground state for even lattice length L, even total number of electrons

Ngs and odd number of down spins Mgg is obtained by the choice[26]

N, 1 . .

Ij:_%_§+]7 Jj=1,...,Ngs, (3.3)
M 1

Jl=— 2GS_§+Q, a=1,..., Mgs. (3.4)

3.1.1 Macro states at finite energy densities

Taking the thermodynamic limit, the Bethe Ansatz allows a description of macro

states corresponding to smooth root distributions. We now use this framework to
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identify a class of macro states that exhibits characteristic properties of a QDL. Using
the string hypothesis general macro states in the one dimensional Hubbard model can

be described by sets of particle and hole densities {p?(k), p"(k), o2 (A), o(A), o"P(A), 0. (A)|n €

rYn rn

N} that are subject to the thermodynamic limit of the Bethe Ansatz equations|26]

o' (k) + p"(k) = % + cosk;Z/oo dA a, (A —sink) [0}, (A) + o2 (A)]

™

on(A) == /Oo dN Apm (A — N') o (N) + / dk a,(sink — A) pP(k) ,

m=1Y" -

1 h 1 1 S /Oo ' N YV
A) = —Re 3" [ AN A (A - A) ol 7(A
n ( ) ™ \/1 — (A—Z’HU)2 m=1" — ( >U ( )

—/ﬂ dka,(sink — A) pP(k) .

—T

(3.5)
Here u = U/4t and
1 2nu
27 (nu)? 4+ 22’

Apm () = 6(z) + (1 - 5m,n)a\n—m\(x) + 2&|n_m|+2($) +ot 2a|n+m\—2($) + ngm ().
(3.6)

an(x)

The energy and thermodynamic entropy per site are then given by

e:u%—/7r dk[—2cosk—u—2u]pp(l€)+4i/dAa;p(A)Re\/1—(A+inu)2,

—Tr

—Tr

s:/ﬂ dk S [P (k), o' (k)] +u+i/_ZdAS [a;p(A),o;h(A)]

- Zl / : dA 8 [0, (A), 0" (A)],

(3.7)

where we have defined

Sf. g1 = [f(2) + g(x)] In (f(z) + g(x)) — f(2)In (f(2)) = g(x)In (g(z)) . (3.8)

The ground state of the half-filled Hubbard model in zero magnetic field is obtained

by choosing
P'k)=0=01(A), o (A)=0=075,(0). (3.9)
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3.2 Typical vs atypical energy eigenstates

A characteristic property of integrable models is that at finite energy densities relative
to the ground state there exist thermal states as well as atypical finite entropy density
states that have rather different properties. The existence of such states is intimately
related to the presence of an extensive number of higher conservation laws. Their
nature can be easily understood by considering the special limit of non-interacting
fermions (U = 0). Here the half-filled ground state is simply

GS)u=o =[] b (ky)I0) (3.10)

o,|kjl<m/2

where ¢, (k) = L7237 ¢™¢;,. Thermal states at finite energy densities are Fock
states with momentum distribution function

1

Po(k) = 27[L + e 2cos(M)/T] ° (3.11)

In a large, finite volume we can construct thermal Fock states by using the relation
pb(k;) = m + o(1). A simple atypical state at a finite energy density above
the ground state is obtained by splitting the Fermi sea

split FS) = [ cl(k))0) . (3.12)

o, Z<|k;|<3E

The energy eigenstate (3.12) is clearly not thermal. Moreover, the corresponding
macro state has zero entropy density in the thermodynamic limit. However, it is easy
to see that by considering other arrangements of the momentum quantum numbers
one can arrive at atypical states that have finite entropy densities in the thermody-
namic limit [152]. The situation in integrable models is a straightforward generali-
sation of this construction. The relevant quantum numbers are the (half-odd)integer

numbers that characterise the solutions of the Bethe Ansatz equations.

3.2.1 Thermal states in the Hubbard model

Thermal states are by construction the most likely states at a given energy density.

To obtain their description in terms of particle and hole distribution functions we
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need to maximise the entropy density s at a fixed energy density e. To that end it is

customary to extremise the free energy per site f = e — T's, where e and s are given
4]
P8+ 5 080

n (3.7)
0= = [ a { 500 (8)

5 / dA [%;f( O + O soh(n) (3.13)

— ) dar(A) "
of Sf
+5UZ(A)5U£(A) + 6UZ(A)6UZ(A>} )

The relations (3.5) connect hole and particle densities and need to be taken into
account as constraints. The extremisation leads to a system of non-linear integral
equations that fixes the ratios

p"(k) o) dh)

oy " oy Y=oy

Q

C(k) = (3.14)

For the Hubbard model in zero magnetic field the resulting Thermodynamic Bethe

Ansatz equations read [26, 153]

— — - O [ 1
In ¢ (k) = 2cos/£Tu 2u+2/ dAan(sink:—A)ln<1+ )

(M)
_Z/ dA a,(sink — A) In (1+ ij)

In (1 +7(A)) = —/ dk cos(k) a,(sink — A)In (1 + <<1 )) ZAW ‘1o (1 v L)

- Tim

Y

A

, 4Rey/1 — (A —inu)? — 2np — 4nu
In (1 o, (1)) — RV (Bt

- /_1 dk cos(k) an(sink — A)In (1 + ﬁ) Z Apm * In (1 + i)
(3.15)

The system (3.15) can be solved numerically to calculate the energy density and other
simple thermodynamic properties of typical states at finite energy density. The free

energy per site is given in terms of the solution of (3.15) by[26]

™ dk 1 1
=-T —In|{14+ — |+u-T / —1n<1—|— ) .
f /77 2m < > ; - 7/1 \/]-_ —ZTLU 2

(3.16)
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3.2.2 Simple families of atypical finite entropy density states
in the Hubbard model

