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In matters of science, a thousand proclamations by so-called experts are outweighed by the humble
reasoning of a single individual.
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Abstract

In this work, the powerful Non-chiral bosonization technique (NCBT) is introduced, which is
a non-trivial modification of the standard Fermi-Bose correspondence in one spatial dimension
made in order to facilitate the study of strongly inhomogeneous Luttinger liquids (LL) where
the properties of free fermions plus the source of inhomogeneities are reproduced exactly.
The formalism is applied to obtain the correlation functions of translationally non-invariant
systems like LL with a cluster of impurities (barriers/wells) around an origin, a one step
fermionic ladder, slowly moving impurities in a Luttinger liquid, etc. The obtained correlation
functions are used to study various physical phenomena like Friedel oscillations, resonant
tunneling, dynamical density of states, conductance, mobility (in case of mobile impurities)
and so on. The results are validated using the Schwinger Dyson equation and perturbative
methods. The present method is superior to the conventional bosonization methods (g-ology

methods) which requires additional tools like re-normalization, etc. to deal with impurities.
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Chapter 1

Introduction

The subject matter of many body physics revolves around the study of mutual interactions
between the constituent particles of a given system. The study of interactions provides insights
into various physical phenomena going on in the real life systems, which otherwise can’t be
explained using the non-interacting theory. The best way to quantify the study of interactions
is to compute the correlation functions of the mutually interacting particles of a given system
in the thermodynamic limit. An analytical approach for achieving this goal is often formidable
as interactions make the exact solutions impractical or rather impossible. Hence various
approximations are adopted so that the mathematics becomes doable keeping the physics
substantially intact. When it comes to fermionic systems, the well established Fermi liquid
theory is used to successfully deal with interactions, e.g. in metallic systems at sufficiently
low temperatures. But this theory breaks down for systems where the motion of electrons
is restricted to one dimension. In fact, the physics of one dimensional systems is drastically
but wonderfully different from that of the higher dimensions. This has led to an increasing
interest among the theoretical physicists in the one dimensional world. It is true that one
dimensional systems are taken as examples to illustrate some fundamental concepts like a
harmonic oscillator and particle in a box as one can get a deeper insight into the physics
involved using relatively easier mathematics. But those are all for a single particle system.
When it comes to many particle systems with mutual interaction between the particles, 1D
systems are no more the easier versions of the higher dimensional systems, but are rather a
distinct class of systems altogether. On the other hand, with the advent of nano-fabrication
techniques, physical realizations of such 1D systems has been made possible such as carbon
nano-tubes, semi-conducting quantum wire, cold atoms, etc. which hold a promising future
in terms of technology due to their fantastic properties. Hence 1D systems are no more mere
toys for theorists to play with. They indeed are a class of systems whose properties need to

be understood better and the present work is an attempt to do the same.

The study of strongly correlated electrons in one dimension has fascinated condensed matter

physicists since the middle of the last century. Due to the breakdown of the Fermi liquid
TH-2101_ 146121021



theory in such systems, an alternative was proposed which was developed in the pioneering
works of Tomonaga [1], Luttinger [2], Mattis and Lieb [3] and many more and finally given
a proper shape by Duncan Haldane [4] who coined the term ‘Luttinger liquid’ in analogy
with ‘Fermi liquid’. The Luttinger liquid (LL) model is based on the linearization of the
energy momentum dispersion relation near the Fermi level so that the Hamiltonian can be
exactly solvable. The objective is to calculate the N-point Green functions of the given
fermionic system. Once these are obtained, one can use them to study a plethora of physical

phenomena going on in such systems.

The N-point particle (hole) Green function is the quantum overlap between two states of a
system where each state has N particles added (removed) at various locations and times. An
analytical study (as against a numerical one) of mutually interacting quantum particles is
beset with intimidate technical difficulties and various approximation techniques are used to
mitigate these problems. The obvious method that springs to mind is to expand in powers of
the interaction potential between the quantum particles. In one dimension, each term in this
perturbation series carried out in momentum space, diverges logarithmically at low momenta
(known as infra-red divergences). Moreover calculating the series up to a certain order of
the interaction potential and neglecting the higher order will be a controlled approximation
only when the interaction term is much smaller in magnitude then the rest of the terms in
the Hamiltonian (kinetic and potential energy terms). But this is not necessarily the case for
strongly correlated systems. Hence a “non-perturbative” method is called for where a fermion
field operator is expressed as a function of bosonic fields and hence called ‘bosonization’. For
translationally invariant systems, this method is well established (see e.g. Giamarchi [5]).
However the introduction of an impurity into the otherwise homogeneous system makes this
formalism, also known as ‘g-ology’ insufficient and one has to depend on renormalization
and/or numerical techniques for the computation of the correlation functions. In this work,
an alternative has been proposed which is able to provide closed formulas for Green func-
tions of translationally non-invariant systems without adhering to renormalization and other
techniques. We call this technique as ‘Non chiral bosonization technique’ or NCBT and it is
discussed elaborately in the second chapter. The present chapter is a general introduction to
this fascinating field of one dimensional physics and the theoretical tools employed for such

systems leading to the necessity of NCBT.

1.1 One dimensional systems

It has been known from Moore’s law [6] that the number of components in an integrated
chip doubles about every two years, which has led to the pursuit of finer and finer materials
and finally leading to the realization of systems which has one or more dimensions of the
order of the electron wavelength. One important category of such systems are 1D systems or

nano-wires. From the theoretical point of view, this reduced dimensionality offers interesting

TH-2101_146121021 5



Physics leading to some unique properties of the 1D systems. Novel theoretical tools and
techniques have been developed to understand these 1D systems, since the second half of the
last century. Physical realization also started appearing towards the end of the last century

which triggered the theorists to dig deeper into the physics of such wonderful systems.

1.1.1 Failure of the Fermi Liquid theory

The effect of interactions in high-dimensional (2D and 3D) fermionic systems is explained
by Landau’s Fermi liquid theory [7] which has been the centerpiece of our understanding of
interacting Fermi systems. Let us consider a system of electrons without mutual interactions.
In such a case, if an electron has to move to a different position, it can do it without any
obstruction. But if mutual interactions are introduced, then the movement of an electron
will be affected by the density of other electrons around its position. Now let us consider
electrons dressed with the density fluctuation around them and call these individual objects
as quasiparticles. The interactions preserve the total particle number, spin and momentum.
Moreover, the addition of density fluctuations around an electron are not going to affect the
fermion commutation rules. Hence the excitations which are made up of electron and density
fluctuations are also fermions with the same charge, spin and momentum. But certain other
quantities like mass, magnetic moment, etc. are renormalized to new values. In higher dimen-
sions, these quasiparticles can move more or less freely (see figure 1.1 (a)). This is the essence
of the Fermi liquid theory that the properties of the interacting fermions remain essentially
similar to those of free fermionic particles. This is however a very superficial explanation of
the theory and the actual situation is much more complicated. There exists residual inter-
actions between the quasiparticles. However, it will serve the purpose of understanding why

this theory breaks down in one dimension.

°e®,
0® ©
o ©
(a) (b)

FIGURE 1.1: (a) Quasiparticles in 2D and 3D systems which can move nearly freely. (b)
Quasiparticles in 1D which can move only collectively.

The above scenario gets completely changed in one dimension. In this case, if a quasiparticle
has to move, it has to push all the quasiparticles in front of it (figure 1.1 (b)) and thus any
individual movement is prohibited. This collectivization of excitations is the key difference

between one-dimensional and higher dimensional systems. Due to such collectivization, Fermi

TH-2101_146121021 5



liquid theory does not work in one dimensional systems [5]. For fermions with spin, this
scenario is worse. Since only collective excitations can exist, a single fermionic excitation
has to split itself into a collective excitation carrying charge and another collective excitation
carrying spin. These excitations has to travel with different velocities and thus an electron has
to break into two elementary excitations namely holon (carrying charge) and spinon (carrying
spin). This phenomenon is called spin-charge separation and is a signature of 1D systems.

These properties are very different from those of the quasiparticles in the Fermi liquid theory.

The other alternative is to adopt a perturbative approach and expand the correlation functions
in powers of the interaction potential between the quantum particles. But in one dimension,
each term in this perturbation series carried out in momentum space, diverges logarithmically
at low momenta (known as infra-red divergences). Hence perturbative approach is also not
suitable to deal with interactions in such systems. Hence a non-perturbative technique is
called for which expresses a fermionic Hamiltonian in terms of bosonic operators to deal with

interactions in such systems.

1.1.2 Tomonaga model

Because of the failure of the Fermi liquid theory and the perturbative approach to deal
with the interactions prevailing in 1D systems, it was a challenging task at hand to solve
the Hamiltonian of such 1D correlated systems. Way back in the 1950’s Nobel laureate S.

Tomonaga suggested some approximations so that the Hamiltonian might be solvable [8].

The one dimensional fermionic Hamiltonian in presence of mutual interactions is not exactly
solvable. Consider the excitations in 1D fermionic systems. The basic approximation of
this model is that the particle hole excitations in such systems, consisting of two particle
states, are approximated as bosons based on the assertion that the wave-function of the two
fermion states has bosonic properties. This approximation is however criticized in the present
work as the the particle-hole excitations of the Fermi system that make the kinetic energy
of the Hamiltonian diagonal in these operators are not bosons even ‘approximately’ [9]. The

following Hamiltonian was considered in this model.
1
H =wvp ; |k:|a,i’sak,s + 3L Zk: Vi, p(k)p(—k) (1.1)

where
plk) =D al , a,.,
p,Ss

where L is the length of the system and wvg is the Fermi velocity. The other important
assumption, as can be seen from the Hamiltonian, is the linear dispersion relation where
energy ~ |k| vp. The label s (= £1) denotes spin, p(k) denotes the density operator and V

represents the mutual interactions between the particles. The basic step in the Tomonaga

TH-2101_146121021 A



model was the division of the density operator into two parts.

p(k) = p1(k) + pa(k)

where
_ T
pi(k) =) Ok Oph.s
p>0,s
_ T
pQ(k) - Z apfg saer% s
p<0,s

The full density operator p(k) commutes with other density operators p(k’) but the parts p;

and p,; do not commute with the same parts for different wave vectors. For an important

special case of ¥’ = —k, the commutation relations for k& < 2kr come out to be the following.
kL
(1), 0] = ()

[p2(k), pa(—F)] = — (@> (1.2)

[p1(k), p2(=K)] =0

The central approximation of this model is that these density operators obey the exact com-

mutation relations given as follows.

(8 1 (4] = s (25
any (%) (1.3)

[Pl(k)7p2(—k’/)] =0

Although the above relations are not exact, the expectation values of these commutators are
given exactly, which makes the approximation reasonable. Now the density operators p; (+k)
and pa(Ek) can be expressed in terms of bosonic creation and annihilation operators such that

the commutation relations in equation (1.3) are obeyed. For positive k, they are as follows.

kL kL

p1(k) = by P pi(—k) = blt; T
kL kL 1.4
pa(k) = bT_k o ; p2(—k) = by, - (14)
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where [by, bL,] = 0yv. Hence the interaction term in the Hamiltonian given in equation (1.1)

can now be written in terms of these boson operators as follows.
1 _
Y7 Z Vi p(k)p(—k) = Z Vi(by + b1 ) (B + b_) (1.5)
k k

> kV; . . .
where Vj, = | 2|7r’€ . Hence the electron electron interaction terms has been represented in terms

of bosonic excitations of the electron gas. The kinetic energy term is also expressed in terms

of boson operators so that the necessary commutation relations are preserved approximately.

Hy = ve Y [kla} jars ~ D weblbe (1.6)
k,s k

where wy = kvp. Hence the Hamiltonian tooks the following form.
H =3 (conbfbr + Vb +61,) (8] + b)) 1.7)
k

Thus the Hamiltonian which was quartic in the fermion basic becomes a quadratic one in the
boson basic and is exactly solvable. This is the basic idea of the Tomonaga model which was

a breakthrough in the subject of 1D interacting systems.

1.1.3 Luttinger model

A decade later after Tomonaga has proposed his model, Luttinger revived interest in the
subject and proposed his alternative model in 1963. His model is similar to the Tomonaga
model in some of its essential properties. However it has the advantage of being exactly
solvable using lesser number of approximations as compared to the Tomonaga model. The
major difference lies in the basic feature of the Luttinger model, viz. the system has two
types of fermions - right movers (having an energy spectrum given by €, = kvg) and left
movers (having an energy spectrum given by €, = —kvg). They are shown in figure 1.2 (a)
by the solid and dashed lines. On the other hand, in the Tomonaga model, the same kind of
particle is represented throughout the band of states. In the Luttinger model, the occupied
energy states stretches to negative infinity and hence there is an infinite number of each kind

of particles.

Designating the fermionic operator as a; j, s where ¢ = 1 for ¢, = kvp and 7 = 2 for ¢, = —kvp,
k and s are the same as those in the Tomonaga model. The two bands are quite independent

which results in the fermion operators to anti-commute.

{ain,s, a;kgs/} = 0; 0k k05" (1.8)
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FIGURE 1.2: (a) Luttinger liquid model having two distinct particles with separate energy
bands. (b) Tomonaga model having one particle whose energy band is vp|k|.

The density and spin operators are defined as in the Tomonaga model as follows.

§ :azk—l-p,s 4k,s
§ :azksalk+P7

E :Sazk+psa’lk5
2 :Sazks Q4 k+p,s

Hence
pi(=p) = pl(p) ; o:(—p) = ol (p)

The Luttinger model has the same kind of commutation relations as the Tomonaga model
given in equation (1.3) but now they are valid for all values of p (unlike p < 2k in the earlier

model).

[p2(p), P2(—P,)] = Op.p

[o1(=p), p1(D)] = Bppr <%)
(%)

[p1(p), p2(p")] =0
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[01(=p), 01(D)] = 6pp (p?L>
e (%L) (1.10)

[01(p), o2(p)] = 0

[o3(p), ()] = 0 (1.11)

But these commutation relations are valid under the assumption that there is an infinite
number of negative energy particles. The kinetic energy term of the Luttinger model in terms

of the fermion operators is as follows.

fﬁ>==UFEE:kKaLkﬁath——agkﬁazkﬁ) (1.12)
k,s

This Hamiltonian has the following commutation relations with the density and spin operators
(p > 0).

[Ho, p1(p)] = vrppr(p) 5 [Ho, p2(p)] = —vrppa(p)

[Ho, 01(p)] = vppoi(p) 5 [Ho,02(p)] = —vrpoa(p)

Using these, the kinetic energy term can be exactly represented by the operators as follows.

T™Vfp
Ho = —~ [p1(P)p1(=p) + p2(—p)pa(p) + o1(p)ai(=p) + o2(—p)o2(p)] (1.13)
p>0
The major advancement of the Luttinger model is that the restriction that the boson ap-
proximation applies only for excitations with small k& is removed. The transformation to the

bosonic representation is however similar to the Tomonaga model.

pL pL
Pl( P) = blp 7 ; Pl(p> = b];p ?
pL pL 1.14
pa(—p) =05 _, — 5 p2(p) = b2 py [ — (1.14)
pL pL
o1(=p) = cip - ; o1(p) = CL; o
pL pL 1.15
oa(—p) = C% -p\ 02(p) = c2—p . (1.15)

The Hamiltonian (kinetic energy term) finally becomes the following.

HO = vap(b}prp + b;fpbg_p + CJ{,pCLP + C;ﬁng’_p) (1.16)

p>0
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The density operator p;(p) (p > 0) represents a particle getting annihilated with momentum
k and created with momentum k + p. This operation leads to the generation of an electron
hole pair when k£ < kp and k + p > kp. The bosonic operator bL, represents the summation
over all such electron hole pairs. On the other hand ps(p) (p > 0) takes a particle from the
occupied state k + p > kp (where k is negative) to the unoccupied state k < —kp. The

bosonic operator b;_p represents the summation over all such electron hole pairs.

Interaction terms, which are expressed as the product of four fermion operators or two density
operators, are dealt similar to the earlier model by using this bosonic representation and thus
converting the Hamiltonian from from quartic to quadrtic. Although the Luttinger model has
the advantage of being exactly solvable, it has the disadvantage of being unphysical since it

contains an infinite number of negative energy particles.

Mattis and Lieb [3] took the first step towards a correct solution of this model of interacting
1D fermions proposed by Luttinger [2]. This was followed by the contributions from Schotte
and Schotte [10], Luther and Peschel [11], Heidenreich [12], Haldane [4] and many more and
finally nurtured to maturity by Haldane [4, 13].

1.1.4 Physical realizations

One dimensional systems started gaining interests among the researchers because of its unique
properties which are drastically different from those of higher dimensional systems. From the
theoretical point of view, it was definitely an interesting problem to solve the 1D interacting
Hamiltonian by transforming it from the fermionic basis to a bosonic one. But it did not
remain merely of theoretical interest for long. With the advent of nano-fabrication techniques,
physical realizations of one dimensional systems were made possible. In the recent decades,

we have witnessed an explosion in the realization of real 1D systems.

Ishii et al. [14] have shown that at low temperatures single walled carbon nanotubes shows
Tomonaga-Luttinger liquid behavior. Auslaender et al. [15] measured the collective exci-
tation spectrum of interaction electrons in 1D by controlling the energy and momentum of
electrons tunneling between two closely spaced, parallel quantum wires thereby measuring
the conductance. Besides there are other examples of physical realizations of isolated one
dimensional systems like Josephson junction arrays [16], edge states in quantum hall systems
[17] and ultra cold atoms in 1D [18]. Besides with the progress of material science, it has
been possible to realize bulk materials with 1D structures inside. The prominent examples
in this regard are organic super-conductors [19] and spin ladder sytems [20]. The Luttinger

liquid model plays a crucial role in the study of these systems.

Hence 1D systems are no more mere toys for the theoreticians to play with. They hold a

promising future in terms of technology and it is of extreme importance to understand the
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underlying physics of these systems and an attempt to do the same has been done in the

present work.

1.2 Bosonization

In the previous section, we have seen how transforming a Hamiltonian from the fermion basis
to a bosonic one makes it exactly solvable. This is because of the fact that the interaction
term, which is quartic in terms of fermionic operators, becomes quadratic when expressed in
terms of bosonic operators and is trivial to diagonalize. Bosonization refers to the process of
expressing a fermion operator in terms of bosonic operators. Over the years, it has become
the most prevalent method to tackle strongly correlated electrons in 1D systems. In this
section we provide a detailed history of the subject of 1D many body physics in general and
bosonization in particular. This will be followed by a brief description of the formalism of

standard bosonization.

1.2.1 History of bosonization

The idea of Bosonization was comprehended somewhere around the later part of the 20th cen-
tury by particle physicists Sidney Coleman and Stanley Mandelstam and also independently
by the condensed matter physicists Daniel Mattis and Alan Luther. Coleman has drawn a
parallel between the massive Thirring model and the Sine Gordon theory by showing that the
fermion Green'’s function has an independent description in terms of bosonic variables [21].
On the other hand, authors like Luther and Mandelstam took another step in this regard by
remarking that the Fermi field operator itself can be expressed in terms of bosonic variables.

The subject line of bosonization started somewhere along these lines.

The present work aims to apply bosonization techniques to deal with different types of one
dimensional systems with interacting fermions, or better called as the ‘Luttinger liquid’. The
subject has a long history of wide variety of work done and it is of utmost importance to have
a note of the related work done so that one can appreciate the importance and novelty of the

current research.