It is instructive to explicitly construct families of atypical macro states with finite
entropy densities, which allow one to obtain closed-form expressions for the energy

density and double occupancy

d= %< zj: nMnj,¢> , (3.17)

in the thermodynamic limit. In terms of the Bethe Ansatz, the states we wish to
consider involve “freezing” the microscopic configuration of the charge sector to that
of the ground state at half-filling. More precisely, we consider the following two-

parameter family of macro states

oA =0, pk)=0, of(A)=w0{(A),  on(A) =yolh(A). (3.18)

n n

The choice (3.18) enables us to solve the thermodynamic limit of the Bethe Ansatz
equations (3.5) by Fourier techniques. In particular we find that the Fourier trans-
forms of the particle densities in the spin sector 7, (w) = [ dAe™*cP(A) fulfil
1(w)) _ a1 [ Jolw)e
<5n(w)) - (Jo(W)e_”“” ’
3.19)
1 —2u|w 2 —nu|w| h (
M= ( +xr+e e cosh uw '

_ —2nu|w| _ ,—2u|w|
2e "l coshuw 1+ y + 2¢ o T e2nulw|

We are particularly interested in spin singlet states. By the theorem of Refs [154, 155]
a sufficient condition for obtaining a singlet is for the S* eigenvalue to be zero, which
imposes the constraint

51(0) + n&, (0) = =. (3.20)

Combining this with (3.19) leads to the n-independent requirement zy = 0. Asz =0
corresponds to the ground state we choose y = 0. This corresponds to a finite density
of holes for 1-strings and a filled Fermi sea for n-strings. The energy density for the

atypical macro states constructed in this way is

% e 14+ e~ 2uw + 6(272n)uw(_1 + ZL‘) _ 672nuw(1 + l’)
n(r) = —4 —Jo(w)J )
e (37) /0 w 0<W) 1(&)) (1 + e—2uw>(1 — eld—2n)uw + eZuw(l + J]) _ 6(2—2n)u(w(]_ _S l’))
3.21
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By taking derivatives with respect to u, we can calculate the double occupancy d as

0.25

0.2

0.15

0.1 ¢

0.05 n — oo

-14 -12 -1 -08 -06 -04 -02 0

0.125

0.1 ¢

0.075 }

0.05 ¢

0.025 }

-06 -05 -04 -03 -02 -0.1 0

Figure 3.1: e vs d curves for u = 1/40 and u = 1 respectively, showing states occupying
1-strings and n-strings

a function of z, and combining this with (3.21) we can study how d changes with e

for the different families n. The results are shown in Fig. 3.1.

3.2.3 Double occupancy for thermal vs atypical states

It is interesting to compare the behaviour of the double occupancy in thermal states

and the particular family of atypical states as identified above in Section 3.2.2. We
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can calculate the energy density and double occupancy for typical states using the
free energy of (3.16) as

0
=93

where we have used the fact that we are working at half-filling. This determines d

8_f 1

(e)s (Bf),  Ads =55+ (3.22)

as an implicit function of e for thermal states. We note that this is of experimental
relevance, as recent ultra-cold atomic experiments are able to directly measure the
double occupancy in realisations of the one-dimensional Hubbard model[156].

In Fig. 3.2 we present results for the double occupancy as a function of the energy
density for thermal states at several values of the interaction strength u. These are
compared to the corresponding results for the finite entropy density atypical states

with n = 4 constructed in Section 3.2.2. We see that as the interaction strength

u=1 u=15 u=2
0.2 Thormal " T T T T T
Therma. 0.1k i 0.06 L
0.15 | Atypical n =4 -------- N 0.08 1 )
~ 0.1 — i ~ 0.06 \__/ s 0.04 | i
"""""""" 004 L T 7 T~ |
I B I 002 fF T .
005 T 002 T4 T e
. . . . L 0 L L 0 -
-0.5 -0.4 -0.3 -0.2 -0.1 O 0.4 0.3 0.2 0.1 0 0.3 0.2 0.1 0
e e e
u=3 u =4 u=>5
0.035 F— T 3 0.02 F T B 5 F
0.03 1 ) 0.0125
0.025 + N 0.015 + E 0.01 ¢
0.02 | E 0.0075 | B
= = = 0.01 B =
060(1;1) 7\/ \/ 0.005 \/
0005 | e ] 0005 - T 1 0.0025 F T~ 1
0 Lo ‘ 0 ‘ 0 :
-0.2 -0.1 0 -0.1 0 -0.1 0
e e e

Figure 3.2: Double occupancy d as a function of the energy density for thermal (solid
lines) and atypical states (dashed lines).

u is increased, the results for thermal and atypical states track one another for an
increasing range of energy densities. On the other hand, for small values of u the
double occupancies of thermal and atypical states are very different at all energy
densities. These results can be used to shed some light on the role played by finite-size
effects in the exact diagonalisation results of Ref. [88]. There the double occupancy

was computed on lattices of up to L = 12 sites and a very interesting change in
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Figure 3.3: Comparison of thermal and typical states with exact diagonalisation data
of Ref. [88]. Here the points indicate expectation values for eigenstates of the Hubbard
model, where the spin singlets are highlighted in red.

behaviour of e(d) was observed as a function of u. As shown in Fig. 3.3, for sufficiently
large values of u the there is a “band” of eigenstates in the d — e plane that minimises

d at fixed e and is separated from the region traced out by the other eigenstates. This
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is easily understood in terms of typical and atypical eigenstates. The special band of
states is seen to track the d(e) of our n = 10 family of atypical states, while for most
of the states d(e) is centred around the result for typical states in the thermodynamic
limit (as the system size in the numerical study is quite small we expect a significant
spread around the thermodynamic limit result). At small values of u the atypical
states are no longer visible in L. = 12 numerical data, which are now all spread
around the thermal thermodynamic limit result. This discrepancy has its origin in

the strength of finite-size effects, which are more pronounced in the small-u limit.

3.3 Particular atypical energy eigenstates:
the “Heisenberg sector”

In Ref. [88] it was suggested that a particular class of eigenstates of the Hubbard
Hamiltonian possess the quantum disentangled liquid property. These states were
identified for short chains by considering the strong coupling regime ¢t < U. In this
regime the spectrum breaks up into a sequence of narrow “bands” of states, which can
be characterised by the expectation value of the double occupancy number operator.
The states of interest constitute the lowest such band and are adiabatically connected
to eigenstates without any doubly occupied sites in the limit ¢/U — 0. As we are
interested in the limit . — oo at fixed U our first task is to identify such states in
terms of the Bethe Ansatz solution. This can be done either at the level of micro
states in a (large) finite volume, or in terms of macro states in the thermodynamic

limit [91].

3.3.1 Micro states

An important property of the exact solution of the Hubbard model is that it makes
it possible to follow the evolution of particular eigenstates with the interaction pa-
rameter w. In the framework of the string hypothesis|[26] there is a one-to-one corre-
spondence between energy eigenstates and solutions to the Bethe Ansatz equations

(1.45), which in turn are uniquely characterised by sets of (half-odd) integers [;, JZ,

[0}
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J'w. Fixing a particular set {I;, J7, J'.} we may follow the corresponding solution of
(1.45) as a function of u. This allows us to identify the special states considered in
Ref. [88] as follows. In the limit U — oo at fixed L and half filling, the lowest energy
states are obtained by setting

M =0, (3.23)
i.e. considering only states that do not contain any k-A strings. This is because the

latter contribute O(u) to the total energy,cf. (1.49). These states are characterised

by the quantum numbers J}, which have ranges

1L <«
<= = - tom My — 1], =1,...,M,. 24
There is no freedom in choosing the I;: they are given by
_£ . .f Mm .
=gzt e g (3.25)
—==+j if Y M, is odd

Importantly, the I; form a completely filled Fermi sea, just as they do in the ground
state of the half-filled Hubbard model. It follows from the results of Ref. [157] that

the total number of such states is 2%. We call these states Heisenberg sector states.

3.3.2 Macro states

At the level of macro states the Heisenberg sector corresponds to the requirement
PE)y=0=0"(A), n=1,2,... (3.26)

We note that the correspondence between (3.26) and the microscopic definition of
3.3.11s to be understood in a thermodynamic fashion. There clearly will be eigenstates
that are captured by (3.26), but go beyond the narrow specification we used in 3.3.1.
For example, adding a finite number of k-A strings will not change the macro state
(3.26), as this affect the densities only to order O(L™1).

Importantly, the “freezing” of the charge degrees of freedom that characterises the
Heisenberg sector implies that the thermodynamic entropy density for these macro

states depends only on the spin degrees of freedom

s=30 /_ TN S [02(A), 0" ()] . (3.27)
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3.3.2.1 Maximal entropy states in the Heisenberg sector

The next question we want to address is which macro states in the Heisenberg sector
maximise the entropy at a given energy density. These states would be selected with
probability one if one randomly picked an eigenstate at a given energy density in an
asymptotically large system. We start from the thermodynamic limit of the Takahashi

equations (3.5) for Heisenberg sector states

1 e oo
_ g p
k) = o + Cosl{:;1 /_Oo dA a, (A —sink)ol(A) ,

o - (3.28)
oh(A)=->" / dA’ Ap (A — A') 0P, (A') + / dk an(sink — A) pP(k) .
m=1Y ~xX -7
We then define an analogue of the free energy density by
f=e—Ts, (3.29)

where e and s are the energy and entropy densities of Heisenberg sector states and
are given by (3.7) and (3.27) respectively. The “temperature” 7T is understood simply
as a Lagrange parameter that allows us to fix the energy density. We now extremise

the free energy with respect to the particle and hole densities, subject to (3.28). This

fixes the ratios 7, (A) = ZZ Eﬁ; to be solutions to the system of TBA-like equations
A = [ 1
In (14 n,(A)) = gl(T ) 4 Z/ AN Ay (A — A')In {1 + <A’)1 . (3.30)
—oc0 Tin
m=1

where g1(A) = —4Re\/1 — (A —inu)? + 4nu. The entropy density for these macro

states is given by
5= Z /OO dA [&ﬁaﬁ(/&) + g2(A)In (1+ ngl(A))] : (3.31)

where g»(A) = LRe L

3.4 Entanglement entropy of Heisenberg sector states

As we have seen above, the Bethe Ansatz solution of the Hubbard model provides us

with a means to compute the thermodynamic entropy density for any macro state.
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On the other hand, the notion of a QDL involves entanglement properties after a
partial measurement. Implementing such partial measurements in the Bethe Ansatz
framework is beyond currently available methods. However, some information about
entanglement properties of energy eigenstates can be inferred as follows. For short-
ranged Hamiltonians there is a relation between the thermodynamic and entanglement
entropies: if we consider a large subsystem A of size |A| in the thermodynamic limit,

the volume term in the entanglement entropy of an eigenstate |¥) is given by
Suna = s|A| + o(|4]), (3.32)

where s is the thermodynamic entropy density. As we have seen in (3.27), the thermo-
dynamic entropy density of Heisenberg sector states depends only on the spin degrees
of freedom. This then implies that the volume term in the entanglement entropy is
independent of the charge degrees of freedom, and depends on the spin sector only.
In particular, as (3.32) is based only on the properties of the macro state under con-
sideration, we know that microscopic rearrangements in the charge sector, such as
introducing k-A strings, will not affect (3.32). The emerging picture is consistent
with expectations for a QDL state: the spin degrees of freedom exhibit a volume law
entanglement entropy, while the charge degrees of freedom are only weakly entangled.
The spin degrees of freedom will be “heavy” in the terminology of Ref. [86] at large
values of U, because their bandwidth is proportional to ¢*/U. The bandwidth of the
charge degrees of freedom remains O(t) and they are therefore “light” in comparison.
We stress that Heisenberg states obey (3.32) for any value of u, and the heavy vs
light separation is not required. This is presumably a consequence of integrability.