Before 1990

One dimensional systems grabbed a lot of attention in the second half of the last century
owing to its peculiar properties. As early as 1950, S. Tomonaga was able to show that an
assembly of Fermi particles in one dimension can be described by a quantized field of sound
waves in the Fermi gas, where the sound waves obey Bose statistics [1]. Later in 1963,

essential achievements to this model was reflected in the work of Luttinger [2] and a couple
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of years later, Mattis and Lieb provided an exact solution to this model [3]. A few years
later, Schotte and Schotte [10] first introduced a bosonic representation of a fermion field at
a single point (¥, (x = 0) ~ e~®@=0) to calculate x-ray transition rates. In the year 1974,
this bosonic representation was extended from a single point to arbitrary z (¢, (z) ~ e~#n(®)
simultaneously by Mattis [22] and by Luther and Peschel [11]. A year later, Heidenreich et
al. [12] made this description complete by introducing the number-lowering Klein factors.
However, the explicit construction of the Klein factors in terms of bare fermionic operators
was described by Haldane in the year 1979 [13].

On the other hand, there were others like Dzyaloshinskii and Larkin [23] who tackled the
problem directly in the fermionic representation, which is considered a remarkable calculation
in dealing with the divergences of the perturbative approach. Similarly, there were other
works in the 70’s carried out by Anderson, Zawadowski and Solyom. [24, 25] who tackled the
problem in the fermionic representation and used renormalization group methods to extract
the main singularities from the perturbation theory and sum them. These approaches are
much more difficult as compared to bosonization, which is the easier alternative to do the

Ssame.

Efetov and Larkin in the year 1975 [26] found the correlation functions of a 1D Fermi gas
with an infinitely strong attraction and showed that acoustic excitations make the major
contribution to the formation of the singularities of these correlation functions. On the other
hand, in the year 1979, the classical reviews by Emery [27] and Solyom [28] discussed the
use of renormalization group (RG) to treat the singularities that occurs when treating the
1D interaction problem perturbatively. Finally in the year 1981, Haldane laid the foundation
of modern bosonization in his famous work [4] where the term ‘Luttinger liquid’ was coined.
Erik and Herman in 1987 studied the bosonization of chiral fermion theories on arbitrary
compact Riemann surfaces and expressed the fermionic and bosonic correlation functions in
terms of theta functions and proved their equality [29]. In 1988, Lee and Chen applied a new
bosonization procedure, based on an exact method of functional integration, to one dimen-
sional Tomonaga-Luttinger model with forward scattering and got around the conventional
procedure where the fermion field operator is represented by charge and spin density(bosonic)
fields [30].

1990-2000

Kane and Fisher in 1992 dealt with the problem of transport in a one-channel Luttinger
liquid through a weak link where they discussed that the sign of interactions between the
particles (attractive or repulsive) has a role to play in their transport [31]. The same authors
in the same year studied resonant tunneling in an interacting one dimensional electron gas
through a double barrier structure, where they found some striking differences in terms of

temperature dependence on resonance as compared to the non-interacting case [32]. S. Eggert
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et al. in the same year studied how an isolated impurity affects the low energy properties
of a half-odd-integer-spin Heisenberg anti-ferromagnetic chain and tried to bring analogies
with the Kondo effect [33]. A year later, Matveev et al. [34] used a simple renormalization
group method to study conductance of a weakly interacting electron gas in 1D in the presence
of an impurity of arbitrary strength. Fabrizio and Gogolin in 1995 extended the Haldane’s
Luttinger liquid description to a one dimensional interacting electrons with open boundary
conditions and analyzed how presence of boundaries modifies various correlation functions
[35]. Whereas Leclair et al. showed that a single impurity in the one dimensional Luttinger
model creates a local modification of the charge density analogous to the Friedel oscillations
[36]. In the same year Schmitteckert et al. studied spinless fermions on a ring with near-
est neighbor interactions along with a disorder using density matrix renormalization group
algorithm [37]. The theoretical prediction of Kane and Fisher (1992) was later confirmed
in 1997 by Qin, Fabrizio and Yu by analyzing the finite size scaling behavior of low energy
spectrum. In this paper, they numerically investigated the behavior of a single impurity in
a one-dimensional Luttinger liquid by means of density matrix renormalization group [38].
Furusaki in 1997 revisited the orthogonality catastrophe in a Tomonaga Luttinger liquid with

an impurity where the dimensionless conductance or interaction parameter, g=1/2 [39].

Mattsson et al. used Bosonization techniques to calculate the exact finite temperature
single electron Green’s function of a spinful Luttinger liquid confined by open boundaries,
besides constructing and analyzing the corresponding local spectral density [40]. A. Komnik
et al. calculated the Fermi edge singularity exponent for correlated electrons in one dimension
in addition to studying a dynamic k-channel Kondo impurity via Abelian bosonization [41].
M. Bockrath et al. in 1998 studied the Luttinger liquid behavior in carbon nano-tubes and
found that the conductance and differential conductance scale as power laws with respect to
temperature and power voltage respectively [42]. V. Fernandez et al. in 1999 extended the non
local version of Coleman’s equivalence between the Thirring and sine-Gordon models to the
case in which the original fermion fields interact with fixed impurities [43]. Y. L. Liu in 2000
treated backscattering of electrons on an impurity in a one dimensional interacting spinless
electronic system using bosonization and phase shift representation, where they showed that
the correlation exponents of the system depend on a phase shift induced by back scattering
[44]. Whereas Schénhammer et al. in the same year studied the boundary effects on one

particle spectra of Luttinger liquids using variety of models [45].

2000-2010

Fernandez and Na’on in 2001 introduced a path integral approach that permits the calcula-
tion charge density oscillations in a Luttinger liquid with impurities and obtained an explicit

expression for the envelope of Friedel oscillations in the presence of arbitrary electron-electron
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potentials [46]. Meden et al. computed the flow of renormalized impurity potential for a single
impurity in a Luttinger liquid over the entire energy range from the microscopic scale of a lat-
tice fermion model down to low energy limit [47]. Cazalilla in 2002 put an effort to study the
ground state properties and low lying excitations of longitudinally confined interacting bosons
by extending Haldane’s harmonic fluid description to open boundary conditions. He obtained
the momentum distribution, boson density and one particle density matrix for finite size and
boundary effects, besides finding Friedel oscillations in the density [48]. In the same year,
Meden et al. presented the influence exerted by an impurity in the electronic properties of a
Luttinger liquid by using fermionic renormalization. They concluded that for large systems
the low energy properties close to the impurity are as if the chain is cut into two pieces with
open boundary conditions at the ends [49]. A year later, the same authors coupled an inter-
acting nano-wire containing an impurity to non interacting semi infinite leads and studied the
conductance G using a functional renormalization group method. Their results have shown
excellent agreement with the analytically known scaling function at Luttinger liquid parame-
ter K=1/2 and numerical density matrix renormalization group data [50]. Anfuso and Eggert
in 2003 studied Luttinger liquid in a finite one-dimensional wire with box like boundary con-
ditions by considering local distribution of a single particle spectral weight. They remarked
that for the non-interacting case, the probability of extracting a single electron at a given
place and energy can be interpreted as the square of the electron-wavefunction, whereas for
the interacting case the wavefunctions obtain additional structure with sharp depletion near
the edges and modulations throughout the wire [51]. In the same year, T. Stauber studied
the Tomonaga Luttinger model with impurity by means of flow equations for Hamiltonians,
where he formulated the system within collective density fluctuations, restricting himself from
the use of bosonization formulas [52]. In 2004, Andergassen et al. improved the functional
renormalization group (fRG) for impurities and boundaries in Luttinger liquids by including
renormalization of the two particle interaction, in addition to renormalization of the impurity
potential. Besides these, they also derived explicit flow equations for spinless lattice fermions
with nearest neighbor interaction at zero temperature and also presented a fast algorithm
to solve the same [53]. Grishin et al. used a functional integral formalism to find the ex-
act representation of the electron Green function of the Luttinger liquid in the presence of
a back-scattering impurity in the low-temperature limit, which allowed them to reproduce
results for the suppression of electron local density of states at the position of impurity and
for the Friedel oscillations at finite temperature [54]. In the same year, Nishimoto and Jeck-
elmann presented a dynamic density matrix renormalization group approach to the spectral

properties of the quantum impurity problems [55].

In 2005, Enss et al. studied transport through a one dimensional quantum wire of correlated
fermions connected to semi infinite leads. The wire contains either a single impurity or
two barriers, the latter allowing for resonant tunneling and using functional renormalization

group they calculated the linear conductance of wires of mesoscopic length and for all relevant
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temperature scales [56]. The same group in the same year studied resonant tunneling in a
Luttinger liquid with a double barrier enclosing a dot region.They showed the variation of the
conductance G as a function of temperature T within a microscopic model calculation [57]. A
year later, K. Kamide et al. studied the scaling of a single impurity potential in a Tomonaga-
Luttinger liquid for arbitrary impurity strength and introduced the boson representation for
the electron field operator including a phase shift by the impurity scattering [58]. R.Gezzi
et al. in 2007 extended the concept of functional renormalization for quantum many body
problems to non-equilibrium systems. They handled both stationary and time-dependent
situations by using suitable generating functional based on the Keldysh approach and thus
deriving a system of coupled differential equations for the m-particle vertex functions [59].
Jacobs et al. proposed a non-equilibrium version of functional renormalization within the
Keldysh formalism by introducing a complex valued flow parameter in the Fermi or Bose
functions of each reservoir and applied to non equilibrium transport through an interacting
quantum wire [60]. Trushin et al. calculated the tunneling density of states for a Tomonaga-
Luttinger liquid placed under a strong bias voltage and calculated both equilibrium and
non-equilibrium tunneling exponents and observed their differences [61]. The single impurity
problem in a spinful Tomonaga-Luttinger liquid is studied numerically by Hamamoto et al.
using Monte Carlo methods through which they could analyze charge and spin conductance in
the non perturbative regime [62]. In 2009, Kamide et al. developed a bosonization technique
to treat an impurity which can not only connect the ones for the strong and weak impurity
limits but reproduce exact scaling equation for the transmission probability in the weak two

body interaction limit [63].

2010 onwards

Gutman et al. in 2010 developed a Bosonization technique for one dimensional fermions out
of equilibrium in the framework of Keldysh action formalism. They employed the technique
to study an interacting quantum wire attached to two electrodes with arbitrary energy dis-
tributions [64]. Galda et al. took into account the influence of electron phonon coupling
on electron transport through a Luttinger liquid with an embedded weak scatterer or weak
link [65]. The Luttinger liquid theory which has served as the paradigm for one dimensional
systems in presence of interactions is based on linearization of the dispersion relations of the
constituent particles. Beyond the low energy limit, the non linearity becomes essential and
Imambekov et al. in 2012 used novel methods to tackle these systems which includes ideas
from Fermi edge singularity and Fermi liquid theory, perturbation theory, etc and thus studied
1D quantum fluids beyond the Luttinger paradigm [66]. On the other hand, Rozhkov in 2014
demonstrated that a suitable fine tuning of the interaction between the fermions can stabilize
a state in one dimension, which is neither similar to Fermi liquid nor to Luttinger liquid,
which they called quasi Fermi liquid [67]. In 2012, Atland et al. presented a paradigmatic

picture of an impurity in a Luttinger model, alternative to Kane and Fisher [31] picture. They
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addressed the problem of a Luttinger liquid with a scatterer the allows for both coherent
and incoherent scattering channels [68]. The same group in 2015 found that this model is
qualitatively different from the elastic impurity set-up analyzed by Kane and Fisher [31] and
also from the inelastic scattering studied by Furusaki and Matveev [69]. Thus they proposed
a paradigmatic picture of Luttinger liquid where they extensively studied the renormalization
group flows for this problem, the fixed point landscape, and scaling near those points [70].
More recently in 2015, Protopopov et al. explored the weak-strong-coupling Bose-Fermi dual-
ity in a chiral Luttinger liquid with non linear dispersion of bosonic and fermionic excitations.
They used bosonization, a unitary transformation and a refermionization to map the system
onto that of weakly interacting bosons at high temperatures and weakly interacting fermions
at low temperatures [71]. Besides quantum impurity problems, another class of interesting
problems in 1D constitutes the disordered systems where if the degree of randomness is suf-
ficient, it leads to Anderson localization [161-165]. Enormous work has been done on these
subjects of ‘Luttinger liquids” and ‘bosonization’ and our survey of the literature is in no way
exhaustive. Nevertheless it manages to give an idea of how the subject was started as well as

its progress in the last seventy years or so.

1.2.2 Formalism

Bosonization, as the name suggests, is an attempt to recast theories involving entities which
are not bosons in terms of bosons. It is generally used for fermionic fields (it is also possible
to recast bosons in terms of other bosons) which are expressed as functions of bosonic fields
that are typically bilinears of the original fields. This is not merely a scrupulous activity, but
has proven to be extremely useful in studying intercting fermions in a 1D system, which is
otherwise intractable when formulated in terms of fermions. The Fermi field ¢, is expressed
as an exponential of a bosonic field ¢, as 1, ~ F, e"*. This is analogous to the polar
representation of a complex number. Here F;; is the Klein factor which maintains the number-
conservation rule. The formalism of bosonization is user-friendly once the bosonization rules
are understood. More than half a century of progress made on this subject, including works
of Tomonaga [1], Luttinger [2], Mattis and Lieb [3], Luther and Peschel [11], Heidenreich [12],
Haldane [4] and many others, has resulted in a bifurcation of bosonization into two somewhat
different approaches which has been discussed in the elaborate paper by Delft et al. [72].
Both these approaches, viz., constructive bosonization and field theoretical bosonization, has

been briefly discussed here.

1.2.2.1 Field theoretical bosonization

This has become the most widely used approach to bosonization because of its simplicity, one
famous example using this approach is that of Kane and Fisher [31]. One starts by defining

the boson fields ¢, (x) which obeys a set of prescribed properties. Using field theoretical tools,
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the commutation relations are calculated for these bosonic fields which are usually defined for
a system of infinite size. This is followed by the calculation of Green’s functions of e~n(®)
and ¢*(*) which turns out to be identical to those of the fermion fields ¢, () and ¥ ().

Hence a formal correspondence between the two was suggested of the form given as follows.
Py(x) ~ Fe= @) (1.17)

The factor Fj, is the so-called Klein factors which ensures that appropriate commutation rules
are obeyed by the Fermi fields expressed in terms of bosonic fields ({wn,wg,} = 0,,). The
field theoretical approach, which is also adopted in the present work, demonstrates sufficiently
well that bosonization can be used to study interacting 1D systems. However, there is no
clarification as to why it works. The answer to this is provided by the more rigorous approach
to bosonization called the ‘constructive’ approach which is briefly discussed in the next sub-
section. The bosonic field ¢,(z) and the Klein factor F,, do not appear naturally from first
principle. They rather seem to be mere auxiliary quantities introduced and their properties
fine tuned to get things done. In other words, the way of expressing a Fermi field operator
in terms of bosonic variable as shown in equation (1.17) appear to be somewhat an arbitrary
co-incidence though demonstrably true and useful. Hence for a better understanding it is
necessary to dive deep into the more fundamental way of doing bosonization which is the

constructive approach [72].

1.2.2.2 Constructive bosonization

The constructive approach to bosonization is more rigorous as compared to the field theo-
retical approach and it justifies the fundamentals of the latter approach. It was used in the
remarkable works of Mattis and Lieb [3], Luther and Peschel [11], Emery [27], while Hal-
dane gave a proper shape to it in his famous work [4]. The formalism starts with the second

quantized expression of the Fermi field as follows.

Uy(x) = \/? Ze_ilmckm (1.18)
k

Here L is the size of the finite system which quantizes the momenta. Thus the Hilbert space
consists of a countable set of states which is crucial in this approach. All further operators and
fields are constructed explicitly and naturally in terms of these initially given ¢y ,-operators.
This approach is described in details in the excellent article by Delft et al. [72]. It is possible
to derive the entire formalism of bosonization at a most elementary level as a set of operator
identities in Fock space using standard operator identities (e.g. Baker-Hausdorff lemma) to
manipulate functions of the ¢ ,-operators. Since all the ingredients of this approach are
constructed explicitly from the ¢y ,,’s, their physical meaning is clear. For example, 0¢,(z)

represents local density fluctuations of the Fermi sea for a fixed total fermion number and
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F,, lowers the total number of n-fermions by one. On the other hand, in the field theoretical
approach, the Fock space of states being not explicitly defined, the relation given in equation
(1.17) merely has the status of a Fermi Bose correspondence. For example, the Klein factors
F, is considered merely as a tool to ensure anti-commutation rules ignoring the fact that it
also lowers the number of n-electrons. This is necessary to balance the number of particles on
both sides of the equation (1.17) as the LHS is an annihilation operator and the exponential

term of the RHS is number conserving.

Most importantly the constructive approach also explains why it is possible at all to represent
a fermionic field in terms of bosonic fields - which is the essence of any kind of bosonization.
Consider the Fermi ground state [0)g. The state 1,|0) turns out to be an eigenstate of

the bosonic operators by, from which the bosonic field ¢ = =37 _ /2% (e~ 1= +9/2)p,, + h.c)

is constructed. Hence the Fermi state zpn|6>0 must have a coherent state representation in
terms of these bosonic operators bfm’s and this turns out to be ~ Fne_"¢"(x)|6)o. Hence the
constructive approach reveals the trick that makes bosonization works [72]. However for
practical usage, one can adopt the field theoretical approach to yield correct results and rely

on the constructive approach for connecting the dots.

1.3 Impurity in a Luttinger liquid

While the peculiar nature of mutual interaction makes one dimensional systems unique, this
specialty is further enhanced by the response to an external impurity introduced into such
systems. It turns out that the relevance of a local impurity depends on the sign of interaction
(attractive or repulsive) between the constituent particles of a one dimensional system. This
was discussed in the seminal paper by Kane and Fisher [31]. As has been emphasized in the
present work that the standard bosonization methods are not sufficient in the study of im-
purities in 1D systems, although they are necessary. They require additional field theoretical
techniques like renormalization group or numerical techniques like DMRG, Monte-Carlo, etc.
These are briefly described below. The main advantage of non chiral bosonization technique
is that it can easily tackle certain classes of impurities in 1D systems without adhering to

such additional methods.

1.3.1 Renormalization group

Renormalization group or RG methods has been used extensively in the last few decades
to study fundamental interactions at the microscopic scale, whose otherwise straightforward
quantum field theoretical treatment would result in infinities. The perturbative treatment of
interacting electrons in 1D is one such example which is plagued with divergences. The RG
approach aims to extract the main singularities from the perturbative expansion and sum
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them. The basic idea of this approach is to formulate an effective Hamiltonian (or action)
which would capture the low energy physics of a system. In other words, it relates the original
problem to another which will be easier to solve, provided the low energy physics of both are
identical [5].

If one adopts the Kadanoff and Wilson formulation [73, 74|, one starts by writing the partition

Z = Z e PH — Z e’

all states all states

function of the system.

where H is the Hamiltonian, 3 is inverse temperature and S is the action which typically
contains degrees of freedom at wave-vectors up to certain cutoff A. As described above,
the goal is to reformulate this action and retain only those degrees of freedom which are
in the vicinity of |k| = kp. Consider a cut-off dependent action S(A). The first task is to
eliminate all degrees of freedom between A and A/s where s > 1 and obtain a new action
S(A = A/s). This is followed by a “scale change” k — sk which brings the cut-off back to its
original value and a new action S(A) is obtained. The coupling constants are now changed
because of the degrees of freedom being integrated out. A value of s infinitesimally close to
unity is chosen and the first two steps are performed iteratively. This eventually leads to
differential equations for the couplings, which may be integrated in favorable situations until

all non-interesting degrees of freedom (high momentum modes) have been eliminated [75].