Considerations based on the von Neumann entanglement entropy fall short of the
full QDL diagnostic proposed in Ref. [86], which requires carrying out a partial mea-
surement of the spin degrees of freedom. Evidence based on a strong coupling analysis
that supports the view that Heisenberg sector states pass the full QDL diagnostic has
been put forward in Ref. [91].
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3.5 Thermal states in the large-U limit

We have constructed an exponential (in the system size) number of eigenstates, which
exhibit QDL behaviour in the thermodynamic limit. However, these states are atyp-
ical in the sense introduced above: the most likely states at a given energy density
are thermal. It is therefore instructive to contrast the entanglement properties of
Heisenberg sector states to those of typical states. The latter are given as solutions of
the systems (3.15) and (3.5) of coupled integral equations. While it is not possible to
solve these analytically in general, in the limit of strong interactions analytic results
can be obtained [158-160]. This is also the most interesting in the QDL context, as it
provides a natural notion of light (charge) and heavy (spin) degrees of freedom. For

simplicity we focus on the “spin-disordered regime”

2

At
o <T<U. (3.33)

This corresponds to temperatures that are small compared to the Mott gap, but large

compared to the exchange energy. Here one has[160]
P (k) = O(e_”/T) . o) = O(e‘“/T). (3.34)

Substituting this into the general expression (3.7) for the thermodynamic entropy

density we obtain
00 00 u
s=3 / AN [0,7(0), 0. ()] + O (e /7). (3.35)
n=1"Y >

Finally, using the relation between thermodynamic and EE (3.32) we conclude that
for thermal states in the spin-disordered regime the contribution of the charge degrees

of freedom contribute to the volume term is

SVN,A = (Sspin + Scharge> |A| + 0(|A|) >

Sspin. = O(1) ,  Scharge = O(%e_“/T> : (3.36)

Here Scharge includes the contributions from pure charge degrees of freedom as well

as bound states of spin and charge. Importantly, unlike Heisenberg sector states,
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typical states have a contribution from the charge degrees of freedom to the volume
term. However, this contribution is exponentially small in «/7T and therefore only
visible for extremely large subsystems. While we have focussed on the spin-disordered
regime, the behaviour (3.36) extends to thermal states for all 0 < 7' < U. In
Ref. [91] behaviour of the kind (3.36) (for the entanglement entropy after a partial
measurement) was proposed as a “weak” form of a QDL, which one may expect to

occur quite generically in strong coupling limits.

3.6 t/U-Expansion

The analysis presented above provides a strong indication that the Heisenberg sec-
tor states realise the QDL concept. However, the exact solution does not presently
allow one to examine the QDL diagnostic proposed in Ref. [86], which requires the
calculation of the EE after a partial measurement. We therefore now turn to a com-
plementary approach, namely a strong-coupling expansion in powers of ¢/U. This
is most conveniently implemented by following Ref. [7]. At a given site j there are
four possible states |0);, [1); = c;r.’T|0>j, 1) = },¢|0)j and [2); = ;TC;JO)]-. Defining
Hubbard operators by X = |a);;(b|, the Hamiltonian (3.1) can be expressed in the
form

where D = izj X374+ X0 — XJTT - XJ“ and T, = . T, ; are correlated hopping

terms that change the number of doubly occupied sites by a
Tog ==Y (XP7X7 + X7°X]7, +hee),
Ty =T, ==Y o[X"X)7, + X"X77,] .
The t/U-expansion is conveniently cast in the form of a unitary transformation [7]

, ‘ 1
H =e®He ™ = H + [iS, H] + 5[iS, [iS, H]| + ..., (3.38)
where the generator ¢S is chosen as a power series in t/U iS = > ° (%)niS[n}.

n=1

The operators S, ... S can be chosen such that the first k + 1 terms in the ¢/U-
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expansion of H’ will not change the number of doubly occupied sites. It follows from
Ref. [7] that the unitary transformation can be written as

o5 — Z Z (5) ' o) [m]T(k) [m)],

k>0 [m)]

(3.39)
T®m) =Ty, Tony - - - Tne , My € {—1,0,1},

where o¥)[m] are suitably chosen coefficients.

3.6.1 Heisenberg sector states in the ¢/U expansion

We now need to identify the Heisenberg sector states in the framework of the t/U-
expansion. We propose that they are characterised by their property that, in the
framework of the ¢/U-expansion, they are connected by our unitary transformation

to states without any double occupancies
L

)], = 1) = e D oran [T X 10) (3.40)
a; =14 Jj=1
Our identification is based on the fact that in the Bethe ansatz solution exact eigen-
states are labelled by sets of (half-odd) integer quantum numbers, which makes it
possible to follow a particular state when changing the interaction strength U. When
sending U/t to infinity for a large but fixed system size one finds that in this limit
the lowest energy eigenstates belong to the Heisenberg sector, which in turn leads
to the identification (3.40). In the following we will use the eigenstate |¢y) and its
t/U-expansion |¢) interchangeably and leave a discussion of contributions not cap-
tured by the ¢/U-expansion for our concluding remarks. The ground state of the
half-filled Hubbard model is a particular example of a Heisenberg state. Heisenberg

sector states have the important property that they are singlets under the n-pairing