The RG approach has been crucial in dealing with impurities in a Luttinger liquid. The
famous examples in this regard will be Kane and Fisher [31], Matveev et al. [34], Andergasses
et al. [53], etc. Kane and Fisher adopted an RG transformation which integrated out higher
frequencies from the action of a Luttinger liquid with an impurity and then rescaling the
frequency, leaving the action invariant. They treated the impurity as a perturbation in two
extreme limits - weak barrier and weak link and predicted the two famous phenomena -
‘cutting the chain’ and ‘healing the chain’ [31]. These phenomena are also endorsed by
NCBT without using any RG techniques. Matveev et al. [34] used a simple renormalization
technique to study conductance of a Luttinger liquid in presence of an impurity of arbitrary
strength. Their formalism could take into account backward scattering as well but it could
only deal with weak mutual interactions. Andergassen et al. [53] improved the functional
renormalization group (fRG) for impurities and boundaries in Luttinger liquids by considering
renormalization of both the two-particle interaction and the impurity potential. These studies
lead to really intricate calculations which are beyond the scope of the present work - whose

sole aim is to promulgate an easier alternative which is described in the next chapter.

1.3.2 Numerical methods

While analytical methods used to study Luttinger liquids confronts technical difficulties, which

are taken care by adopting various approximation schemes, there were others who tried to
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study the same problem using numerical methods. Prominent among them are density matrix

renormalization group, Monte Carlo, finite size scaling, etc.

Density matrix renormalization has been the method of choice for the numerical studies in
1D systems. When it comes to calculation of the correlation functions, there are some funda-
mental differences owing to the energy band structures of the systems. For gapped systems,
the correlation functions decay exponentially with the distance while correlation functions of
gapless models decay algebraically with distance [76]. DMRG is used to optimize the ansatz
wavefunctions called as Matrix Product States (MPS) and thus obtaining the correlation func-
tions. But matrix product states are proven useful only for describing the ground states of
gapped local Hamiltonians [77-79]. Every ground state of a gapped Hamiltonian in 1D can be
approximated by a tensor network state to arbitrary precision [80]. But M. Andersson et al.
investigated the convergence of DMRG for gapless systems in thermodynamic limit [81]. They
concluded that when DMRG is used to study a gapless systems of free fermions it gives the
wrong particle-hole and density density correlation functions. The expected correlation func-
tions must decay algebraically but the ones obtained from DMRG decay exponentially. The
difficulty in studying gapless systems using DMRG is that convergence is tough to achieve.
Some remedies such as increasing the number of DMRG sweeps, working with finite sized

systems are adopted to mitigate the problems.

The other numerical method frequently used to study Luttinger liquid is Monte Carlo. The
conductance of Luttinger liquids with impurities has been studied using Monte Carlo simu-
lations [62, 82, 83]. On the other hand, the finite size scaling method is a way of extracting
values for certain exponents (like correlation function exponents) by observing how measured
quantities vary as the size L of the system studied changes. Kawakami et al. [84] used this
method in a 1D fermionic system and studied the low energy behavior, thereby obtaining
exact formulas for correlation exponents. Qin et al. [85] analyzed the finite-size scaling be-
havior of the low energy spectrum of a Luttinger liquid with an impurity and confirmed the

theoretical prediction of Kane and Fisher [31] both for attractive and repulsive interactions.

1.4 Summary

In this chapter, a general introduction to the field of one dimensional fermionic systems is
given. Due to the collective nature of excitations in these systems the Fermi liquid theory
fails, which led to an alternative that goes by the name ‘Luttinger liquid theory’. The basic
idea was to express a fermionic Hamiltonian in terms of bosonic variables - a process called
bosonization which started with the path breaking works of Tomonaga, Luttinger, Mattis
and Lieb, Luther and Peschel, etc. and given a final shape by Haldane. A detailed history of
bosonization is provided along with a brief description of the formalism. The physical realiza-

tions of such 1D systems have triggered interests among the researchers and various numerical
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and analytical approaches are developed in the recent decades to explain the physical prop-
erties of such systems. On the other hand, the introduction of impurities into these systems
leads to interesting physics described in the seminal work of Kane and Fisher. However, the
conventional bosonization methods are insufficient to yield the full Green functions of such
inhomogeneous 1D systems with an impurity of arbitrary strength without adhering to other
methods like renomalization group. Hence we demonstrate a new way of doing bosonization
which can provide the Green functions of a certain class of strongly inhomogeneous systems

without using additional methods.
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Chapter 2

Methodology

This chapter describes the technical aspects of the non chiral bosonization technique (NCBT)
which has been introduced and used throughout the work. NCBT uses a field theoretical
approach of doing bosonization where a fermion field operator is expressed as an exponential
of a bosonic field. The basic necessity for the development of NCBT is that the non-local
Fermi-Bose correspondence used in the standard bosonization techniques (also known as ‘g-
ology’ methods) is suitable to study only homogeneous systems or a half line. For anything
in between these two extremes, the g-ology techniques become insufficient and have to rely
on other techniques like renormalization group or other numerical techniques like Density
matrix renormalization group (DMRG) or Monte Carlo (MC), etc. But NCBT uses a version
of field operator which is ideally suited to study the inhomogeneous Luttinger liquids and
can produce the asymptotic Green functions of such systems. Before going to the formalism
of NCBT in details, it is important to illustrate the shortcomings of the g-ology methods so

that one can appreciate the necessity of a novel formalism.

2.1 Ciritique to g-ology based chiral bosonization

The conventional approach to bosonization (which is discussed in Giamarchi’s book [5]) in-
vokes the Dirac equation in 141 dimension with chiral ‘right -movers’ and ‘left-movers’. It
uses the plane wave basis to study one dimensional systems with translational symmetries.
It is undoubtedly a remarkable achievement in calculating the N-point correlation functions
of one dimensional interacting systems, where the well established Fermi liquid theory and

perturbation theory fails.

But difficulties arise when we use the same approach to deal with systems that are transla-
tionally non invariant, e.g. systems with a boundary or a system with an impurity in it. The
conventional bosonization technique requires a combination of renormalization group along

with bosonization/refermionization techniques, but unable to obtain a closed formula for the
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Green’s functions for such systems. Moreover there are certain other aspects of this technique
which needs to be rectified and this is exactly what NCBT does.

Coleman, way back in the 70’s [21] , showed that the fermion Green function of the Thirring
model has an independent description in terms of bosonic variables. On the other hand,
physicists like Luther and Mandelstam [86] asserted that the Fermi field operator itself can
be expressed in terms of bosonic variables. This assertion is quite stronger and is used
by researchers in condensed matter physics to generate Hamiltonians of fermions in one
dimensional systems. They claim this to be advantageous as the interaction Hamiltonian
remains quadratic in the boson basis (unlike quartic in the fermion basis) and is thus triv-
ial to diagonalize. But as a matter of fact, the particle hole excitations of the Fermi sys-
tem that make the kinetic energy diagonal in these operators are not bosons, thus making
the term bosonization a misnomer. The conventional bosonization treats the kinetic energy
(K=Y, exchex = > psoVF D bL’Rbp,R + D o VE P b;prL + constant) as an operator iden-
tity whereas it is just a mnemonic for generating the correlation functions. To overcome these
issues, an alternative was proposed (in the book ‘Dynamics of classical and quantum fields’
[9]) involving an action for fermions in terms of hydrodynamic variables and a prescription
for generating the propagator of fermions that potentially also allows one to go beyond the

linear dispersion approximation and also the random phase approximation.

T. Giamarchy in his book ‘Quantum Physics in one dimension’ [5] proposes the following

formula for the field operator (Luther Haldane construction).

1 , -\ .
Yi(z) = lir% Yi(z;€) = lim e irlbr=Dr it (@) tigr(@e) Uf (2.1)
e

0 /2L,

where r = + corresponding to right and left movers, and

|
o (z,€) = —%NT +iy (f\—;) Qe—Li‘w’"Y(rp)bpeipx
p#0
In equation (2.1), the matrix elements of the right-hand side is not equal to those of the
field operator. Although Coleman in his paper on the equivalence of the massive Thirring
model and Sine Gordon equation [21] has shown that the Green’s functions comes out right
in both the cases, no such remark has been made on the correctness of the Field operator.
Thus the g-ology program which involves a literal interpretation of the Luther construction is
not supported very well. Replacing the operator description by a path integral version based
on Hubbard-Stratanovich transformation, as preached in some literature, may make things
appear admissible, but it leads to the manipulation of infinities under the name of ‘normal
ordering’. Moreover, Coleman’s assertion that ¢y = —%e‘“’aygb is a mere analogy because
the left hand side is a Grassman number and the right hand side is a real number and they

can at most be equivalent to each other.
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The central point of all the above discussion lies in the assertion that the Luther Haldane
construction given by equation (2.1), which is the backbone of standard bosonization, is
not necessarily an operator identity but rather a mnemonic for generating the correlation
functions. This distinction may seem scrupulous at first glance but its consequences are
far reaching. An operator identity is universal and absolute (model independent) whereas a
mnemonic can be model dependent and ad-hoc. Moreover a mnemonic can be modified under
certain circumstances, which gives the liberty of inserting additional terms into the bosonic
representation of the field operator and this is at the heart of the present work. After all,
the field operator in itself does not make much of physical sense, but it is rather a means to

obtain the correlation functions of the given system - which is the goal of this work.

Using Haldane’s harmonic analysis (HHA) of the field operator, the density operator can be

expressed in terms of the slow and rapidly varying parts as follows.

p(ﬂ?,t) — po+ﬁs($,t) + po e2ikrz e27riffoo dy ps(y,t) + po e~ 2ikpa e—27riffoody ps(y,t) (22)

Here ps(z,t) is the slowly varying part of the density fluctuation while the rapidly oscillating

parts are given as follows.

2.3

Pz, t) = po e 2 = W Pe(01) (2.3)

Consider the fast part of the density density correlation function that oscillates as e*r(z=2"),
< z, (', t) > _ 2ikr(a—a') _ 2mi [T dy ﬁs(y,t)e_gmfio dy’ poy' 1) <

pr(, t)py('s ') >mma o

This quantity can be trivially calculated using the Wick’s theorem as follows.

< pp(@, )5 ) Swiaws= — < Vr(@ )W) (2,8) >< Yr(z, )k, ¢) > (25)

In absence of mutual interactions all the quantities present in the RHS of equations (2.4)
and (2.5) can be obtained trivially using Fermi algebra. It is observed that for a homoge-
neous system, both these equations give the same results. But the introduction an impurity
(let’s say a delta potential) leads to non-trivial exponents in the RHS of equation (2.4) while
those of (2.5) continue to be trivial. This tells conclusively that this harmonic analysis is not
suitable to study inhomogeneous systems. Moreover, the assertion in equation (2.2) can’t be
declared as an operator identity either, because the associated algebra makes sense in the
limit pg — oo and in this limit none of the operators are meaningful. Thus it can be said
that both Luther’s construction and Haldane’s harmonic analysis of the field operator are at
best only mnemonics for the correlation functions and it should be forbidden to use them as
operators to construct Hamiltonians. So in summary, the critique to the conventional schemes

of bosonization can be presented as the the following set of judgemental characterizations in
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order.

1. Preposterous: Although the Fermi field operator has an expression in terms of bosons
constructed out of Fermi bilinears and Klein factors, we are unable to find a proof in the
existing literature that the matrix elements of the non-local combination of bosons is equal
to the corresponding matrix elements of the field operator.

2. Plausible but still untrue: It was never been proven that equal-time number conserv-
ing products of Fermi fields can be expressed in terms of Fermi bilinears that are bosonic in
character. Merely showing that the propagator comes out right is not enough, but instead all
the matrix elements must come out right.

3. Possible fact: N-point functions have a non local integral representation involving com-

muting variables that may be simply related to Fermi bilinears such as current and densities

[9]-

To circumvent the problems associated with the conventional chiral bosonization, it is manda-
tory to declare the bosonization formulas as mnemonics to generate the N-point correlation
functions rather than treating them as operator identities. Mnemonics are not mandated
to be universal, unique and model independent. This gives the freedom to modify the field
operator, expressed in terms of currents and densities, accordingly so that the Green func-
tions of free fermions plus impurities comes out correctly - a quantity which is not obtainable
using the standard chiral bosonization alone. This is the essence of Non chiral bosonization
technique - a novel way of doing bosonization. In the next section, this whole procedure of

this method, from writing the Hamiltonian to obtaining the correlation functions is discussed.

2.2 Working procedure

The central goal of this work is to obtain closed analytical expressions of the correlation
functions of one dimensional system of electrons in the presence of certain sources of inhomo-
geneities like a cluster of impurities. This is done using the powerful tool, namely Non chiral
bosonization, which explicitly makes use of the translationally non-invariant single particle
wave functions. In this section the whole procedure of doing the same has been discussed,
giving due importance to the formalism of NCBT. To provide a bird-eye view of the procedure

a flow chart has been provided in the figure 2.1.

2.2.1 Single particle Green’s functions

Consider a one dimensional system of length L (L — oo) which extends from —L to L with
an impurity (lets say a delta potential) at the origin. A more general version of this potential,

viz. a cluster of impurities consisting of delta potentials, potential barriers/wells, etc. is taken
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F1GURE 2.1: NCBT flow-chart: Schematic diagram showing the different steps of the present
work from starting to end.

into account in the next chapter. The first task is to calculate the two point Green function

of this system in absence of mutual interactions using the standard Fermi algebra.

Calculating the wavefunctions

Considering an impurity in a 1D system [31, 34, 52] modelled as delta potential of strength
Vo, the Schrodinger equation reads as follows (note that W represents wavefunction and
represents fermionic opertor).
L) + Vod(a) () = BV () (26)
———V(z x)¥(x) = iz .
2mdx 0
This can be solved using elementary knowledge of quantum mechanics, which leads to two
normalized sets of wave-functions, one with the propagation starting from the left and moving

towards right (VUg) while the other with that starting from the right and moving towards left

(V) .
Ajet* 4 Bie~ike —L/2<x<0
Up(z) = . (2.7)
Ay etk 0<zxz<L/2
Dy e —L/2<xz<0
)= | 23)
Chet*® 4 Dye~ihe 0<z<L/2
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where,

1

A1:D2: Z
Bi=Cy= )z H__
1 L1+ 55)

1 1
ADﬁﬁ

Random Phase Approximation

For an analytical solution to be feasible when mutual interactions are included, it is neces-
sary to confine the study to the so-called random phase approximation (RPA). Under this

approximation we linearize the energy momentum curve near the fermi level.

1
F :Emv% + pvp = Ep + pup

where Fr is the Fermi energy and pvp is the fluctuation around the Fermi energy. This is
similar in spirit to the Tomonaga and Luttinger models which are also based on linearization of
the energy momentum dispersion relations. Under the RPA limit [87], the Fermi momentum
and the mass of the fermion are allowed to diverge in such a way that their ratio is finite (i.e.
kp,m — oo but kgp/m = vp < oo). Units are chosen such that i = 1, so that kp is both the
Fermi momentum as well as a wavenumber. Imposing the RPA limit to the wavefunctions in
equations (2.7) and (2.8) leads to the following.

A eikrtp)z | B o—ilkrtp)e —L/2<2<0
A, cilkrtp)a 0<z<L/2
Dy e~ilkrtp) —L/2<z<0
U, (z) = | ‘ (2.10)
Czez(kp—l—p)x =i D2€—’L(kF+P)$ O<x< L/2
1
Al = D2 == Z
;] -t
Bl - 02 - - -
Yo )
v (2.11)
1
A2 = D1 -

Calculating the Green functions

Green functions are calculated using three different methods [88] which are as follows.
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a) Solving the Green function differential equation.
(E — H(2))G(z,y; E) = 6(z — y)
b) Summing up the spectral representation.

Gl 5 B

c¢) Performing the Feynman path integral expansion of the Green function [89].

In this work, we adopt the second method for which we need a complete set of orthonormal
states. Now, we know from quantum mechanics that for different values of momentum k, any
two states of Wg (or ¥y ) will be orthogonal. The test is to check whether for the same value
of k, ¥g(k) and W (k) are mutually orthogonal.

NS

< UL (B)|Ualk) > = / U (2)Up(z)dz

Nl

~

0 =
— / (Dfelkw) (Aleik‘u’l? + Ble_ikﬂf)dx + /2 <C§<e—ikx + DSeka> (Ageikx) dr
0

SISl

L
= [D{Bl + C§A2:| B + smaller terms

Using equation (2.11) we have [DiB; + C5A3] = 0 and hence < ¢ (k)|r(k) >~ 0. Thus
they are already already orthogonal to each other. In some other examples, g and 1, need

not be orthogonal. In those cases we can use Gram Schmidt orthogonalization as follows.

v, =Wpg
\IIQ = \I/L— < \I/1|\PL > \111

Here U and ¥, are normalized. Now ¥, and Wy are orthogonal to each other as can be seen.

< \Ij1|\1/2 >:<\I’1

(\IIL— AT \1;1)>

=< \I/1|\I’L > — < \Ifl|\I/L >< \I’1|\I/1 >
=< \I]1|\IJL > =< ‘I’1|\I]L >
=0

We can calculate the Green’s function from them as follows.

b N\ (@) (@) L U (2) ¥ (2')
G’(x,x,E)—; E—E, 2« hw—i—ie—vadE

L), L[,

— 5. wtie Ude - i€
21 ) wp(eHe —p) 2 ) (Pt —p)
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We have a pole at py = . Hence

hw+ie
o

L
G(x, o' E) = %ZWi\If(x,po)\If*(x’,po) = i LV (x,po)V* (2, po)

In this case, we have two orthogonal states for the same energy level, viz, ¥z and ¥;. Thus

the Green’s functions will be of the following form.

G(.T, xlv E) =1L |:\IIL($7p0)\I}z(xlap0) + \PR(x7p0)\Il}<%(x/7p0)j|

The time dependent green’s function can be obtained by a simple Fourier transform of the

energy dependent one.

1 . /
Gz, 2t —t') = Q—/G(:E,x',E)e_W(t_t ) dw
T
iL * (1 * (1 —iw(t—t")
Sa- [\IJL(x,po)‘I’L(x ,p0) + Vr(z, po) Uk(2', po) € dw
Now let us denote this full two-point Green function (also known as single particle Green
function) of the system before taking the RPA limit (i.e. with parabolic energy-momentum
relation) as < T (z, 0, t)y1 (2, 0’,#') > , where the time ordering decides whether it is particle
or hole Green function that is being studied and ¢ is the spin projection of the individual
fermions. In terms of this, the asymptotic or RPA Green function is defined by “smearing out”

the positions and times over the scale of the Fermi wavelength and Fermi times as follows,

(T 9, (z,0, t)l/zl/(x', o t))y = lim < (TY(y,o, T)i/JT(y/, o', 7"))e_ikF(”y_”/y/)eiEF(T_T/) >
m—o0

(2.12)
where,
1 t+Tr
L ft)> = — dr f(r)
2Tr )i 1,
e (2.13)
<glx)>» = dy g(y)
20k Joorp

with Ap = 27T/I{3F and Tr = 27T/EF, kr = mup and Er = (1/2)mv% with vp < oo being held fixed.
Also, here v, /' = +1 correspond to the right and left Fermi points. The full Green function

is a linear combination of different rapidly oscillating parts as follows.