SU(2) algebra. This follows from the easily established fact that
m,Tw] =0=[n", T = [0, T,) , m=0,=£1 (3.41)

The commutation relations (3.41) imply that T*)[m] commute with the 7-pairing

operators, and this in turn implies by virtue of (3.39) that
e =0=[n",e™] = [, e, (3.42)
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This, together with the fact that all states with only singly occupied sites are anni-
hilated by both 1 and 7', establishes that all Heisenberg states are n-pairing singlets

) = ') =n*lv) = 0. (3.43)

Note that the construction of [7] holds for different double-occupancy sectors, and
H’ reduces to a spin Hamiltonian only in the particular case we entertain from here.
Generically, one obtains a t-J model[26]. Using the results of Refs [161, 162] we
may construct a basis for the space of n-pairing singlets. Let us select a set A =
{ay, ..., as,} of 2q lattice sites and denote the complementary set by A. We take all A
sites to be singly occupied by spin-o; fermions, while we form singlet 7-pairing dimers

1S(a,b)) = [2)al0)s + (—1)*""710)4|2), on the A sites. This gives an overcomplete set

of states
q
k;o) = H |S (i1, k2:)) H o), (3.44)
=1 ]EA
where k = ki,..., ko, is a permutation of {ay,...,as,}. It is easily verified that

the states (3.44) are n-pairing singlets. A linearly independent set of states (3.44)
is formed by imposing a “non-crossing” constraint on the permitted values of k as
follows. We first impose an ordering of sites {ay, ..., as}, e.g. a1 < as < --- < ag,. In
one dimension this is simply the natural order of the sites. We then connect the ¢ pairs
of sites {(ka;—1, k2i)} by lines, ¢f. Fig. 3.4. If no lines cross, the state corresponding to
the pairing k is permitted. A basis B of all n-pairing singlet states in the half-filled
Hubbard model is obtained by taking into account all “sectors” 0 < 2¢ < L and

all distinct sets {ay,...,aq,} of lattice sites in a given sector. All eigenstates in the

N N

ay az as aq as ag az as

Figure 3.4: The pairing k = {a1, as, as, as, a4, az, as, ag} does not involve crossed lines
and fulfils the constraint.
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Heisenberg sector can then be expressed in the form

)= Y Ak [kso) (3.45)

|k;o)eB
3.6.2 One spatial dimension

The t/U-expansion allows us to determine the dependence of the amplitudes A, on

U. Tt is useful to define the “total bond length” by

D( Y. Ae ko)) = max D(lk;o)). (3.46)
|k;o)eB A;;;U#O

where we take D(|k; o)) = > %, (||kai—1 — kail| + 1). It is a straightforward matter to
show (see Appendix 3.B) that D(T,|¢)) < D(|¢)) +n+1 where n = 0, £1 and |¢) is
any Heisenberg sector state (3.45). This in turn implies that D [T® [m]|¢o)] < k+gq,
where ¢ = Zle m; and [1g) is any state with only singly occupied sites. Applying this
to the expressions (3.40), (3.39) for Heisenberg states, we conclude that the expansion

coefficients in (3.45) fulfil
Ak;a’ — O((t/U) Z(i]:lHk%_k%—l“) ' (347)

These results cannot be straightforwardly generalised to D > 1 because our definition
of a total bond length hinges on |k;o) forming a basis of states, which imposes
constraints on the allowed values of k. In a typical Heisenberg sector state we have a
finite density of doubly occupied sites and the coefficients (3.47) are of an extremely
high order in ¢/U. In order to proceed we will assume that the t/U-expansion for the
wave-function (3.45) has a finite radius of convergence. We know this to be the case

for certain quantities such as the ground state energy [26].

3.6.3 Quantum disentangled diagnostic

To reiterate the problem: according to Refs [86, 88] a QDL can be diagnosed by
preparing the system in a finite energy-density eigenstate with volume-law bipartite

EE entropy, upon which we carry out a projective measurement of the z-component
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of spin on each site of the lattice. If the resulting state is characterised by an area-law
EE, the original state realises a QDL.

We now address this proposal in the framework of the ¢/U-expansion. As our
initial state we choose a finite energy density eigenstate (3.40) in the Heisenberg
sector. These generically have volume-law entanglement entropies as can be seen
from the fact that the corresponding macro-states have finite thermodynamic entropy
densities. As the 1D Hubbard model is integrable there also exist finite energy density
eigenstates with area-law EE, but these are the exception rather than the rule. Let
us assume that the outcome of our projective spin measurement is that we obtain
spin zero at all sites in the set A = {a1,as,...ag,} and spin o; = £1/2 everywhere
else. Then the state of the system after the projective measurement can be written

as
a1—1

T X5 (X0 + x22)

ji=1

1
|¢proj> = \/_X[
az—1
< [T X527 (X8 + X2) - [0),

Jje=a1+1

(3.48)

where N is a normalisation factor. Using our results (3.45) for the structure of

Heisenberg states in the ¢/U expansion, we can rewrite this in the form

[Woroi) = Y W(Q) [ T15(kqu s kau))lo)- (3.49)

QES 2 =1
Here |o) = [];440;) is a product state fixed by the projective measurement, and
the sum Z'QE 55, 18 Testricted to the permutations Q) such that aq,, aq,, ... aq,, corre-

sponds to singlet states that satisfy the non-crossing condition. As a result of (3.47)

the amplitudes W (@) fulfil
i1k 2i FQ; 1
wW(Q)~O0 ((t/U)Z“ T ”) : (3.50)

In the leading order in the t/U-expansion that is allowed to be non-zero by the
above considerations there is only a single term in (3.49) and we are dealing with
a spatially ordered product state of singlet dimers, ¢f. Fig. 3.5. In the following

we will assume for simplicity that the numerical coefficient of this term is indeed
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a2n—1 a2n. A2n+1 a2n+2 A2n+3 A2n+4

Figure 3.5: Structure of the singlet pairings in the leading non-vanishing term of the
projected state in the ¢/U-expansion.

different from zero, which will be generically the case. Depending on the choice
of the initial Heisenberg state and the outcome of the projective measurement it is
possible that this coefficient vanishes. Such cases can be accommodated by relatively

straightforward modifications of the following discussion.

3.6.4 Entanglement entropy.

At any finite order in the t/U-expansion the projected states (3.49) are only weakly
entangled. Let us consider the generic case, in which the leading non-zero term in the
projected state has the form shown in Fig. 3.5. In this case the leading term in von
Neumann entropy of a sub-system A is simply given by Syn 4 = In(2) if we cut one
of the singlet dimers when we bipartition the system, and zero otherwise. At leading
order it is not possible for the bipartition to cut more than one dimer. In order to
describe the structure of the leading corrections to this result we take the subsystem
A to be the interval [1,¢], where ag,+1 < £ < ag,+2. Here {a;} are the sites in the
projected state that are either doubly occupied or empty. We then cast the projected
state in the form

|¢pmj>=|¢L>< N ./\>

!
(2n—1 QA2n A2p4+1/A2n+2 A2n+3 A2n44

vl EN AT > 351

!
(2n—1 QA2n A2p4+1/A2n+2 A2n+3 A2n+4

O >>|wR>+---,

|
+&2 |
(2n—1 QA2n A2p+1/A2n+2 A2n+3 A2n+4

where [¢1) (|¢'r)) is the part of the leading term of the projected state that involves
the sites j < ag,_1 (§ > a@ania). The coefficients €, 5 are of order (t/U)2(@2n+3=azn+2)

and (t/U)(@n+17a20) regpectively. The von Neumann entropy for our subsystem is
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then
9 ,, 4
Suva =2+ zeled (14 2In (5) —2In(z159)) + ... (3.52)

We note that the correction is positive. The physical picture that emerges is very
simple: for small /U, the projected state is very close to being a product of Bell pairs
and the bipartite EE takes the form shown in Fig. 3.6. The average double occupancy

0-8 T T T T T

0.6 | .
0.5 .

04 r i

S’L)N,A

0.3 i
0.2 | i

0.1 ¢ i

0 1 | | | |
Aop—1 A2p Aop+1  A2n42 A2p+3  A2p44
A — A interface

Figure 3.6: Form of the bipartite entanglement entropy after projective measurement
of a general Heisenberg state. Deviations from S(z) = In2,0 arise from higher order
terms, as seen in (3.51), (3.52).

in a Heisenberg state is O(t?/U?), which implies that the average distance between
doubly occupied /unoccupied sites is very large ~ U?/t%. Hence, if the outcome of our
spin measurement is close to its average, the sites ai,. .., ay, are well separated and
the leading term (3.5) is expected to provide an excellent approximation as long as

the ¢/U-expansion converges.

3.6.5 Higher dimensions D > 1

A key element of our analysis in the one dimensional case is the notion of a bond

length, which fulfils D(|¢1)) < D(|¢1) + |1b2)) for arbitrary n-pairing singlet states
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|91 2). Our definition of a bond length utilises the availability of a convenient basis of
such states. It is this aspect which makes the D = 1 special. In D > 1 we proceed by
again first fixing a set A = {a;} of 2¢ unoccupied or doubly occupied sites. We denote
by E;; a bond that joins sites a; and a;. We then define a dimer configuration € as
a set of ¢ bonds Cj; connecting sites a; and a; such that all sites belong to precisely
one bond. Each dimer configuration gives rise to n-pairing singlet states of the form

&0) = [ 1S(ai,a;)) [ le) - (3.53)

Cijee j¢A

The states (3.53) form an overcomplete set. In order to select a set of linearly inde-
pendent states we use the function D defined by D (|€; o)) = >cijee (la; — a;]] + 1),
where |la; — a;|| denotes the Manhattan distance between sites a; and a;. Among
(3.53) we select the % states that have the lowest values under the map D.
Repeating this construction for all values of 2¢ < L and all distinct sets A gives
a basis B of n-pairing singlet states. We now define our total bond distance D in
the same way as in (3.46) with the covering € taking the place of the vector k.
With these definitions in place it is straightforward to show (see Appendix 3.B) that
D(T,|v)) < D(J¥)) +n+ 1 where n = 0,+1 and |¢) is any Heisenberg sector state

= ) Aeo IG0) . (3.54)

|C;o)eB

This in turn implies that D [ )m Jlvo)] < k+q, where ¢ = Zle m; and |1y) is any
state with only singly occupied sites. It follows that the d-dimensional generalisation
of (3.47) is

Agg = O((t/U) Zcijeellw—ajH), (3.55)

The main difference to D = 1 is that now there can be several basis states contributing
to the leading order term in t/U. To see this we may consider a square lattice and
focus on the situation where the sites in A completely fill an m X n rectangle (with
at least one of m, n even). The leading-order term is that generated by (7})™"/?
produces a superposition of all states in 28 that correspond to nearest-neighbour

dimer coverings of this rectangle. Nevertheless, it is apparent that to leading order
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in the ¢/U-expansion the structure of the state is such that the entanglement entropy

follows an area-law.