<T¢(x,a,t)1[ﬁ(x’,g’7t’)> _ <T¢R(:U’U’ t)’l]Z)L(I',,O'/,t/)>€ikF(m_$/) + <T1,Z)L($,U, t)d)z(a:,,J/,t’)>6_ikF(x_r/)

+ <T¢R($, U,t)leL<$/,U/,t,>>€ikF(x+x/) + <T¢L(.’I), o, t)w;f%(x/,0/7t1)>e—ik’F(x+x’)
(2.14)

The activity described in equation (2.12) simply extracts the envelope of a particular type of
rapidly oscillating term from the full Green function (e.g. < ¥ gtygr > from < 1)) >). The var-

ious envelopes of the Green functions in absence of mutual interactions are obtained as follows.
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(ot 1) = 5 e (0 - (20
(et ) =t 3 st (e - f)
(Tun(w,0, 0!, 0' 1)) = (H:C;SH —— 27‘:; (9<<1—f>jb(:53> ~ (Tfi@))
(T (o, 0,00} o', t)) = (Hx,)ﬁ;(t_t/) 2&((?@;(2) eélj_wvig)f))

(2.15)

2.2.2 Density density correlation functions

The density density correlation function (DDCF) is a special case of four point function which
is a crucial quantity in this approach. In absence of mutual interactions one can use the Wick’s
theorem to write the DDCF' as follows.

(Tp(z,0,t)pla’ 0’ ,t)) = (T (@, 0,0)¢(z, 0,0} (2,0, ) (', 0", 1))
= <T1/JT(m,o*, t)(z, o, t)><T¢T(m',J/,t')1/J z, o t/)>
—(Ty(@, 0,091 (@', o', )T (', o', )0 (2, 0, 1))
= <p(:n, o, t)><,0(a:',o*’,t’)> — <T¢(:c, o, t)z/) (o', o't )><T¢(m',a’,t')¢T(x,a, t)>

Subtracting the average density terms (so that this is really the deviation) the density density

correlation functions can be redefined as follows.

(Tp(x,0,t)p(a’, 0’ 1)) = (Tp(z,0,t)p(x’, o', 1)) — (p(z,0,t))(p(z’, o', 1))
= — (T(z, o, )12, o', ) (T(2, o’ )W (z,0,t))  (2.16)

In the RPA sense, the density p(x,t) may be “harmonically analyzed” as follows.
p(z,0,t) = ps(x,0,t) + 2 pi(x,0,t) + e 2 pi(r,0,1) (2.17)

where
ps(x,0,t) = Vh(z, 0,t)0R(x, 0,t) + V) (x,0,t)01 (2, 0, 1)

(2.18)
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The density density correlation function (DDCF') contains both slowly varying (p,) and rapidly
oscillating (ps) terms. Out of these only the slowly varying part of the density density corre-
lation function is of importance to us. Using equations (2.16) and (2.18), we have the slowly

varying part of the DDCF of a single impurity system as follows:

1 (_ O(zz’)  O(—wa’)  wi )
((z =) +op(t —1))? (2m)? v + V¢
1 Vi ( 0(zx) N O(zx') )
2o+ VE\((z+2") —vpt—1t))*  ((z+2') +op(t—1))?
1 (_ O(zz")  O(—z2') % )

((z —a) —wvpt —1))? (2r)>  (2m)? vi+VE

< Tps(x,0,t)ps(2',0,t") >=

+

(2.19)

Here 0(zz') = 0(x)0(2’) + 0(—x)8(—2') and 6(—zz’) = O(x)0(—2') + 0(x)0(—2") where 0’s
represent Heaviside step functions. It is easy to see that on setting V5 = 0 (no impurity), then
the same side (A(xz2")) and opposite sides (f(—xz")) have the same functional forms which is

that of the homogeneous case, which is a necessary cross check.

2.2.3 Field operator reconstruction (Bosonization)

Having both the two point functions and the density density correlation functions in hand (in
absence of mutual interactions), the next task is to reconstruct the field operator and express
it explicitly in terms of currents and densities. Now the currents and densities are bilinears

in the field operator ¢ as follows.

p(z) = i (x)P(x)

(2.20)
J(x) = Im[y!(2)0,0(x)]

Bosonization is inverting these relations and expressing 1 in terms of J and p. This inversion is

accomplished by introducing the conjugate to the density 7(x) through the following relation.
J(z) = —p(x) O,m(x) (2.21)
Hence the conjugate to the density can be expressed explicitly as follows.

__[" 4w
m(x) = /OO dyp(y) (2.22)

To avoid singularities, it is assumed that p(x) = po+ p(x) where pg # 0 is the uniform average

density and expanded in powers of p(z). In standard bosonization [5], the field operator is
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expressed in terms of currents and densities as follows.
wu(l‘7 g, t) ~ 61‘011(%07” (223>

Here v = R (+1) for right movers and v = L (—1) for left movers'. The currents can be
expressed in terms of the densities using the continuity equation and hence the local phase
can be expressed as a function of densities alone as follows.

z y / !
QV(CU,O', t) = 7T/‘ dy (V p5<y707t) _/ dy 8’UFIf Ps(y » 0, t)) (224)
sgn(z)oo sgn(y)oo
The prescription given by equation (2.23) is valid to obtain correlation functions only for
homogeneous systems (|R| = 0) and a half-line (no tunneling, |R| = 1). This is done by

clubbing together one annihilation and one creation field operator as follows (e.g. consider
< Yribl >).

< Pr(z, 0, )P, 0,t) ~ < ePrETDemIrlel) > (2.25)

The symbol ‘~’ has been used instead of equal sign because there are prefactors associated to
the Green functions which are not obtainable using bosonization techniques. These model de-
pendent pre-factors have to be fixed by a comparison with the non-interacting Green functions
obtained using Fermi algebra. The bosonization formulas are for calculating the dynamics
of the system (the part of the Green functions which are functions of both position x and
time ¢) and not for the pre-factors. Using a version of cumulant expansion (Baker-Campbell-

Hausdorff formula) equation (2.25) can be written as follows.

< ¢R($’ o, t)@b;r%(l'/, o, t/) >~ 6%<(i0R(ac70',t))2>6%<(—i@R(x’,U,t’))2>€<(7ﬁ9R(:c,U,t))(—i@R(z’,U,t’))>
(2.26)
The third term in the above equation will lead to the correct term corresponding to the Green

function (see equation (2.15)).

1

e<9R(I,U,t)9R($/,U,t/)> —
r—a —vp(t—1)

while the first two terms (of the type < 6z >2) become independent of time after proper
calculation and are incorporated into the pre-factors. Now the form of field operator prescribed
in equation (2.23) when applied to a system with an impurity, where there will be reflectional
terms like < wmbz > and < lprg > along with translational terms like < 1/1ng > and
< wa}L >, will yield the following.

1

< Yr(z, o, t)w2<x/, o, t/) S~ e<Or(z.00)0L( 0t)> _ R tl))IR\Q

"'When R appears as a subscript ( as g or fz) it means a right mover. And in all other cases it means
the reflection amplitude.
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But from equation (2.15) we can see that for a system with an impurity, the Green function

for RL (z and 2’ on the same side of the impurity) goes as follows.

1
(x+ 2" —vp(t—1t))

< Ygr(z,o, t)wz(x’,a, t)> ~

Hence the standard way of defining the field operator given by equation (2.23) is applicable for
system with an impurity only for the extreme case of |R| = 1. For all other cases (0 < |R| < 1),
it leads to a non-trivial exponent (|R|*) which is not acceptable. Hence the expression for the
field operator given in equation (2.23) needs to be modified so that the non-interacting Green

functions are reproduced correctly.

In NCBT, the field operator is modified to include the effect of back-scattering by impuri-
ties making it suitable to study translationally non-invariant systems such as the case of an
impurity in a 1D system. The modified field operator of NCBT may be written as follows
[90].

Uy (w,0,t) ~ Chpy O @O o 21 p2(=00,1)Y (2.27)

Here 6, is the familiar local phase given by equation (2.24). NCBT differs by the addition of
the optional term ps(—y, o,t) to this local phase that ensures the necessary trivial exponents
for the single particle Green functions for a system of otherwise free fermions with impurities
(which may also be obtained using standard Fermi algebra). The adjustable parameter \ can
take values either 1 or 0, which decides the presence or absence of the new term. In other
words, setting A = 0 reduces the NCBT operator to standard bosonization operator given in
equation (2.23). The factor 27i ensures that the field operator obeys the necessary fermion
commutation rules since this term does not change the statistics of the field operator. C) , - are
pre-factors (discussed earlier) which are fixed by comparison with the non-interacting Green
functions obtained from Fermi algebra. The field operator as given in equation (2.27) is to
be treated as a mnemonic to obtain the Green functions rather than an operator identity,
which avoids the necessity of the Klein factors that are conventionally used. The RHS of
equation (2.27) is a function of currents and densities. The current and density operators
contain one one annihilation and one creation operators and are hence number conserving
in nature. Hence the RHS, only comprising of such operators, is also number conserving.
But as we can see from equation (2.27) that the LHS is an annihilation operator. Since the
traditional bosonization calls this relation an operator identity, they have to ensure number
conservation and for this they introduce something called as Klein factors to settle this issue.
But the final Green functions or propagators, which are of physical significance and are to
be calculated, contain equal number of annihilation and creation operators. Hence the Klein
factors eventually cancel out. The field operators are merely an intermediate tool and hence
one can avoid using the Klein factors in them provided one does not call them as operator
identities. Hence the field operator given in equation (2.27) is a treated as a mnemonic and

not as an operator identity.
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Now using this new version of Fermi Bose correspondence given in equation (2.27) the Green

function for RL (z and 2’ on the same side of the impurity) is given as follows.

< gz, 0, )0l (2 0,t") >

2.28
~ €<<9R(x,a,t)+27r)\f;n<z>oo ps(—y,a,t)dy)(GL(x’,J,t’)—ZW)\’ f;n(m)w ps(—y,a,t)dy)> ( )

Choosing (A, \') = (0,1) (or (1,0)) (in accordance with equation (3.19)) we have
€<(6R($’U’t)+27r fszgn(w)oo ps(_y’a’t)dy)(GL(I/’U’tl))> g 1 (229)

(x + ' —vp(t —1))

which matches with that obtained from the standard Fermi algebra. Hence using the Fermi
Bose corresponce prescribed by NCBT and given in equation (2.27), the two-point functions

for free fermions in presence of an impurity of arbitrary strength can be obtained correctly.

2.2.4 Including interactions

Using the explicit form of the field operator prescribed by NCBT, the two point functions
can be written in terms of the slow part of the density density correlation functions, called
the bosonized version of the Green functions. This has to be verified for the non-interacting
case by comparing with the Green functions obtained using standard Fermi algebra. Once
this is done, the only thing left is to replace the DDCFs with their interacting version. For
this the DDCF given in equation (2.19) has to be modified to include interactions. Now the

interaction part of the Hamiltonian can be written as follows.
1 = > / ’ ’
Hip = 5/ da:/ dx v(x —z) p(x)p(x) (2.30)

Here v(r —2') = %Zq v, exp [—ig(x — 2')] (where v, = 0 if |g| > A for some fixed bandwidth
A < kp and v, = v, is a constant, otherwise) is the forward scattering mutual interaction.
In the present work, the temperature is assumed to be much less compared to the bandwidth
‘Avg’ of the Luttinger liquid, which is equivalent to saying that we are dealing with the infinite
bandwidth case. In presence of this short ranged forward scattering mutual interaction, the
DDCEF is obtained to be the following (derived in Appendix C).

1
< T pufar, o1, t)pu(as, 02, t2) >= 7 (< T pulor t)pnleata) > +0100 < T pular,t)pn(an, t2) > )

(2.31)
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where

VR 1
<T z1,t To,lo) >= _
pr(x1,t1)pn (2, t2) 2m2uy, V§1< (z1 — 22 + vop(t1 — t2))?
|R|? o sgn(w1)sgn(z2) )
(1 _ (vn—vFr) R|2> (|$1‘ + |172| + Vvh(tl — t2))2
Vp
1 sgn(zy)sgn(ws) |R|? )
<T z1,t To,to) >=—F% — —
pn(T1,t1)pn (T2, t2) 212 Z < (x1 — x2 + vp(t; — t2))2 (‘1’1‘ + |$2‘ + vop(t; — t2))2

(2.32)
Here pp(x,t) = ps(z, T, t)+ps(x, |, t) is the “holon” density and p,(z,t) = ps(z, T, t)—ps(z, |, 1)
is the “spinon” density. The holon velocity is given by v, = /v% +20rw/x (vg is the strength of
mutual interaction) whereas the spinon velocity is the same as the Fermi velocity v since it
is the total density that couples to the short range potential. The presence of two different

velocities is a signature of spin charge separation which is typical to 1D systems.

2.2.5 Many body Green functions

The full Green functions of the system in presence of both impurity and mutual interaction is
obtaining by replacing the density density correlation functions in the bosonization formulas
with their interacting version given by equations (2.31) and (2.32). The full Green function
is the sum of all the parts (Notation: X; = (x;,0;,t;) and 15 = t; — t5).

< T (X)W (Xy) >= < T Yr(X1)h(Xy) > + < T (X1l (X,) >
+ < T Pr(X)P)(X2) > + < T ¢ (X)ph(X2) > (2.33)

and each part is a power law and takes the following form (v; = +1).

1
<T b, (XU (X)) > ~
Yn(Xo)y 2( 2) (21 — 2o — vpT12)A (=21 + T2 — VpT12) B(21 + T2 — v T12)C
1
(—ffl — T2 — Uh7'12)D(V1$1 — Vg — UF7'12)0'5
(2.34)

where A, B, C and D are system dependent exponents which are functions of the strength of
interaction vy and the strength of impurity V; (and also the Fermi velocity vr). On setting
vo = 0, these Green functions takes the exact same form of the non interacting ones obtainable
using Fermi algebra (equation (2.15)). The above Green functions is for zero temperature.
The finite temperature versions of the formulas below can be obtained by replacing Z by

[%Slnh[;}—i]] where Z represents terms having the form [(1v121 — vo22) — v,(t1 — t2)] (which
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are present in the denominator of equation (2.34)) and v, can be either v, or vg signifying

holon or spinon velocity respectively.

2.3 Summary

In this chapter, the formalism of Non chiral bosonization technique is discussed. A few draw-
backs of the conventional bosonization technique are pointed out which highlights the need of
rectifying the technical aspects of g-ology based bosonization techniques by adopting NCBT.
The step by step procedure of calculating the correlation functions was discussed, which can
be summarized as follows. a) First the single particle two point functions is calculated in the
RPA limit in presence of the external impurity potential. b) From the two point functions,
the slow part of the density density correlation functions (DDCF) is calculated. c¢) The two
point functions in (a) is expressed in terms of the densities calculated in (b), which is now
called the bosonized version of the Green function. d) The DDCFs in (b) is modified to in-
clude interactions. €) In the bosonized version of the Green function obtained in (c), all the
densities are replaced by their interacting versions obtained in (d) to get the Green function

in presence of interactions as well as impurities.
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Chapter 3
The quantum steeplechase

The quantum steeplechase is the study of a Luttinger liquid in one dimension in the presence
of a finite number of barriers and wells clustered around an origin (figure 3.1). The powerful
non-chiral bosonization technique (NCBT) is used to write down closed formulas for the two-
point function of these systems in the sense of the random phase approximation (RPA). Unlike
g-ology based methods [5] that are tied to the translationally invariant, free particle basis, the
NCBT explicitly makes use of the translationally non-invariant single particle wavefunctions.
The present approach, which amounts to constructing the ‘restricted Hilbert space of states’
not for free fermions but for free fermions plus these barriers/wells or weak links, is able to
study the problem of Luttinger liquids in the presence of these imperfections more easily and
is able to provide analytical expressions for the most singular part of the Green functions and

so on that interpolate between the weak barrier and weak link cases.

RpNE T LA PRAER

FIGURE 3.1: The Quantum Steeplechase: Athletes (representing electrons) crossing/bounc-

ing off hurdles (potential barriers) and water-jumps (potential wells) while moving in both

directions with the fastest athlete possessing the Fermi momentum and rubbing shoulders
with each other (representing forward scattering short-range interactions)

The study of the effect of impurities in Luttinger liquids constitutes an important area of
theoretical condensed matter physics, especially during the last few decades. The detailed
study of transport in Luttinger liquid (LL) in the presence of a weak link was started by Kane
and Fisher [31] followed by the study of a LL near a double barrier [32]. Since then a number
of papers have appeared that have generalized these ideas using a variety of approaches which
include fermionic renormalization [49], path integral approaches [46], functional renormaliza-

tion [50, 53, 56, 59, 60], flow equations for Hamiltonians [52], functional integral formalism
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[54], Monte Carlo methods [62] and so on. Different physical phenomena are also studied
in Luttinger liquids with impurities: Friedel oscillations [91], conductance [92, 93], Kondo
effect [94, 95|, etc. Experimental realizations of 1D systems give a motivational boost to
study quantum physics in one dimension. In this regard, Luttinger liquid behavior in carbon
nano-tubes [42, 96], experimental evidences of resonant tunneling in a Luttinger liquid [97]
are worth mentioning. But what is missing in the existing literature are explicit expressions of
the correlation functions of a Luttinger liquid with localized potentials of arbitrary strengths
in terms of elementary functions of positions and times. The best available are limiting cases
for a weak barrier [5] and an infinite barrier [40] which can be obtained using conventional

bosonization schemes.

In the present chapter [90, 98|, we use the non chiral bosonization technique to provide the
most singular part of the asymptotically exact Green functions of a Luttinger liquid with
a cluster of impurities (of arbitrary strengths) and with the short-range forward scattering
between the fermions. The obtained two point functions are used to study the dynamical
density of states (DDOS) of the system which is a power law in case of a Luttinger liquid and
thereby calculating the DDOS exponent. The non standard harmonic analysis used in NCBT

is used to obtain the four point functions relevant to the study of Friedel oscillations.

3.1 System description

Consider a Luttinger liquid in one dimension with forward scattering short-range mutual
interactions [5] in the presence of a scalar potential V(x) that is localized near an origin. The
full generic-Hamiltonian of the system(s) under study (before taking the RPA limit) is (are),

= [ ite) (gt v )@y [ do [T emd) o) @)

where v(z — ') = L > v exp [—ig(x — @')] (where v, = 0 if |¢| > A for some fixed bandwidth
q

A < kp and v, = vy is a constant, otherwise) is the forward scattering mutual interaction, L
being the size of the system. Also, V' (z) is the external potential which represents the cluster
of impurities around a fixed point. This potential is denoted by a black box indicating that it
can be any finite sequence of barriers and wells. It can be as simple as a single delta potential
or rather complicated like three delta potentials lying close to each other. The situation is
described in figure 3.2 using playing cards. Assume that the cluster of potentials around the
origin is unknown to us and thus represented by the black box in the unflipped card. Let the
reflection and transmission amplitudes be called “R” and “T"” respectively. The final Green
functions will be a function of these Rs and T's. At the end, one can replace the Rs and T's
with their explicit expressions for which one need to know the actual form of the potentials.
This is done by flipping the card and calculating 7" and R in terms of the potential of that
particular card.
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FIGURE 3.2: The black box: The back of each of the cards contains the black box (shown in
the central deck) and when they are flipped, the contents of the black box are revealed as any
one of the cluster of potentials near an origin. The formulas for the revealed potentials are as
follows: (1) V(z) = Vod(z) ; (2) V(z) = Vo(d(z+a)+d(z—a)) ; (3) V(z) = Vid(z+a)+ Vad(z —a);
(4) V(z) =Vod(x) + Vi(0(z £ a)) ; B)V(z) =VO(x + a)f(a — z); (6) V() =—-VO(z+a)f(a—x)

The following potentials have been considered.

(

Voo (z) (single delta)

Vo(0(x +a) +0(x —a))  (symmetric double delta)

Vid(z + a) + Vad(xz — tric double delt

Vig) = 4 10(x +a) +Va0(x —a)  (asymmetric double delta) (32)
Voo(x) + Vi(6(x £ a)) (symmetric triple delta)

VO(x +a)f(a— ) (finite barrier)
(

\ —VO(z +a)f(a— x)

finite well)

Here 6(x) is the Heaviside step function. The density is given by p(z,t) = ¢ (z, t)(z,t) — po
(no point splitting is required before taking RPA limit). The central goal of this chapter is
to write down the Green functions of these systems at zero and at finite temperature in the
presence of the potentials described in equation (3.2) . For an analytical solution to be feasible
when mutual interactions are included, it is necessary to confine the study to the so-called
RPA limit which means, among other things, working in the limit where the Fermi momentum
and the mass of the fermion diverge in such a way that their ratio is finite (i.e. kp,m — o0
but krp/m = vp < oo: units that make h = 1, so that kr is both the Fermi momentum as
well as a wavenumber, are used) [87]. This amounts to linearizing the energy momentum
dispersion near the Fermi surface (E = Ep + pvp instead of E = p?/(2m)). Furthermore, if
‘w’ is the width of the cluster, it is then imperative to define how w scales in the RPA limit.
The assertion made is that in the RPA limit kpw < oo as kp — oo. Similarly the heights

and depths of the various barriers are assumed to be in fixed ratios with the Fermi energy
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Er = %mv% even as m — oo with vp < oo. The systematic procedure for calculating the

Green functions has been described in the previous chapter.

3.2 Green’s functions of free fermions

Denote the full two-point Green function (also known as single particle Green function) of
the system before taking the RPA limit (i.e. with parabolic energy-momentum relation) as
< T Y(z,0,t)T (2,0, t') > where the time ordering decides whether it is particle or hole Green
function that is being studied and o is the spin projection of the individual fermions. In terms
of this, the asymptotic or RPA Green function is defined by “smearing out” the positions and
times over the scale of the Fermi wavelength and Fermi times as follows,

(T (@, 0, )9, (2, 0", ) = lim < (T, 0, 7)1 (1, o 7)) e he v V) iBr(r=1) 5, (3.3)

where,
1 t+Tp
< fl)> = — dr f(7)
S (3.4)
<gla)> = — dy g(y)
2AF Jooap

with A\p = 27 /kr and Tr = 27 /EFr, kr = mvr and Er = (1/2)mv% with vp < oo being held fixed.
Also, here v, 1" = 1 correspond to the right and left Fermi points.

We start with the non-interacting Hamiltonian (after dropping the last term of equation (3.1))
and calculate the two orthonormal set of wavefunctions, one with the propagation starting
from the left and the other with that starting from the right. The wavefunctions are subjected
to the RPA limit discussed in the previous section. Using the spectral decomposition method
[99, 100] the two-point Green function is obtained in position and energy coordinates, which
undergoes a Fourier transform to yield the space-time two-point functions which has the

following form (at zero temperature),

9 6 !0 , , /
(T (.0, 000 (2,0 1))o = 3 (V(ZI_) 5,1?; )_g;:(iy_';,)) O (3.5)
vy ==£1

where 6(x) is Heaviside’s step function and the expressions for g, ,/(v,v')’s are given in table
3.1. Thus the above equation expresses the general Green functions of all the sub-cases in
figure 3.2 in terms of their reflection (R) and transmission (T') amplitudes such that |T'|? +
|R|?> = 1.

The next task is to calculate the values of the transmission (77) and reflection (R) amplitudes
for all the sub-cases of equation (3.2) which can be done using elementary knowledge of

quantum mechanics and are given below.
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TABLE 3.1: Values of g, ,/(v,1') for the general case.

Gy (Vs V) v=ly/=1  y=—lp/=—1 ~y=lg'=—1 ~=—14'=1
(v, V) = (1,1) o o =T =1
(v, V)= (-1,-1) o7 7 =1 =T
(v,v') = (1,-1) = = R* 0 0
(v,v) = (-1,1) S~ R* =R 0 0

(a) Single delta-function

1 A%
T o B~ e (3.6)
(1+ Vo) or (L+ Vo)
b) Symmetric double delta-function
y
V2. i
1 ' 2izs sin (€] + 2;—? cos [&]
T = )2 Vo it 7 U= — i\ 2 v e 2 (3.7)
(2 (2
(14 Vi) = (8e) (1+ Vo) — (8e)
(c) Asymmetric double delta-function
: . ; i, —ig
. ! o 20413 sin [&9] + 2 (MR .
(1 + it 4 iQZ%VQ) + T2 eito (1 +iAte "Y;f) + et '
d) Symmetric triple delta-function
y p
T 1
- 1 VoV 9 VoVa Vi - Vo % |41 e*éo % VoV P VoVy? 2V V5 i€/ 2
(—ZW— ?—E—FZE-F ZE)+g<ZUF — e — -+ 2VoV1 te 1)
2 2 2
oo 2i VZ; - 22’% cos [&o] + 22"/;)0*17;/1 sin [&o] + 2@'% sin [o] + zy—g + 22’1‘)/—; cos [&o]
- Vo V2 V2= | 3 i VoVE L e V2 ;
(3.9)
Note: The expressions are derived in Appendix H. For the cases below A\ = ELF is fixed while

taking the RPA limit. V is the well depth or barrier height. Fr = %mv% is the Fermi energy.

& = 2kpa where kg is the Fermi momentum and the barrier (or well) goes from ‘—a’ to ‘a’.
(e) Finite barrier tunneling

B die” S0/ X — 1
4iv/X — 1cosh [€9/ (A — 1)] 4+ 2(2 — ) sinh [¢5y/ (A — 1))
B e~%02 )\ sinh [£/ (A — 1)]
 4i/A — 1cosh [€9y/(A — 1)] + 2(2 — A) sinh [51/(A — 1)]
41

(3.10)

TH-2101_146121021



(f) Finite well scattering (E > 0)

B 4e” 0/ A+ 1

AV F Teos [Goy/(N+ 1)) — 20(2+ A sin [§0/(A + 1)
B e~%02i\sin [€54/(\ + 1)]

4VAF Lcos [E0/ (A + 1)] — 2i(2 + N sin [€/(N + 1)]

(3.11)

It can be shown that on taking proper limiting conditions, one can obtain one case from
another, for example, from finite barrier to singe delta, from asymmetric double delta to
symmetric double delta and so on. For potentials which lack inversion symmetry about any
chosen point, (e.g. asymmetric double deltas) the presence of nontrivial phases in 7" and R

contribute to the expected lack of inversion symmetry in the Green’s functions.

Note that in equation (3.5), the term [(vx — v'2") — vp(t —t")] appears in the denominator. In
general, in a Luttinger liquid with mutual interactions, this term appears with a non-trivial
system dependent exponent viz. as [(vz — Va') — vp(t — t')]?. Listing these g’s and other
similar exponents is one of the main goals of this work since ¢ = 1 is only when mutual
interaction between fermions are absent. It is easy to generalize these results to finite tem-

1

perature since for this a simple replacement, viz., - — csch[ F] is sufficient where e.g.

ﬁv
X =|[(ve —vV'2") —vp(t —t')] and S is inverse temperature.

3.2.1 Density density correlation function

The other main goal of this work to write down the density-density correlation function
(DDCF) of the system which is a special case of a 4-point function. In the RPA sense, the

density p(z,t) may be “harmonically analyzed” as follows.
p(x,t) = ps(, t) + 0 pp(a,t) + e 2 pi(a,t) (3.12)

The slowly varying part of the density ps (the average density is subtracted out, so this is
really the deviation) has an auto-correlation function which when mutual interactions are

absent, may be written down using Wick’s theorem as follows,

19, (v, V)2 0(yx)0(y x)
(T pu, Dps(a, ) Z Z gua: — ') — ’l),}}/?‘(t —Vt')]2 (3.13)

—i =+1

where g, (v,') are given in table 3.1. These three relations viz. equation (3.5), equation
(3.12) and equation (3.13) shall be used in the subsequent sections as input to the NCBT

scheme in order to enable an explicit evaluation of the Green functions.
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3.3 Bosonized version of the N-point Green’s functions

Just as the density may be harmonically analyzed, the field may also be harmonically analyzed
so that ¥(x) = 7% p(x) + e *F% ¢y (z). Bosonization involves inverting the defining
formulas for current and number densities viz. j(z) = Im[y'(2)0,(x)] and p(x) = ' (z)y ()
and rewriting ¢(z) in terms of j and p. Then the continuity equation d;p+ 0,j = 0 is invoked
to write ¢(x) purely as a (non-local) function of p and J;p. It follows therefore, that the
the N-point function is some combination of the correlations of the density field with itself.
Bosonization may be thought of as the “inverse of Wick’s theorem”. While Wick’s theorem
- which is valid only for systems with no mutual interactions - seeks to express higher order
correlations in terms of lower order ones, bosonization seeks to express the single particle
Green function in terms of the higher order density-density correlations. The inversion of the
defining relation between current and densities in the standard bosonization scheme that goes
by the name g-ology (see the book by Giamarchi [5]) yields the following relation between
¥, (x,0,t) (where v = R(+1) or L(—1)) and the slowly varying part of the density (this is a

mnemonic for generating the N-point functions),
Uy (2, 0,t) ~ exp [ib,(z,0,t)] (3.14)

with the local phase given by the formula,

xT

y / ’
01/(‘,1:7 g, t) :ﬂ-/ dy <V Ps(.% g, t) — / dy 8’L)Ft Ps (y y 0, t)) (315)
sgn(z)oo s

gn(y)oo

The above prescription in equation (3.14) is valid for nearly translationally invariant systems
(i.e. with possible external potentials with Fourier components small compared to the Fermi
momentum) and for systems with a half line (no tunneling across the barrier). In the present
approach, a modification of the correspondence of equation (3.14) is introduced wherein the
correlation functions of a system of free fermions plus barriers and wells with arbitrary heights
(depths) can be as easily computed in the bosonized language as it is in the original Fermi

language.

le/i(xi? T ti) - Z Z C)\hyi,%-(o'i) 0(711'7,) ewyi (@s,00,ti)+2mivids fsgin(ﬂfi)oo ps(=yioiti) dyi
vi=%1 );€{0,1}
(3.16)

This ‘non-standard harmonic analysis’ is an alternative to the usual one invoked while using
g-ology methods which is valid for translationally invariant systems and half lines whereas
the harmonic analysis in equation (3.16) is valid for systems considered in this chapter. Cur-
rent algebra, point splitting constraints, etc. continue to be obeyed by this new Fermi-Bose

correspondence (see chapter 7).

An analogy with the anharmonic oscillator problem in undergraduate quantum mechanics

may be useful. One could either study this problem in the the translationally invariant plane
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wave basis or more conveniently in a basis closer to the real ground state of the system viz. the
states of the simple harmonic oscillator. While technically there is nothing wrong with using
the plane wave basis, this really makes the problem quite complicated. Using equation (3.14)
to study the problem of fermions in presence of barriers and wells is somewhat like using the
plane wave basis to study the anharmonic oscillator. It is much better to use equation (3.16)

which is analogous to using the harmonic oscillator basis to study the anharmonic oscillator.

The quantities C), ,, ,,(0;) are c-numbers and involve cutoffs and such, which, as in the tradi-
tional approach, are not obtainable using these techniques (see section 3.4.4 for more about
these c-numbers). The only quantities that have absolute meaning are the anomalous ex-
ponents i.e., numbers g when the term involved appears as [(vz — v'2') — vp(t — ')]9. The
operators that appear in the exponent in equation (3.16) are the ones that are really crucial in
this approach since they provide the right anomalous exponents. The crucial new ingredient
in the modified formula in equation (3.16) is the term involving ps(—y;, 0;,%;) that ensures
that the effects of backscattering from the external potentials are automatically and naturally
taken into account so that the mandated trivial exponents are obtained when equation (3.16)
is used to compute the N-point functions in the sense of the RPA. The addition of these new
terms does not spoil fermion commutation rules since there is a prefactor of 2miy; next to
it which ensure that fermion commutation relations of the fields are respected. These new
terms also do not spoil the point-splitting constraints for the Fermi bilinears, which is an
opaque way of saying that when equation (3.16) is used to infer the currents and densities -
as the latter two are, after all, bilinears of the Fermi fields - the resulting expressions are in

accordance with expectations.

In order to extract the anomalous exponents of the system with mutual interactions, two
things remain. One is to generalize equation (3.13) to include mutual interactions. The other
is to derive a prescription for choosing the values of the crucial parameters \; = 0,1 which
indicates when the traditional form of the field needs modification. It simply involves making
sure that the prescription (which is unique) leads to N-point functions of the system (without
mutual interactions) identical to what is given by Wick’s theorem. This is done subsequently
below. In addition to these s, auto-correlation functions of the slowly varying parts of the

density when mutual interactions are present are needed.

Again in the spirit of the RPA, the density density correlation functions given in equation
(3.13) are modified to include mutual interactions and the following formula may be obtained
(pn(x,t) = ps(x, T,t) + ps(z, 1, t) is the “holon” density and p,(z,t) = ps(z, T,t) — ps(z, |, 1) is
the “spinon” density and a = h for holon and a = n for spinon, see Appendix C for details)

—1

= (l’l — I9 + I/'Ua(tl — t2))2
v=El (3.17)
ok sgn(zy)sgn(w2) Za )

(|| + |z2] + vva(ts — t2))?

(T palx1,t1)pa(xa,t2)) = o Z <

2120,
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where a = n (spinon) or h (holon) and,
|R|”
(1 _ 6a,h (vnv—hUF) ‘R'Q)

Here the spinon velocity is just the Fermi velocity since it is the total density that couples

Ly =

(3.18)

to the short-range potential: v, = vp, but the holon velocity is modified by interactions,
v = \/v3 + 20pvo/m Where the interaction between fermions is the two-body short-range forward
scattering potential which just means the potential between two particles at z and z is
V(z—2') =13 ,<av0 exp[—ig(z —2')], where A is held fixed as the RPA limit is taken. Finally,
(T pn(z1,t1)pn(z2,t2)) = 0. It can be shown that an expansion of equation (3.17) in powers
of vy matches with the corresponding series obtained by standard perturbation theory so long

as one retains only the most singular terms.

3.4 Full two-point Green’s function

The two-point (single-particle) Green’s function may be written down using the correspon-
dence in equation (3.16). Only the anomalous exponents which refer to the constants g that
appear in terms of the form [v121 — vexe — VR (t; — t2)]? that emerge from this calculation are
of interest here. These ¢g’s are uniquely pinned down once a prescription for deciding which
of the s are zero or one and under what circumstances is given. This prescription follows
unambiguously by requiring that an evaluation (of the 2M-point function) in the Gaussian
(and RPA) sense leads to trivial exponents when mutual interactions between fermions are
absent. Of lesser importance are the coefficients C’s which depend on the details of the poten-
tials and cutoffs and other such non-universal features, as is also the case in the conventional
approach. The prescription for obtaining the s are simple. Consider a general 2M-point
function. Imagine mentally pairing up one annihilation operator with one creation operator
and create M such pairs. This is simply a mental activity since this pairing (Wick’s theorem)
is not valid when mutual interactions are present. Consider one such pair and let the two \’s

of this pair be (A, Ax) where k& > m. The constraints are as follows:

N A if (Vs i) = (Y W) OF (Vi Vi) = (=Y, —Vk) (3.19)

1= Xe if Wy k) = (=Ym, V) OF (Vs Vi) = (Yim, — V%)

This (unique) prescription guarantees the right trivial exponents in the right places when
mutual interactions are turned off. The full Green’s function in presence of interactions
are as follows (Notation: X; = (z;,04,t;), also, in order to remove ambiguities asso-
ciated with cutoff dependent quantities in translationally non-invariant systems, the no-
tion of weak equality denoted by A[X1, X2] ~ B[X1,X3] is introduced which really means
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O, Log[A[X1, Xo]] = 04, Log|B[ X1, X2]] assuming of course, A and B do not vanish identically.
Furthermore the finite temperature versions of the formulas below are obtained by replacing
Log|Z] by Log[&’TFSinh[;)—i]] where Z ~ [(vx; — V'xy) — v,(t; — t)] and singular cutoffs
ubiquitous in this subject are suppressed in this notation for brevity - they have to be under-
stood to be present. The notion of weak equality is unable to pin down possible prefactors
in the Green functions that may even be spatially inhomogeneous (but time independent)
in addition to being singular. The inhomogeneous prefactors are nothing but terms such as
ez” and e2(8”) that come about when when evaluating (e4eB) = e2(4¢2(B%)¢(4B) where
(AB) o Log[(vzy — v'wy) — va(ty — t2)]. It must be stressed that these inhomogeneous
prefactors are important for extracting the exponents associated with tunneling conductance

and the local dynamical density of states. Here 75 = t; — t5):

Case I : z; and z, on the same side of the origin

(T ¥r(X0)6H(X))
(dzqxo)™M

(x1 — o — vpT12) P (—21 + T2 — VpT12) (@1 + T2 — VR T12) X (—@1 — T2 — VRTI2) X (21 — T2 — VFT12)0D

(T v (X} (X2))

~

(4.’511’2)71

(x1 — 2 — vpT12)@ (=21 + 22 — VpT12) P (@1 + T2 — VpT12) X (—21 — T2 — VRTI2) X (—21 + T2 — VpTI2)0P

(T wn(X1)¥L(X2))

~

(2z1)1T72 (220)™

2(x1 — x2 — vpT12)% (—21 + T2 — VpT12)% (@1 + T2 — VRTI2)Y (—21 — T2 — VRTI2)Z (@1 + 22 — VRTI2)0 P
(221)7 (22) 172

2(x1 — w2 — vpT12)¥ (=21 + T2 — VpT2) % (1 + T2 — VRTI2)Y (=21 — T2 — UpT12) D (21 + 22 — VETI2)0P

(T v (X)uh(X2))

~

+

(2$1)1+72(2x2)’71
2(x1 — 22 — vpT12)% (— 21 + T2 — vpT12)% (X1 + T2 — VpTI2)Z (—21 — B2 — VpT12)Y (—21 — T2 — VETI2)0 P
(2‘%1)71 (21’2)1+’72

2(x1 — x2 — vpT12) % (—21 + @2 — vpT12)% (X1 + T2 — VRTI2)Z (—21 — T2 — VpTI2)Y (—X1 — T2 — VETI2)0P

~

+

(3.20)

Case II : x; and 7z, on opposite sides of the origin

(T ¥r(X1)0h(X2))
(2x1)1+72 (222)7 (21 + $2)71($1 + 2 + UF7'12)0'5
2(x1 — x2 — vpT12) A (—21 + T2 — VpT12) B (@1 + T2 — U T12)C (—21 — 22 — vpT12)P (21 — T2 — VFTI2)0D
(221) 7 (222) 172 (21 + 22) (21 + 2 — vET2)"P

2(x1 — 22 — vpT12) A (—21 + 22 — VpT12) BT + T2 — v T12) P (21 — 2 — VR TI2)

~

* C(wl — T2 —7JF7'12)0'5
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(T o (X1)u] (X%2) )
(2@1) 172 (222) " (@1 + 22) (21 + 2 — VpT12)"P

2(x1 — y — vpTi2) B(—21 + 22 — vpT12) A (@1 + 22 — vpT12) P (21 — T2 — VR T12)C (=21 + 22 — VETI2)0P
(21)7 (222) "2 (21 + 22) " (1 + 22 + vp712)"°

2(x1 — x2 — vpT12) B (=21 + T2 — vpT12) A (@1 + @2 — VR TI2)C (—T1 — T2 — VR TI2)

~

+
D(—zqy + x5 — vp712)00

(T vr(X)EL(X2)) ~ 0
(T L(X)vh(Xa)) ~ 0

(3.21)
The analytical expressions of the anomalous exponents in equation (3.20) and equation (3.21)
are listed in section 3.4.1. The highlight of this work are the formulas described in Case
IT above. It is easy to see that even after setting |R| = 0, these Green functions do not
correspond to the translationally invariant Luttinger liquid. This implies that even a small
reflection coefficient changes the properties of the system drastically when the two points are
on opposite sides of the origin. The two-point functions in equation (3.20) and equation (3.21)
obey the Schwinger-Dyson equation and they agree to those obtained by standard fermionic

perturbation theory [101].