3.7 Conclusions

We have shown that there are particular “Heisenberg sector” eigenstates in the one
dimensional half-filled Hubbard model that realise the quantum disentangled liquid
state of matter proposed in Ref. [86]. These states are obtained by freezing the
charge degrees of freedom in their ground state configuration in the framework of
the Bethe ansatz solution of the Hubbard model. Using methods of integrability
we have demonstrated that the charge degrees of freedom (“light particles”) do not
contribute to the volume term of the bipartite entanglement entropy. Employing
strong-coupling expansion techniques we have shown (under the assumption that the
expansion converges) that a measurement of the spin degrees of freedom at all sites
(“heavy particles”) leaves the system in a state that is area-law entangled, which is
the defining characteristic of a QDLI[86].

In contrast to Heisenberg sector states, the entanglement entropy for maximal
entropy (thermal) states at a given energy density at large values of U/t does have a
contribution that involves the charge degrees of freedom, but it is of the form (3.36),

ie.
SVN,A - (sspin + Scharge) |A| + 0(|A|> )

Sspin = O(l) ) Scharge = O<%€7U/T) )

We expect a similar volume law to occur in the entanglement entropy after a mea-

(3.56)

surement of all spins. This suggests that there is an approximate variant of a QDL,
which is characterised a volume term in the EE after measurement of the heavy de-
grees of freedom that is parametrically small in a way that makes it observable only in
enormously large systems. In particular, it would be practically impossible to detect
in any numerical simulation. We expect this scenario to be realised quite generally
in strong coupling limits irrespective of whether the model one is dealing with is in-

tegrable or not. In particular, this scenario is compatible with our strong-coupling
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analysis of the QDL diagnostic in D = 2.

An interesting question is how to access Heisenberg sector states in the one di-
mensional case. In principle this can be achieved by means of a quantum quench [74]
from a suitably chosen initial state. Fixing the energy density to be small compared
to the Mott gap is sufficient to obtain a non-equilibrium steady state that realises the
weak form of a QDL characterised by (3.36). In order to remove the Scharge contribu-
tion, the expectation values of higher conservation laws in the initial state have to be

chosen appropriately and it would be interesting to investigate this issue further.

3.A Thermodynamic Bethe Ansatz equations

The Thermodynamic Bethe Ansatz equations for the one dimensional Hubbard model

in zero magnetic field are[26, 153]

—2cosk — pu—2 L[ 1
In C(k) cosk — U+Z/ dAa,(sink — A)In <1+ )
n=1"Y ">

T n(A)

_g/:d/\an(smk—/\)m (1+%EA>>,
In (14 7 (A)) = —/_de cos(k) an(sink — A)In (1+ L) £ Ay eln (HL)

C(k) Nm /) A
In (1417, (A)) = 4Rey/1 — (A — i;u)2 — o — dnu
— /_:dk; cos(k) an(sink — A)In (1 + ﬁ) +§::1A”m «In (1 n i) A
(3.57)

3.B Some inequalities for the total bond length of
Heisenberg states

Here we show that
D (T,|¥) <D(|Y)) +n+1, n=0,=+1. (3.58)

We consider the one and higher dimensional cases separately.
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3.B.1 One Dimension

Any Heisenberg state can be written in the form (3.45)

W) = Z Ak;a |k;0’> . (359)
|k;o)eB
To establish (3.58) it therefore suffices to show that
D (T,k;0)) <D(k;o))+n+1. (3.60)
We next consider the three cases n = 0,41 in turn.

3.B.1.1 a. Inequality for 7:

Due to the definition of the bond distance, it is clear that

D (Z Tm,jlk;0>> <supD (Tn;lk; o)), (3.61)

and therefore for m = £1, 0, we simply need to find the case which yields the largest
value in order to prove the inequality. 77 ; creates an 7-singlet on two adjacent sites
and D counts the total number of sites spanned by the singlet bonds, applying T3 ;
increases this by at most that in the case of a system with no doubly occupied sites.

We can view the result graphically

S D ( ﬂ2®71 >> +2
3.B.1.2 b. Inequality for Tj:

Tp,; neither creates nor destroys any n-singlet pairs. Instead, for a given singlet pair,

(3.62)

it moves one of the doubly-occupied/empty sites in the pair either left or right one
site i.e. it extends the bond distance of the pair by +1. The case where the distance

increases i.e. saturates the inequality, can be represented graphically as

D <T072n 02:(\03" >> S D ( 02Q+1 >> ’
éD( f\>> 1.
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3.B.1.3 c. Inequality for T ;:

It is simple to show that 7", ; “fuses” the ends of singlet pairs together to create a new
singlet pair between the unaffected sites. Using this, we can consider the two possible
distinct cases graphically. Explicit calculation shows that this intuition holds. The

cases are: (i) as,—1 = ag, — 1 i.e. they are adjacent

(3.64)

-2
- ( Qon-2 Q2n—-1  QA2pn  Q2py1 ) )

(i) agy = aony1 — 1 i.e. two singlets are nested

D (Tl’a2" azm+1 >> S D < (lzl‘k/‘z?ﬁ.ﬂ U>) ’
(3.65)

<D < ey >> |
3.B.2 Higher Dimensions

Qon—2 Q2p—1 Q2n  Q2n

Any Heisenberg state can be written in the form (3.54)

)= ) Aco |€0), (3.66)

|C;o)eB

so that in order to establish (3.58) it suffices to show that

D(T,|¢;0)) <D(|€; o)) +n+1. (3.67)
for all basis states |€; o) € B. We consider the three cases n = 0,41 in turn.
3.B.2.1 a. Inequality for 7j:
We note that by construction we have for all basis states

D(|¢;0)) =D(|¢0)) , |€;0) € B. (3.68)

Following through the same steps as in the one dimensional case we see that 7 can

increase the Manhattan distance between any pair in the configuration by at most 1
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i.e.