3.4.1 Anomalous exponents

The explicit expressions of the anomalous exponents that appeared in equation (3.20) and

equation (3.21) are listed below.

Q= (vp, — vF)? X = | R (vn — UFQ)(Uh + vr) o - Y — Ur (3.22)
SUhUF 8Uh(1}h — lR| (Uh == UF)) 41}h
The other exponents can be expressed in terms of the above exponents.
1 Q.1 1
1
Z=X-C; A==-+Q—-X; B=Q-X;
. 2 (3.23)
D:—§+C; ’71:X; ’}/2:—1+X+20,

All the anomalous exponents are plotted versus the interaction parameter vy, and the barrier
strength Vj for a single delta function potential in figure 3.3. The figure 3.3 (a-c) displays the
anomalous exponents (for holons) of the two-point functions as a function of the interaction
parameter vy of a system with a single delta potential, the plots (a) and (b) showing those for
both the points z; and x5 on the same side of the origin while the plot (c¢) showing the same
for the points on opposite sides. On the other hand, the anomalous exponents for spinons are

either 0 or £0.5. For the two points on the same side of origin, only one combination out of
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FIGURE 3.3: Plots of anomalous exponents (L.E.) : (a) Exponents for (¢R(X1)w;r%(X2)> on
the same side vs vy (b) Exponents for <¢R(X1)1/JE(X2)> on the same side vs vy (c) Exponents
for <¢R<X1)¢E(X2)> on opposite sides vs vy (d) Exponents for <¢R(X1)1/JE(X2)> on the same
side vs Vj (e) Exponents for <T,Z)R(X1)T/)E(X2)> on the same side vs Vj (f) Exponents for

(Vr(X 1)1/JE(X2)> on opposite sides vs V. Here vy is interaction strength and Vj is impurity
strength.

the four [(v1m1 — voxe) — v(t; — t2)] survives when vy = 0 which is expected. But for points
on opposite sides of the origin, the rule for choosing \; in equation (3.19) causes two such
independent terms to be present in the final form of the two-point function in an additive
fashion, the denominator being the same in both. When mutual interactions are absent, the
numerators add up in such a way as to become time independent which can then be modified
by adjusting the c-numbers coefficients (which are both cutoff dependent as well as spatially
inhomogeneous) to obtain the proper form of the Green function known from elementary

considerations.

When mutual interactions are absent, this Green function becomes the translationally in-
variant one when |R| = 0. But when mutual interactions are present, this Green function
does not reduce to the translationally invariant one when |R| is made smaller and smaller
implying that when both vy # 0 and |R| # 0, the most singular part of the asymptotic Green
function is discontinuous in |R| near |R| = 0. This anomaly is the present work’s version
of the metaphor introduced by Kane and Fisher [31] who suggested that a vy > 0 will “cut
the wire” when |R| > 0. They arrive at their conclusions in a rather convoluted manner by
invoking renormalization group methods and so on, but the closed formulas of the present

work are more compelling.

The figure 3.3 (d-f) shows the variation of the anomalous exponents for a single impurity as a
function of the strength of the impurity 1} , the interaction parameter vy being held constant.
When 1V} is made zero, the exponents take standard values of translationally invariant systems
that are obtained using conventional bosonization for the two points on the same side of the
origin (see Giamarchi [5]).
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Many who work in this field are puzzled by two features of our approach and results. The
first is that the Luttinger exponents depend on the reflection coefficient (|R|) of the cluster of
barriers and wells. The other is the fact we continue to use the bare reflection and transmission
coefficients in the final formulas whereas in other approaches these are scale dependent. The
first puzzle is easier to clear up. Physically speaking, the Green functions for a homogeneous
LL (|R| = 0) will only contain translational terms [+(x — z3) — v(t; —t2)] and no reflectional
terms [£(zy + x2) — v(t; — t2)]. But for a half line (|R| = 1) both types will be present. It is
the |R| dependence of the Luttinger exponents which will tune this accordingly.

With regard to the reflection coefficients being the bare ones in our approach we have to point
out that the scale dependence in the conventional approaches comes about either because the
starting point is far removed from the actual situation or because curvature effects, etc. in
the free fermion dispersion are not neglected. The former case is when one tries to study a
LL in presence of impurity by treating the impurity as a perturbation or study it by treating
it as a weak coupling between two half lines. In both cases the various parameters are likely
to be scale dependent due to the poor choice of the starting situation in comparison with
the actual situation. To give an analogy, if one tries to study the harmonic oscillator Green
function using perturbative RG where the spring constant is a perturbation (analogous to
treating impurity as a perturbation), it is naturally going to be scale dependent as it is a
relevant perturbation. Conversely if one tries to model this as a sequence of particle in a
box with weak coupling between boxes (analogous to a weak link between two half-lines),
here too the couplings are going to flow. The present work on the other hand, treats the
impurity exactly and strictly neglects the curvature of the free fermion energy dispersion.
We also restrict ourselves to forward scattering interaction between fermions. Even with all
these qualifications and caveats our results are only able to provide the most singular part
(see section 3.4.4) of the asymptotic Green functions in a closed form in terms of elementary
functions of positions and times. This is the most important physics that is of interest and it

is gratifying that it may be obtained exactly.

3.4.2 Limiting case checks

No interaction. The obvious limiting check is to switch off the inter-particle interactions
between particles ( v9 = 0 ) and then compare with the respective single particle Green
functions obtained using Fermi algebra. In such a case, the holon velocity is equal to the
Fermi velocity (v, — vr) and equation (3.20) and equation (3.21) will be identical to equation
(3.5)

No impurity. In absence of any impurity, there is no reflection (|R| = 0) and no concept
of opposite sides as its a homogeneous case. There will be no reflectional terms like <¢R¢z)

and <wL¢}L{> which is obvious from table 3.1. The only non zero terms are the translational
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terms (1/131/12) and <¢L¢D whose exponents takes the following form.

(vn +vp)? _ (v, — vp)?

P = ;
SUpvE Supvrp

; X =71 =0;

Using the above, one obtains the precise Green functions of the standard homogeneous Lut-

tinger liquid as given in books by Giamarchi [5].

No tunneling. In this case, R = —1 (half-line) and hence there is no need to consider the
two points to be on the opposite sides. The Green functions take the form that of an infinite
barrier for the points on the same side and vanishes when one of the points is at the location
of the impurity. The Green functions of a half line are calculated by Mattsson et al. [40]
for small values of interaction parameter which are in conformity with those obtained using
NCBT subjected to the same conditions.

Far from impurity. It can be observed that when both the points are on the same side
of the impurity but far away from it, then the translational terms (wmﬂ%) and (wLwD are
immune to the presence of impurity and takes the form of the homogeneous case. But the
reflectional terms (1ze}) and (szﬁL) will certainly not be immune to the presence of the

impurity since in these cases the region where the impurity is present needs to be traversed.

3.4.3 Spinless case

The Green functions in equation (3.20) and (3.21) can be easily converted to the corresponding
spinless case. All one needs to do is to double all the holon exponents, viz., P to 2P, Q to 2Q),
7 10 2791, (14 72) to 2(1 4 72), ete. and let all the spinon exponents vanish (0.5, 0, -0.5, etc.
are set to zero). Thus there will be only one modified velocity given by v, = \/m

indicating no spin-charge separation.

3.4.4 Technical clarification
C-numbers :

While using the modified Fermi Bose correspondence in equation (3.16) to write down the
general N-point function, care must be taken in handling the c-numbers. For example,
while computing the two-point function one encounters c-numbers which are of the type
<CA1,VI,71(01)C

and its complex conjugate C*, one is required to think of them as one single object as

(cr1)> . Rather than thinking of these as products of complex numbers C

*
A2,v2,72

Fy (A1, v1,715 A2, V2, 72)-
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Most singular part :

While evaluating the Green functions using the Fermi Bose correspondence in equation (3.16)

we have used the Gaussian approximation as given in equation (2.25).

< wR(x’ o, t)w;r%(x/’ o, t/) >~ e%<(i93(z,a,t))2>€%<(*i@R(:p’,a,t’))Q>€<(i93(z,a,t))(7i9R(a:’,0',t’))>

Here ‘0’ is the local phase given by equation (3.15) which linearly depends on the densities.
Using the Gaussian approximation means that the higher moments of density fluctuations are
ignored. Although (T ps(z1,t1)ps(w2,t2)ps(x3,t3)) = 0, but the fourth order of density fluctuation

1s not zero.

(T ps(x1,t1)ps(w2,t2)ps(w3, 13) ps (T4, ta)) — (T ps(@1,t1)ps(x2,t2)) (T ps(x3,t3)ps(za,ta)) —
(Tps(z1,t1)ps(w3, t3)) (Tps(w2,t2)ps(Tasts)) — (Tps(@1,t1)ps(a,ta)) (Tps(xa, ta)ps(z3,t3)) #0

However the above term is less singular compared to the density fluctuation of the second
order viz. (T ps(x1,t1)ps(w2,t2)) — {ps(x1,t1)) (ps(w2,t2)). Similarly all the higher even order terms
are less singular compared to the second order density fluctuation terms while the odd orders
are zeros. In other words, using the Gaussian approximation means that we are calculating

the most singular part of the Green functions using the non chiral bosonization technique.

3.5 Four-point functions (Friedel oscillations)

The prescription of equation (3.19) for pinning down the form of \; in equation (3.16) leads to
the correct general four-point functions when mutual interactions are absent. However, the
general expressions for four-point functions with mutual interactions are quite formidable.
Fortunately, there is a special case viz. the density-density correlation function which is
much simpler and also more important physically. Friedel oscillations are the rapid spatial

2ikre) of the otherwise homogeneous density profile in a Luttinger liquid in

variation ( ~ e
response to a spatially localized impurity. In the Kubo formalism it is given as the density-
density correlation function [102, 103]. Egger and Grabert have studied Friedel oscillations

in a Luttinger liquid with arbitrary interactions and arbitrary strengths of impurities [91].

Consider the slow part of the density density correlation functions given in equation (3.5). This
slow part of the DDCF can be used to obtain the fast part of the DDCF which corresponds to
Friedel oscillations, which is nothing but a term which oscillates with wavenumber 2k such
as e2ikr@@=2) < T pr(z, o, t)p}(x', o', 1) >. This can be done using a non standard harmonic

analysis suited to study inhomogeneous Luttinger liquids like the one under study.

p(x,0,t) ~ 21 [ (ps (y,0,)+2ps (—y,0,))dy (3.24)
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The above equation is the basis of the NCBT using which equation (3.16) is derived. The
A is the same as that of equation (3.16) taking values 0 or 1 and setting A = 0 yields the
standard harmonic analysis of Haldane. The value of \ is first decided by calculating the
non-interacting DDCF using equation (3.24) and comparing with the same DDCF obtained
using Fermi algebra. After that, similar to the calculation of the two-point functions, the non
interacting DDCF in equation (3.5) is to be replaced by the interacting DDCF in equation

(3.17) to obtain the required four-point functions in presence of mutual interactions.

Define py = py— < py >. The prescription for choosing A; in equation (3.24) as discussed in
equation (3.19) leads to the unambiguous conclusion that \; =1 — Ay (where A; and Ay cor-
responds to the points x; and x5 respectively) and the fast parts of the DDCF corresponding

to Friedel oscillations are obtained as follows.

<T ﬁf(Xl)ﬁf(X2)> ~ (Ezp[ Y T(v,v;a) Log|(vay — v'xs) — va(ty — t)]] — 1)

V,Vl::tl
a=h,n

<T ﬁf(X1),5}(X2)> ~ (Expl— Y T(v,v;a) Log[(vay — v'za) —va(ty —ta)]] = 1) (3:25)

V,Vl::lzl
a=h,n

One should remember that this really means the time derivative of the logarithms of both
sides are equal to each other. The values of the anomalous scaling exponents I'(v,v';a) can

be obtained from the expression below.

’ Vp 1
r 5 - 5a - (San (5,, v 5V —u! 3.26
00/10) = (5 G4 5 0o ) (s = 8-0) (3.26)

As mentioned in equation (3.12), the full density is given as follows.
p(x,t) = py(x,t) + e2FFT po(x,t) 4 e 2ikre py(x,t)

Now py is the envelope of the rapidly varying part of the density profile which oscillates with

a wave-vector 2kp. Using equations (3.25) and (3.26), one can write

[(xl - $2) - Uh(tl - t2)][_(x1 - x2) - ”h(tl — t2>] éijFh
<T pf<x17 o, tl)pf<x2’ o t2)> ~ <[(l‘1 + 132) — Uh(tl — t2)][—(x1 + 332) - Uh(tl - t2)])
([(1‘1 — @3) —vp(ts — t)][— (21 — w2) —wp(ty — 1)] );
[($1 + 1’2) — ’UF(tl — tg)][—($1 + 1'2) — Up(tl — tz)]
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Substituting z; = x, zo = = + € (to avoid infinities/zeros) and t; = to = ¢ we obtain

(ps(@py(z)) ~ <%) (%) @)

Now, “£ = g is the well known Luttinger liquid interaction parameter and thus we can write

7’Uh

(pr(x)ps(@)) ~ (22)" U972

Since for a non interacting system, the average density goes as the inverse of length < p(z) >~
i while the average of the density density correlation function goes as < p(z)p(z) >~ a%,
hence using the same argument one can write from the above relation for systems with forward

scattering interactions as follows.
(pp(@)) ~ (z)” 1+ (3.27)

This is precisely the relation obtained by Egger et al. [91] for the envelope of the oscillatory
part of the density which oscillates with a frequency 2kp.

3.6 Dynamical density of states

In this section the results for the dynamical density of states (DDOS) D, (w) at location x
is presented. Physically, D,(w)dw is the number of quasiparticle states per unit length with
energy between fiw and Ai(w + dw) relative to the Fermi energy. The idea of density of states

is generalized to interacting many body systems as follows:

Dyl(w) = / T o) (1o, 1), 91 (x, 0))) (3.28)

oo 2T

The above local density of states can be related to the single particle Green function formulas
derived earlier to obtain a closed formula for D,(w) (see Appendix E for details) especially
in interesting limits viz. when x is far away from the cluster of barriers and wells and also
when z is near or at the location of barriers and wells. The final results are discussed below.
The detailed plots that help in visualizing these results are relegated to figure 3.4. First a
dimensionless parameter proportional to the location x is defined viz. £ = 2“;—}”' The results
for DDOS at zero temperature may be written in general as (the static - i.e. at the Fermi
level - local density of states at finite temperature is obtained by simply replacing w below

by kgT viz. the temperature),

De(w) ~ w® (3.29)
where a(0 < £ < 1) = 2Q + 2X (Q and X are given in equation (3.22)) and (& > 1) ~
n—vr)® _ 90 — %(K o+ K% — 2) which is precisely the exponent found in the textbooks for
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fermions with spin (Giamarchi [5], equation (7.27)). In the case of the half line, Kane and

Fisher [31] have remarked that for spinless fermions the density of states is pena(€) ~ vt

where g = ’1’}—1: For fermions with spin the exponent may be inferred as half of this as done

earlier viz. Dpgif—iine(w) ~ w%(%p_l). Setting |R| = 1 for half-line, a(§ = 0) = % =
1

Q(KL,, — 1) since K, = {£. For repulsive interactions, v, > vp the exponent a(0 < { < 1) > 0.

But for attractive interactions, v, < vp and the exponent can take both positive as well as
negative values. Define a constant R, such that when |R> = |R.|? = 30—, the exponent

vanishes. Now, for |R| < |R.| the exponent a(0 < £ < 1) > 0 and for |R| > |R.| the
exponent a(0 < £ < 1) < 0.

4
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1.0 0.10 - -
0.05 0.5
0.5 0.03
0.0 £ 00
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FIGURE 3.4: (a) Density of state exponents(0 < £ < 1) as a function of the interaction

parameter vg for various values of reflection amplitudes | R| given in parenthesis. (b) Density
of state exponents(§ > 1) as a function of the interaction parameter vg.(vp = 1)

o

Vo

For the spinless case and strong impurity, the density of states has been exactly calculated
by Delft et al. [72] for the specific case of K, = ; and obtained to be D(w) ~ w. Redoing the
above for the spinless case and strong impurity, NCBT yields D(w) ~ w® where a = K%, -1
and for K, = 1, we have D(w) ~ w which is in agreement with Von Delft et.al. [72], Fabrizio
& Gogolin [104], etc. The main advancement of the present work is being able to provide
simple analytical expressions for exponents such as these that interpolate between the no-
barrier and strong barrier cases. The novel technical framework that abandons the g-ology
framework in favor of a non-chiral bosonization method with non-standard harmonic analysis

of the field operator enables an exact treatment of free fermions plus impurity problem.

The exponent near the impurity becomes negative in some regions (see Appendix E) signifying
that the density of states diverges at low energies near the impurity i.e. the impurity together
with attractive interactions effectively brings back low-energy quasiparticles which ought not
to be there in a Luttinger liquid (“healing the chain” [31]). Note that contributions that are
analogous to Friedel oscillations (rapidly oscillating terms) have been ignored in the DDOS

calculations.
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3.7 Summary

In this work, the non-chiral bosonization technique (NCBT) is used to obtain the most sin-
gular parts of the asymptotically exact Green functions of a luttinger liquid with a cluster of
impurities around an origin. These formulas interpolate between the weak barrier and weak
link extreme cases that are studied in the literature. Unlike the competing methods that
can only study these extreme limits reliably, the present approach is able to connect the two
regimes using analytical means. The formalism is used to calculate the rapidly oscillating
parts of the density density correlation functions, also called Friedel oscillation terms, which
arises because of the presence of a localized impurity in an otherwise homogeneous Luttinger
liquid. The two-point functions obtained using the same technique are used to express the
local dynamical density of states as a power law and a closed analytical expression of the ex-
ponent is obtained as a function of the strength of impurities and that of mutual interactions.
The interesting limits of far away from the impurity as well as near or at the position of im-
purity is also discussed. A comparison is made with the existing literature for the dynamical

density of states in the special case of g=1/2 and an exact match is observed.
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Chapter 4

Transport properties

One of the most important physical phenomena studied in condensed matter systems is the
transport of electrons, especially when they are restricted to move in one dimension. This is
because of the unique nature of the inter-particle interactions in one dimension which leads
to interesting physics which is substantially different from that of the higher dimensions.
Secondly, the emergence of advanced technologies has made possible, the realization of one
dimensional systems that have unusual properties that hold a promising future - carbon
nanotubes [42], semiconducting quantum wires [97, 105] and so on. Most of the physical
phenomena of such systems can be systematically studied provided one has analytical forms
of the correlation functions - to obtain these is the stated goal in quantum many body physics.
In one dimension, this goal is typically achieved using bosonization methods where a fermion
field operator is expressed as the exponential of a bosonic field [72]. This operator approach to
bosonization [5], is used to compute the N-point Green functions of a clean Luttinger liquid.
But in presence of impurities, the conventional method fails and one has to switch to Non
chiral bosonization technique which can successfully compute the Green functions of such
inhomogeneous systems. Possession of Green functions enables the study of different physical
phenomena and attributes of these systems, such as Friedel oscillations [91], temperature
dependence of conductance [92, 93|, Kondo effect [94, 95], resonant tunneling [32, 106], etc.

The seminal work of Kane and Fisher [31] has shown how impurities can lead to drastic effects
on the conductance of the system at low temperatures which can be as severe as ‘cutting the
chain’ by even a small scatterer. Since then, the study of transport phenomena in a Luttinger
liquid with impurities has interested a number of researchers [107-110]. The conductance of a
narrow quantum wire with non-interacting electrons moving ballistically is given by €?/h. This
conductance is renormalized for a Luttinger liquid with no leads to a value, ge?/h, where g is
the Luttinger liquid parameter that depends on the mutual interaction strength of the particles
[31, 108, 111]. But no renormalization of the universal conductance is required when leads
are present if the electrons have a free behavior in the source and drain reservoirs [110, 112].

Matveev et al. used a simple renormalization group method to calculate the conductance of a
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weakly interacting electron gas in presence of a single scatterer [34]. Ogata and Anderson [113]
used Green’s functions to study conductivity of a Luttinger liquid and showed that if spin-
charge separation is taken into account, the resistivity has a linear temperature dependence.
Besides conductance, resonant tunneling is yet another important phenomenon studied in a
Luttinger liquid with double barriers [32, 106, 114, 115]. Kane and Fisher studied resonant
tunneling in a single channel interacting electron gas through a double barrier and found that
the width of the resonance vanishes as a power of temperature, in the zero-temperature limit
[32, 114]. Furusaki and Nagaosa studied the same for spinless fermions and calculated the
conductance as a function of temperature and gate voltage [106]. In another work, Furusaki
studied resonant tunneling in a quantum dot weakly coupled to Luttinger liquids [116] and
a few years later, this model was supported by experimental evidence [97]. More recently
conductance has been studied using numerical methods like Monte Carlo simulations [62, 82]
as well as quantum simulations [117]. Aseev et al. [118] recently studied how the combined
effect of multi-electron interaction and applied magnetic field leads to a gap in the spectrum,
which in turn affects the temperature dependence of fractional conductance of a quantum
wire. Other works on transport properties in 1D systems include study of long range disorder
[119], short range disorder [120, 121], thermal transport [122-124], spin dependent transport
[125], frequency dependent transport [126] and so on.

In this chapter [127, 128|, the conductance of a Luttinger liquid in presence of a cluster
of impurities is calculated using the correlation functions obtained using NCBT - both in
the Kubo formalism as well as when it is treated as an outcome of a tunneling experiment.
It is stressed that these two are qualitatively different notions, despite carrying the same
name viz. ‘conductance’ - the former being related to 4-point functions and the latter to
2-point functions. All the necessary limiting cases like Landauer’s formula, conductance of
a clean Luttinger liquid, half-line, etc. are obtained. From the tunneling conductance, the
well-known concepts of ‘cutting the chain” and ‘healing the chain’ are elucidated. The finite-
bandwidth conductance of a Luttinger liquid (LL) with a cluster of impurities is also studied
and its variation with respect to temperature is shown. The results are compared with those
obtained by Matveev, Yue and Glazman [34] who deal with a weakly interacting LL. By
contrast, NCBT correctly provides the conductance for all values of the interaction strength
(as well as the sign). The condition of resonant tunneling for a double impurity system is

obtained and the behavior of the correlation function exponents near its vicinity is explained.

4.1 Conductance

In this section, the conductance of a Luttinger liquid with an infinite bandwidth is discussed
while the subsequent section discusses the same with a finite bandwidth. The systems under

study remains the same as that of the previous chapter - a cluster of impurities in a Luttinger
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liquid. Let us recall the Hamiltonian given by equation (3.1) as

/

o 1 1 [ < /
H :/ dx ' (z) <—2—8§ + V(:c)) P(z) + 5/ dx/ de v(z —a) p(x)p(z) (4.1)
o m —00 —00
The first two terms represent the kinetic energy and the external potential energy respectively.

The third term is the mutual interaction term where v(z — 2') = + > v, exp [—ig(z — z)]
q

(where v, = 0 if |¢| > A for some fixed bandwidth A < kr and v, = vy is a constant
otherwise) is the forward scattering mutual interaction. First we consider infinite bandwidth
of the system which effectively means that the temperature is much less than the bandwidth,
T < Avp.

The following sequence is maintained in each subsection. Firstly the method adopted is briefly
discussed with a mention of the starting equations. This is followed by a display of the main
results while the computational details are relegated to Appendix F. The next part will be
a discussion of the results and finally a comparison is made with well-known results in the

literature.

4.1.1 Kubo conductance

The general formula for the conductance of a quantum wire (obtained from Kubo’s formula
that relates it to current-current correlations) without leads but with electrons experiencing
forward scattering short-range mutual interactions and in the presence of a finite number of
barriers and wells clustered around an origin is obtained. Consider an electric field F(z,t) =
% between —% < x < £ and E(z,t) = 0 for |z| > L. Here V, is the voltage between
two extreme points. Thus a d.c. situation is being considered right from the start. This

corresponds to a vector potential,

v, L L

—F(ct), —5<r<73F;

Awy=q T2 —asT<y (42)
0, otherwise.

Here c is the speed of light. This means the average current can be written as (e is the

electronic charge),

e
<j 1) >=—
o) >=23 [

L/2 , t Vs o,
dz / dt fg(ct’) < [j(z,o,t),5(z,0,t)] >LL (4.3)

—LJ2

Using the Green functions obtained in an earlier work [90], the current current correlation
functions are derived (see Appendix F) and they are used in turn to obtain the formula for

conductance (in proper units) as follows,

2 2
=o' (1 _r |2 ) (4.4)

" hou vp 1 — Wumvr)| g2
Up,
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Here vp is the Fermi velocity, v, = \/v% + 2vpve/7 is the holon velocity and vy is the strength
of interaction between fermions. The Kubo conductance formula obtained in equation (4.4)
is plotted in figure 4.1 as a function of the absolute value of the reflection amplitude |R|
(square of this is the reflection coefficient) and the interaction strength vy. It can be seen
that when the reflection coefficient becomes unity (|R| = 1), then the conductance vanishes
irrespective of the interaction parameter. On the one hand, for any fixed value of |R|, the
conductance increases as the mutual interaction becomes more and more attractive (negative
vp) and decreases as the interaction becomes more and more repulsive (positive vg). On
the other hand for a fixed value of interaction parameter, the conductance decreases with
increase in the reflection strength. This is the most general version of the Kubo conductance
of a Luttinger liquid with arbitrary strength of interactions as well as that of impurities. The
literature mostly consists of the limiting cases of these results which, as discussed below, are

all in favor of this result.

1.0

0.5 |
wﬁ .
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1.0
0.5
0

0

FIGURE 4.1: Conductance as a function of the absolute value of the reflection amplitude
|R| as well the interaction parameter vy (vp = 1)

4.1.1.1 Limiting cases.

No interaction. In absence of interactions vy = 0 and hence v, = vy and thus from equation

(4.9),

h

which is the Landauer’s formula for conductance.

2 e 2
G="(-|R?) =T

No impurity. In this case, there is no reflection and hence |R| = 0 and thus from equation

(4.4),
evp €2
G = —— = —
ho R

which the renormalized conductance of an infinite Luttinger liquid (with parameter g).
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Infinite barrier. In the case of a half line, |R| = 1 and thus from equation (4.4),
G=0

irrespective of the value of holon velocity vy,.

4.1.2 Tunneling conductance

The Kubo conductance is the linear response to external potentials and is therefore related to
four-point correlation functions of fermions. Alternatively, conductance may also be thought
of as the outcome of a tunneling experiment [31]. Here fermions are injected from one end
and collected from the other end. In this sense, the conductance is related to the two-point
function or the single particle Green function. Thus we expect these two notions to be
qualitatively different from each other, even though both are called “conductance”. From

this point of view, the tunneling conductance is,

62 o L T L
G~ 7 lve dt < {wR(—E,a, 0),¢R(§,0, t)} > | (4.5)
This identification of the tunneling conductance with a properly defined effective tunneling
amplitude (when mutual interactions are included) is essentially the same as the approach

followed in the important work by Matveev et al. [34].

Now < 9r(—%,0,0)05(4,0,t) > is the probability amplitude of a particle being annihilated
at the extreme left as a right mover and being created at the extreme right also as a right
mover after time ¢, thus tunneling through the cluster of impurities situated at the origin.
Since the two points are on the opposite sides of the origin, the Green functions from equation
(3.21) have to be used. To avoid infinities in the term (21 + z2)~" one has to set z; = —%
and xo = % + € and then taking the limit € — 0 while performing the summation of the two
terms in the Green function. Finally all the exponents associated with the length parameter
L that emerges while evaluating equation (4.5) are collected together to obtain the tunneling
conductance exponent. The length L has to be scaled by a cutoff L, = kI;FT to preserve
the dimensionality of the conductance G since the exponents are some general non-integer

quantities. The final result (derived in Appendix F) is as follows.

o (L) ws

In this case the results depend on the length of the wire L and a cutoff L, that may be
regarded either as inverse temperature or inverse frequency (in case of a.c. conductance).
Here X and Q are obtained from equation (3.22). It is important to stress that the present

work has carefully defined tunneling conductance and it is not simply related to the dynamical
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density of states of either the bulk or the half line. The dynamical density of states is equal-
space and unequal time Green function. For tunneling, an electron is injected at z = —L/2
and collected at = +L /2 as is the case here which is unequal-space unequal-time Green
function, i.e., the Green function of the electron traversing the impurity. Of particular interest
is the weak link limit where |R| — 1. The limiting case of the weak link are two semi-infinite

wires. In this case,
(’l}h‘f”l}F>274’U%

L 41}th
Gweak—link ~\ T (47)
L,
(wp+op)? —4vfy . . .
Hence the d.c. conductance scales as Gueak—tink ~ (kgT')  *nor . This formula is consis-

tent with the assertions of Kane and Fisher [31] that show that at low temperatures (kg7 — 0)
and for a fixed L, the conductance vanishes as a power law in the temperature if the inter-
action between the fermions is repulsive (v, > vp > 0) and diverges as a power law if the
interactions between the fermions is attractive (vp > vy, > 0). Their result is applicable to
spinless fermions without leads G yeak—tink—nospin ~ (k;BT)%_2. In order to compare with the
result of the present work, this exponent has to be halved Gyeak—iink—with—spin ~ (kBT)%p_l.

This exponent is the same as the exponent of the present work so long as |v, — vp| < vp i.e.
(vptvp)®—4vi 1

" = — L since K, = “£. In general, the claim of the present work is that the
hVF P

Uh
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FI1GURE 4.2: Conductance exponent 7 as a function of the absolute value of the reflection
amplitude |R[ and the ratio 8 = .

temperature dependence of the tunneling d.c. conductance of a wire with no leads and in the
presence of barriers and wells and mutual interaction between particles (forward scattering,
infinite bandwidth i.e. kg > Ay, — 00) is,

G ~ (kpT)"; (48)
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and the exponent 7 is given by

n:4X_2Q:(9—1Nm—g—3fﬂ-ﬂw) (4.9)

4g(mo + g(1 —70))

Here g = = is the Luttinger liquid parameter and 7o = 1 —|Ro|* = [Tp|” is the bare tunneling

coefficient. When 1 > 0 the conductance vanishes at low temperatures as a power law

L at low

- characteristic of a weak link. However when 1 < 0 the conductance diverges
temperature as a power law - characteristic of a clean quantum wire. Of special interest is
the situation 7 = 0 where the conductance is independent of temperature. This crossover
from a conductance that vanishes as a power law at low temperatures to one that diverges as
a power law occurs at reflection coefficient |R|*> = |Rp|* = %ﬁ? which is valid only for
repulsive interactions v, > vp. For attractive interactions, n < 0 for any |R|? which means
the conductance always diverges as a power law at low temperatures. This means attractive
interactions heal the chain for all reflection coefficients including in the extreme weak link
case. On the other hand for repulsive interactions, for |R| > |Re|, n > 0 the chain is broken
(conductance vanishes) at low temperatures. For |R| < |Re.|, n < 0 and even though the

interactions are repulsive the chain is healed (conductance diverges).

4.1.2.1 Derivation of RG equation for the tunneling conductance

In the well-cited work of Matveev et al. [34], the RG equation for the tunneling conduc-
tance is derived which is valid for weak mutual interaction between fermions (they consider
both forward scattering as well as backward scattering but in the present work we consider
only forward scattering between fermions but of arbitrary strength and sign subject to the
limitation that the holon velocity be real). Both in their work and in the present work the
transmission amplitude of free fermions can vary continuously between zero and unity i.e.
it is not constrained in any way. Note that we have chosen an infinite bandwidth to derive
the power-law conductance in equation (4.8). Had we chosen a finite bandwidth while cal-
culating equation (4.5), the resulting expressions would be considerably more complicated as
Matveev et al. have also found. But for now we look at equation (8) of their paper rather
than equation (12) since we are interested in the large bandwidth case only for now. Since
G ~ T in their notation, we may expand the conductance exponent 4X — 2(Q) in powers of vy,
the forward scattering mutual interaction between fermions, to the leading order as follows
(in the notation of Matveev et al. this is V(0) and V(2kr) = 0 in the present work),

0T o 4X Tog(w) ~ Ro-2> log(w) (4.10)
To TR

Here |vo| < v, Ro = 1— 7o (in the notation of the present work this would be |R|? = 1—|T'|?)

and w — |k — kp|d ~ kgT (where d is the characteristic spatial scale of the interaction

LA more careful study shows it saturates to a high value.
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potential in Matveev’s article). The equation (4.10) is precisely equation (8) of Matveev et al.
Thus mutually interacting fermions renormalize the impurities but isolated impurities do not
renormalize the homogeneous Luttinger parameters such as K = Z—f Note that our results
for the conductance equation (4.8) is the end result of properly taking into account the
renormalizations to all orders in the infinite-bandwidth-forward-scattering fermion-fermion
interactions with no restriction on the bare transmission coefficient of free fermions plus
impurity. The final answers of equation (4.8) involve only the bare transmission and reflection
coefficients for the same reason why eg. the zero point energy of the harmonic oscillator
derived properly using Hermite polynomials (rather than using perturbative RG around free
particle, say) involves the bare spring constant (ie. %h\/%) Incidentally, even the final
answers of Matveev et al. such as their equation (13) involve the bare parameters only since

this formula is the end result of taking into account all the renormalization properly.

It is hard to overstate the importance of these results. They show that it is possible to
analytically interpolate between the weak barrier and weak link limits without involving
RG techniques, explicitly. It also shows that NCBT is nothing but non-perturbative RG in

disguise.

4.2 Finite bandwidth conductance

The proper way of studying the finite bandwidth conductance would be to re-derive the single
particle Green function for finite bandwidth. Also it is important to introduce a bias and
calculate the current flowing as a function the bias, temperature, bandwidth etc. and extract
the conductance as a linear response coefficient. This has proved to be formidable. However,
an alternative is to take the point of view that the transmission and reflection coefficients that
appear in 7 are not the non-interacting temperature independent values but the interacting
temperature-dependent values. This amounts to asserting that the equation (4.8) which is
strictly speaking valid only for temperatures small compared to the bandwidth is now valid in

general since 1 has now been reinterpreted as being temperature and interaction dependent.

Therefore, for electrons with a finite bandwidth Dy, the tunneling conductance 7 is given by

T n(7)
T=1 (—kgo ) (4.11)

a transcendental equation viz.

where 7y is the tunneling conductance in absence of interactions and the exponents 7 is a

function of the conductance 7 and is obtained by replacing the 7y in equation (4.9) by 7.

(9—1)(1—g—3¢g*(1—1))
4g(1 +g(1 —7))

n(r) = (4.12)
As before, g is the Luttinger parameter given by Z—i which is greater than unity for attractive

interactions and less than unity for repulsive interactions. 7, being the transmission coefficient
TH-2101_ 146121021 6



of the non-interacting system, can be obtained from elementary quantum mechanics and its
value ranges from 0 to 1. An exact analytical solution of equation (4.11) can’t be obtained
due to its transcendental nature. However, numerical solutions and approximate analytical

solutions are possible, which are described in the subsequent sub-sections.

4.2.1 Numerical solution

The equation (4.11) for tunneling conductance may be solved numerically using appropriate
empirical values of the remaining parameters. Based on the transmission coefficient 7y and

Luttinger liquid parameter g, there are four cases as follows.

(a) Weak barrier and weak interactions: For a weak barrier, there is maximum trans-
mission and hence 7y is close to unity. Also for weak interactions, the holon velocity vy, is close
to Fermi velocity vr and hence the following empirical values are chosen: 70 = 0.9; g = 1.1
for attractive and g = 0.9 for repulsive interactions. For % ranging from 0.1 to 2, equation

(4.11) is numerically solved and the obtained values of conductance 7 is plotted as a function

kgT

of temperature <D_0) and the graph in figure 4.3 is obtained.

— repulsive

0-80 \
— attractive

kT

0.5 1.0 15 Do
FIGURE 4.3: Conductance as a function of dimensionless temperature (%) for a weak
barrier (7p = 0.9) and weak interactions (g = 0.9 for repulsive and g = 1.1 for attractive).

From the figure 4.3 it can be seen that near zero temperature, the conductance is close to
unity for attractive interactions while it tends to vanish for repulsive interactions. This is
the signature of ‘cutting the chain’ by even a small scatterer in case of repulsively interacting
particles [31]. As the temperature increases, the conductance decreases from its maximum
value for attractive interactions while it increases from its minimum value for repulsive inter-
actions. One more observation is that for kg1 < Dy, the conductance is larger in the case of
attractive interactions while for kg7 > Dy, the conductance is larger in the case of repulsive

interactions, the transition taking place at the point when kg1 = D,.

(b) Strong barrier and weak interactions: For a strong barrier, there is minimum
transmission and hence 7 is close to zero. The following empirical values are chosen: 75 = 0.1;

g = 1.1 for attractive and g = 0.9 for repulsive interactions as in the earlier case. For
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]”DB—T ranging from 0.1 to 2, equation (4.11) is numerically solved and the obtained value of
0

conductance 7 is plotted as a function of temperature (kg—OT) and the graph in figure 4.4 is

obtained.

— repulsive

0.10 [ \
— attractive

kg T
0.08 B

05 10 15 Do
FIGURE 4.4: Conductance as a function of dimensionless temperature (%) for a strong
barrier (79 = 0.1) and weak interactions (g = 0.9 for repulsive and g = 1.1 for attractive).

Similar observations are made in figure 4.4 as in the earlier case, the only difference being

that for strong barriers, conductance is less than that for weak barriers.

(c) Strong barrier and strong interactions: When interactions are strong, the holon
velocity v, is quite different from the Fermi velocity vgp and hence the following empirical
values are chosen: 19 = 0.1; g = 10 for attractive and g = 0.1 for repulsive interactions. Using

these values the graph in figure 4.5 is obtained.

Figure 4.5 clearly signifies the ‘healing the chain’ phenomenon of Kane and Fisher [31]. It
shows that particles with strong attractive forces between them can tunnel through even the
strongest of barriers. This conductance however decreases sharply with an increase in the

temperature.

0.8 attractive
0.6
0.4

0.2
repulsive

0.0

0.5 1.0 15 20 Dy

FIGURE 4.5: Conductance as a function of dimensionless temperature (%) for a strong

barrier (19 = 0.1) and strong interactions (g = 0.1 for repulsive and g = 10 for attractive).

(d) Weak barrier and strong interactions: The following empirical values are used as a
representative of this case: 79 = 0.9; g = 5 for attractive and g = 0.5 for repulsive interactions.
For % ranging from 0.3 to 2, equation (4.11) is numerically solved and the obtained values
of conductance 7 is plotted as a function of temperature (%) and the graph in figure 4.6 is

obtained.
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FIGURE 4.6: Conductance as a function of dimensionless temperature (%) for a weak
barrier (79 = 0.9) and strong interactions (g = 0.5 for repulsive and g = 5 for attractive).