D (Ty|¢; o)) < D (Ty|¢; o)),

_ (3.69)
<D(|¢ ) +1=D(|¢0)),
where in the last step we used (3.68).
3.B.2.2 b. Inequality for 77:
Similarly, acting with 7T creates a new configuration with an additional edge
D(T1|¢ o)) < D(Th|¢;0)),
(3.70)

<D(|¢0o))+2=D(|¢;0)) + 2,
where in the last step we used (3.68).

3.B.2.3 c. Inequality for 7T ;:

” unoccupied /doubly oc-

Finally, acting with T__; always removes a pair of “adjacen
cupied sites. Thinking in terms of configurations, this then either removes a paired
bond, or fuses two bonds into one. If we explicitly write the points defining the

configuration €, the first case corresponds to
Ty {{kr, ka}, ks kaks o ooy {Rog—1, kg } }

(3.71)
— {{k37 k4}7 ceey {qu—h k2q}} .
This implies that
D(T-1|¢0)) <D (1€ 0)) — (lky — kol +1). (3.72)
The second case corresponds to
Ty {{kr, ka}, {ks, ka}y o oo {hago1, kog } }
(3.73)
— {{kla k4}7 ey {k2q—17 k2q}} )
which implies that
D(T-1|€;0) <D (1€ 0)) + (|l — kal| +1)
(3.74)
= (b = Foll + 1) = ([lks — Fall + 1)
By construction ky and k3 are “adjacent”, so that
(Iky = Rall +1) = (lky = Foll +1) = (ks — kall +1) <0. (3.75)
Putting everything together we have
D (T4|¢;0)) <D(|€;0)), |€; o) € B. (3.76)
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Chapter 4

Concluding remarks

We close here by summarising the work of the previous chapters and noting some
open questions.

In Chapter 2, we applied MIM methods to understand the onset of the optical
conductivity away from asymptotically low energies. Here, the usual techniques of
the Luttinger liquid are destined to fail. Using the exact solution of the Hubbard
model, we identified which excitations contribute to the spectral weight in analogy to
threshold singularities. We dealt with the problem of projecting operators onto the
mobile impurity space of operators and calculated the onset behaviour accounting
for the flat dispersion relation of the impurity. We also commented on the connec-
tion to the known singular behaviour at half-filling. Calculations of the detailed
properties of response functions in the Hubbard model pose interesting problems in
their own right, and away from the regime we studied it is difficult to see how to
develop further analytic understanding. There are a number of open questions with
regard to the theory of non-Linear Luttinger liquids. Firstly, in all of the calculations
we have looked at, the non-Linear Luttinger liquid theory has no way to capture
the non-universal amplitudes of correlation functions. When considering the opti-
cal conductivity these were left as fit parameters. In the case of the XXZ model, a
tour-de-force in integrability[163, 164] has allowed the calculation of the prefactors,
meaning that there are no free parameters in the answer. It would be interesting to
understand these amplitudes in more detail in a wider range of models. Furthermore,

as we have not been shy to point out: integrable models are special, the excitations we
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consider are long-lived and we can use the finite-size spectrum to uniquely determine
parameters in our theory. It would be interesting to develop a better understanding
of how the picture changes upon the breaking of integrability.

In Chapter 3 we provided evidence supporting a “weak” version of QDL be-
haviour in the one-dimensional Hubbard model. One may object that the “weak”
and “strong” notions are distinct, yet in numerical simulations of modest sizes this
is a distinction without measurable difference. By way of example, in DMRG stud-
ies the volume/area-law entanglement coefficients are often determined by finite-size
scaling studies and to successfully adopt such an approach here, the volume-law term
we identify would only be realistically detectable for system sizes exponentially large
in U/t, which itself is large by construction.

The current approach via integrability relies on the TBA to make general ther-
modynamic statements, or via the strong coupling expansion. The strong-coupling
expansion does not hinge on integrability, but the convergence properties of such an
expansion are currently not well understood in general. It would certainly be inter-
esting to further investigate this phenomenon further in integrable and non-integrable
systems.

With respect to the strong coupling expansion, the question of convergence is not
a simple one to address. Some well-understood quantities are known to have a good
strong coupling expansion. The energy density of the ground state at half-filling or of
the special families of eigenstates constructed in Section 3.2.2 have exact expressions
whose power series converge for all u > 1. However, such results do not currently exist
for the more complicated quantities we examine i.e. at the level of the wavefunction.

To understand the wavefunction away from strong coupling requires detailed
knowledge at finite energy density, with a volume-law EE by design. Such eigen-
states are undoubtedly overwhelmingly complicated, particularly as they will be of
Bethe Ansatz form and therefore contain V! terms, where N is extensive in the sys-

tem size. A small number of finite energy-density eigenstates are known in the case

120



of the Hubbard model[165, 166], but are not useful in the analysis of the QDL .
By their nature, non-integrable systems are difficult to deal with as there are far
fewer analytic tools with which to approach them. The obvious direction in which
to proceed is numerically. Exact diagonalisation is limited to small system sizes, and
this is a particular constraint when the existence of multiple degrees of freedom per
site increases the dimension of the local Hilbert space. Additionally, the efficient
techniques such as DMRG typically rely on area-law entanglement of eigenstates. By
construction we wish to consider scenarios where this is not the case, and this makes

numerical study far more difficult.

!Their construction involves the n-pairing SU(2) symmetry, and are defined as |1,,) o (n7)"]0),
and this has two main consequences: firstly, there are only O(L) of these states, meaning that they
will always have vanishing entropy density. Second, their construction always puts them at the
“edge” of a block-diagonal part of the Hamiltonian and so they do not contain information about
the “middle of the spectrum” in a meaningful sense.
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