The plot in this case shows interesting results in the form of high conductance even for repul-
sive interactions at lower temperatures. It is well known that for a non homogeneous system,
the conductance vanishes at temperatures small compared to bandwidth if the particles are
repulsive even if the impurity strength is low, as in the case (a) above. This is believed to be
due to a conspiracy between the impurity and mutual interactions which tends to break the
chain. But from figure 4.6, it is clear that if the interactions are too strong compared to the
strength of the barrier, the system tends to exhibit high conductance at low temperatures
rather than exhibiting the well known ‘cutting the chain’ phenomenon discussed by Kane and

Fisher [31]. However at higher temperatures, they are similar to the earlier cases.

For a weak barrier, the transition from low conductance to high conductance at low tempera-
tures as we increase the strength of repulsions is shown in figure 4.7. This can be understood
using an analogy of the conductance of a diode. If one applies a reverse bias to a diode, the
conductivity is very less, but if one goes on increasing the reverse bias voltage, at one point it
enters into the breakdown region and there is a high flow of current in the reverse direction.
Similarly in this case, when there is weak repulsion, the weak barrier behaves like a weak link
with low tunneling across it. However, when the strength of repulsion is increased, it reaches

a stage when conductance increases greatly, as with the case with homogeneous LL.

T
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kp T
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FIGURE 4.7: Conductance as a function of dimensionless temperature (%) for a weak

barrier (79 = 0.9) and various strength of repulsive interactions (g = 0.5 to 0.85).
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4.2.2 Comparison with the results of Matveev et al.

The finite bandwidth calculation of conductance as a function of temperature is calculated by
Matveev et al. [34] and is given in equation (14) of their paper as follows (setting ¢?/h = 1

to tally with our results).

G(T) = — (4.13)
1 -7+ 79 <%>
and using their terminology for forward scattering interactions only, we have
20 = —0 (4.14)
TR

Expressing « in terms of the Luttinger parameter g used in this work, 2o = % <gi2 — 1>. The

formula in the equation (4.13) is valid only for weak interactions, as claimed by the authors

[34]. So the comparison is done only for weak interactions and hence the empirical values

of Luttinger parameter g is chosen to be 0.9 for repulsive interactions and 1.1 for attractive

interactions. The conductance obtained for both strong barrier (1 = 0.1) and weak barrier

(10 = 0.9) obtained using the analytical formula in equation (4.13) and that obtained using
kpT

numerical solution of our results are plotted as a function of temperature (“5=) in figure 4.8.

012] | 092 °
0.1 : L 01 \ )
— repulsive : — repulsive
0.10 \ 0-80 \
— attractive ® o — attractive

0.09 0.89

0.08 0.88

0.5 1.0 1.5 20 Dy 0.5 1.0 1.5 20 pg

FIGURE 4.8: Conductance as a function of dimensionless temperature (kg—;f) for weak in-

teractions (g = 0.9 for repulsive and g = 1.1 for attractive). The dots are numerically exact

solution of the transcendental equation obtained from NCBT and the solid lines represent

the analytical formula of Matveev et al. (a) strong barrier (7o = 0.1) (b) weak barrier
(7’ 0= 0.9).

In figure 4.8, the continuous lines are obtained from the analytical formulas of conductance by
Matveev et al. while the dots represents the numerical solution of the conductance obtained in
the present work. It is seen that they are in good agreement with each other. For temperature
very close to zero (% = 0.01), the values of conductance obtained by both the methods
(Matveev et al. and NCBT) are also in good agreement with each other. The following
empirical values are chosen: 7 is 0.9 for weak barrier and 0.1 for strong barrier while ¢ is 1.1

for attractive and 0.9 for repulsive interactions. The comparison is shown in the table 4.1.
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TABLE 4.1: Values of conductance 7 for weak interactions as obtained by Matveev et al.

and NCBT for temperature very close to zero (kDB—OT = 0.01).
Case Matveev et al.  NCBT % difference
Weak barrier + attraction 0.930 0.937 0.75
Weak barrier + repulsion 0.840 0.854 1.64
Strong barrier + attraction 0.142 0.148 4.05
Strong barrier + repulsion 0.061 0.064 4.69

On the other hand, for temperatures much greater than the bandwidth (%—OT = 50), the values
of conductance obtained by both the methods (Matveev et al. and NCBT) are again in good
agreement with each other. The same empirical values are chosen: 7 is 0.9 for weak barrier
and 0.1 for strong barrier while g is 1.1 for attractive and 0.9 for repulsive interactions. The
comparison is shown in the table 4.2. As temperature is further increased the strength of

interactions has to be decreased for a more favorable comparison.

TABLE 4.2: Values of conductance 7 for weak interactions as obtained by Matveev et al.
and NCBT for temperature much greater than bandwidth (% = 50).

Case Matveev et al. NCBT % difference
Weak barrier + attraction 0.865 0.834 3.72
Weak barrier + repulsion 0.934 0.918 1.74
Strong barrier + attraction 0.073 0.070 4.29
Strong barrier + repulsion 0.150 0.140 7.14

The central equation of finite bandwidth conductance of Matveev et al. valid for weak in-
teractions as given by equation (4.13) can actually be obtained by considering the weak
interaction limit of the transcendental equation (4.11) obtained using NCBT which is valid

for any strength of interactions. Setting y = kg—;f, equation (4.11) reads as follows.
T=1 yn(T)

Differentiating with respect to vy,

dr _ ~dn(T
@y = 1 YT o logly] o )%
For weak interactions, n(7) = 22-(1 — 7) = 2a(1 — 7),
dr T dr
— =2a(l —7)— — 7 logly] 2a—
= 2all=7)C ~ 7 logh] 20
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For weak interactions, 2« is very small and hence one can write,

dr  71(1—71) 20 T(1—17)
i ~ 200 ——=
dy y  (1+2a7 loglyl) y

Using appropriate limits of integration,

T T y
log <1 — 7_) = 2aclog(y) X
which gives,
T(l B TO) _ 2
To(1l = 7)

kT

which may be easily solved for 7 (replacing y by D—O),

(4.15)

which is precisely equation (4.13) obtained by Matveev et al. [34] in their work.

As claimed by Matveev et al. [34], the formula as given in equation (4.13) is valid for
weak interactions. The breakdown of the Matveev et al.’s formula for conductance at strong
interactions can be seen from figure 4.9. Choosing empirical values for a strong barrier
(7o = 0.1) and strong interactions (¢ = 0.1 for repulsive and g = 10 for attractive), the
conductance is plotted as a function of temperature and the graphs in figure 4.9 are obtained.
In the case (c) of the previous subsection, it has been shown how NCBT conductance, for
the exact same case as above, supports the healing the chain phenomenon for attractive
interactions. But the figure 4.9 somewhat violates the cutting the chain phenomenon for

strong repulsive interactions, that too with a strong barrier.

1.0+
repulsive
08}
0.6
04t
02} \ attractive
kg T
0.5 1.0 15 20 p,

FIGURE 4.9: Conductance as a function of dimensionless temperature (kg—?) for a strong

barrier (1o = 0.1) and strong interactions (g = 0.1 for repulsive and g = 10 for attractive)
using Matveev et al.’s formula.
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4.2.3 Anomalous conductance

It has been observed from the earlier plots that with an increase in temperature, conductance
typically decreases for attractive interactions and increases for repulsive interactions. This is
because the exponent 7 in equation (4.11) is typically positive for repulsive cases and negative
for attractive cases. But in absence of interactions (g =1), the exponent 1 vanishes and the

conductance becomes independent of temperature and is given by
7',7:() =170

However g = 1 is not the only condition for which n vanishes, the other condition being

—144/1+ 127 — 1272
6(1 — 7'0)

Jo =

Since 0 < 79 < 1, hence \/1 + 1279 — 127 > 1. But since g can’t be negative (g = vp/vp),
the only admissible value of g for n =0 is

1414127 — 1273
o= 6(1 - 7'0)

Here go is the value of g for which n vanishes. In presence of a strong barrier (79 = 0.1)
the conductance becomes temperature independent (n = 0) for go = 0.08 which indicates
very strong repulsion. On the other hand, for a weak barrier (7, = 0.9) this happens for
go = 0.74, which is also repulsive but less stronger. This can be thought of as a conspiracy
between the impurity and the repulsive interactions to give rise to a state that is similar to
the non-interacting one. In figure 4.10, the conductance is shown as a function of temperature
for values of g near go. It can be seen that as g approaches gy, the temperature dependence of
conductance becomes weaker and weaker (the graph flattens) and finally becomes independent

(constant graph) for g = go.

T T

0.903 U g=08 0.14 —9g=03
0.902 =0.
" g=0.77 0.12 g=0.15
0.901 0.10 —g=0.08
0.900 ~ g=0.74 0.08
0.899 0.06
0.898 0.04
0.897
0.02
0.896 ks T ks T
- 0.00 —
06 08 10 12 14 16 1.8 Dy 06 08 10 12 14 16 138 Dy
(a) (b)
kT

FIGURE 4.10: Conductance as a function of dimensionless temperature (*5:-) for values of g
near go where conductance exponent 7 vanishes: (a) weak barrier (1o = 0.9) with go = 0.74.
(a) strong barrier (79 = 0.1) with go = 0.08
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4.2.4 Analytical solution

Equation (4.11) being transcendental in nature can’t be solved analytically. However using
the fact that the tunneling conductance 7 is less than unity, the RHS of the equation can be
expanded in powers of 7 and truncated after a certain order. Smaller the value of 7, sooner
can the series be truncated. Ignoring the third and higher powers of the series and solving
the rest of the equation, the following expression of tunneling conductance is obtained.

—4g? (kBT) 1(2+3) . To

T= (92 — 1)(’“5—?)%( +2 )Tolog(kBT) g (14057?)%(24_\/6) (4.16)

where

kT 1(2+1-3g) kT 1
=4—-4 9151 le— —
€ =4-a(p ) rolog("5 (1~ )
LN kpT'\1(211-39) 2, . FBT kT
(-9 49 f loa(~p ) (89 + (1 -+ g) oa("7 )

Using the analytical expression in equation (4.16) for weak interactions (¢ = 0.9, 1.1) the
conductance is plotted as a function of temperature (%) for both weak (1, = 0.9) and
strong (79 = 0.1) barriers in figures 4.11(a) and 4.11(b) respectively and they are in close
agreement with those obtained for the results of Matveev et al. depicted in figures 4.8(a) and

4.8(b) respectively.

T T
0.92 - 0.12
0.91] 0.1

! / — repulsive / — repulsive
0.90 | 0.10

: attractive
0.89 — attractive 0.09
0.88 0.08

t kT kg T

0.5 1.0 15 20 Dy 0.5 1.0 1.5 20 Dy

(a) (b)

F1GurE 4.11: Conductance from analytical expression as a function of dimensionless tem-
perature (kD ) for weak interactions (g = 0.9 for repulsive and g = 1.1 for attractive): (a)
weak barrier (19 = 0.9) (b) strong barrier (7o = 0.1).

The conductance equation of Matveev et al. given by equation (4.13) may be expanded in
powers of the interaction parameter, retaining the terms up to the first order (since it is for
weak interactions). On the other hand, the analytical expression of conductance from NCBT
given by equation (4.16) can also be expanded in terms of the interaction parameter and
terms up to the first order may be retained. In both cases, the following is obtained which is

an exact match for finite temperature conductance for weak interactions (g ~ 1).

(1= g*)70(1 — 7o) log(*5T)
292

T="Ty+
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4.2.5 Comparison of analytical and numerical solution

The analytical solution using the second order approximation to the conductance and the
numerical solution of the exact transcendental equation has to be compared so that one can
estimate how good the approximation is for various cases. Choosing the empirical values of
g = 0.9, 1.1 for weak interactions, g = 0.3, 3 for strong interactions and 7y to be 0.1 for
strong barrier and 0.9 for weak barriers, the values of conductance are compared for different

combinations of ¢g’s and 7y’s for the case %—(}T = 0.5 and the results are tabulated in table 4.3.

TABLE 4.3: Comparison of the values of conductance 7 obtained numerically and analyti-

cally for %L = 0.5

Case Numerical — Analytical % difference
Strong barrier + strong attraction 0.285 0.285 0
Strong barrier + weak attraction 0.106 0.106 0
Strong barrier + strong repulsion 0.055 0.055 0

Strong barrier + weak repulsion 0.094 0.094 0
Weak barrier + strong attraction 1.032 1.183 12.76
Weak barrier + weak attraction 0.907 0.908 0.11
Weak barrier 4+ strong repulsion 1.288 1.024 25.78
Weak barrier + weak repulsion 0.895 0.895 0

From table 4.3 it can be observed that for strong barrier (75 ~ 0), the numerical and analytical
values are precisely matching as ignoring the higher powers of 7y is a much better approxima-
tion in this case. For weak barriers (7y ~ 1) ignoring the higher powers of 7y is less accurate,
especially for attractive interactions which tends to mitigate the effect of the barrier (healing
the chain phenomenon as described by Kane and Fisher [31]) and make 75 approach unity.
Thus there is a minor mismatch between the analytical and the numerical values for weak
attractions and a little more for strong attractions. On the other hand repulsive interactions
aggravate the effect of the barrier (cutting the chain phenomenon of Kane and Fisher [31])
and minimize the tunneling. Thus for weak repulsion, there is an exact match between the
two values inspite of weak barriers. However for strong repulsions and weak barrier, there is
some anomalous behavior as also depicted in figure 4.6 above, where the value of conductance
tends towards unity and hence the second order approximation is not a very good one for this

case.

4.2.6 Both forward and backward scattering

The transcendental equation given by the equation (4.11) and expression of the exponent 7(7)
given by equation (4.12) remains the same upon inclusion of backward scattering interactions

between fermions. The difference comes in the expression of the holon velocity v, (note that
TH-2101_146121021 -3



g = vr/vy), which is now modified to include the effect of backward scattering. Considering

vp is the strength of forward scattering interactions as discussed in equation (7.2), the holon

velocity is given by v, = vpy/1 + % In presence of backward scattering (of strength v) the

vg is replaced by an effective vy given by (in this work we only deal with fermions with spin)

vo.ers = 92(T) — 291(T) (4.17)

where g; and go are the renormalized values of backward and forward scattering interaction

strengths that can be derived using Parquet’s approximation [28] and are given by

U1
gl(T) = vl D
14T L logel 0]
U1 1
T) =vg— — + (4.18)
92(T) =vo — 5 2(1+ 2 log [25))

Hence the Luttinger parameter g used in equation (4.12) can be written for small values of

interactions as follows.

g:+%1—M (4.19)
V0, e U
1= =54 "

Setting y = %, equation (4.11) reads as follows.

=1 yn(T)

Differentiating with respect to y,

dr A L dn(r)

d_y =79 1(7) TSR log|[y] y )d—y
For weak interactions, n(7) = %(1 — 7). Setting % = 20t f¥,
dr dr

For weak interactions, 2a.sy is very small and hence one can write,

dr  7(1—7) 207 ¢ T(1—1)
- = ~ 2aeff B
dy y (14 2acp 7 logly] )

Using equations (4.17) and (4.18),

1 3
Geff = Q21 <_§_ 2—4oqlog[y]>
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Hence the differential equation takes the form

dr _, N 1 3 (1 —171)
dy @TaN\Ty ) — 4oy log [y] Y

which is solved and using appropriate limits of integration,

3 20—
2
To (1 + 204 log (,f;—%)) <%>

T= 3 2000 —
1 -7+ 19 <1 + 2a log @f;-‘%)) 2 (kDBOT>

which is the conductance for weakly interacting electrons with both backward and forward

scattering as also given by equation (21) of Matveev et al. [34].

It is interesting to see the interplay between the forward and backward scattering interactions.
For weak or no backward scattering, the conductance shows a monotonic behavior with respect
to temperature. When backward scattering is increased gradually, the conductance starts
showing a non-monotonic behavior such that with an increase in temperature, the conductance
first increases, reaches a maximum and then decreases. This is shown in figure 4.12 by
numerically solving the transcendental equation (4.11) for the empirical values of 75 = 0.3,
vp =1, vg = 0.02 and v; = 0.01. The solution (depicted by the dots) is in good agreement

with that of Matveev et al. (continuous line).
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FIGURE 4.12: Conductance as a function of dimensionless temperature (%) for weak

interactions ( vp = 1, vp = 0.02 and v; = 0.01) and a barrier of strength 79 = 0.3. The dots
represent the NCBT numerical solution and the continuous line represents the analytical
solution of Matveev et al.

4.2.7 Comparison with Monte Carlo results

The conductance of Luttinger liquids with impurities has been studied using numerical meth-
ods like Monte Carlo simulations [62, 82, 83]. In the work by Hamamoto et al. [62], where
path integral Monte Carlo methods are used, it has been found that the d.c. conductance
increases monotonically for K, > 1.025 (K, = ¢ in our notation and hence weakly attractive)
with a decrease in temperature. Whereas for K, < 0.975 (weakly repulsive) it decreases

monotonically with a decrease in temperature. This is in good agreement with the plots in
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figures 4.3 and 4.4 which are also for weak interactions (¢ = 1.1 for attractive and g = 0.9 for
repulsive). Similar trends were earlier obtained by Leung et al. [83] for repulsive interactions
with g =1/3 and g = 1/6.

4.3 Resonant tunneling across a double barrier

Resonant tunneling is well-known in elementary quantum mechanics. Typically, this phe-
nomenon is studied in a double-barrier system. When the Fermi wavenumber bears a special
relation with the inter-barrier separation and height, the reflection coefficient becomes zero
and the Green functions of the system behave as if they are those of a translationally invari-
ant system. Consider a symmetric double delta-function with strength V{, and separation d.

Define, £y = krd. The resonance condition in this case is well-known to be,
Vo sin [§o] + ve cos [€] =0 (4.20)

Resonant tunneling is studied for a square double barrier potential in one dimensions by Xiao
et al. [129]. After taking the limiting cases of the square barriers tending to delta potentials
and imposing the RPA limit, equation (4.20) is obtained.

L.E
LE Resonance line L.E
0.6 P 0.6 —Y ' - "
0.5 Resonance line : 0.6 csonance fe
0.4 0.4 i
0.3 X s 0.4 \- A
0.2 0.2 5 0.2, —c
> " g V/ s 100 2 68 10"
/ Ve I 02 B
2 4 6 8 10 ° 02”7 24 6 8 10 0.2 -

(a) (b) (c)

FIGURE 4.13: Anomalous exponents (L.E) vs impurity strength Vj for symmetric dou-
ble barrier: (a) Exponents of <1/}R(X1)¢E(X2)> on the same side (b) Exponents of

(¢R(X1)wz(X2)> on the same side (c) Exponents of WR(Xl)?ﬂ};(Xg)) on opposite sides.
Explicit expressions of the exponents are given in equations (3.22) and (3.23)

The anomalous exponents of the correlation functions given in equations (3.22) and (3.23) are
plotted in figure 4.13 in the vicinity of resonance to see the signatures of resonance tunneling
on the Luttinger liquid Green function of a symmetric double delta potential. It may be
seen that when the system is at resonance (depicted by the vertical line), all the anomalous

exponents take exactly the same values that they take when there is no barrier at all.

For an asymmetric double delta system, V(z) = Vid(z + a) + Vad(x — a), the anomalous

exponents can also be calculated using NCBT. The form of the exponents are the same as
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FIGURE 4.14: Anomalous exponents for double barrier: The anomalous exponents (a) X

and (b) A as functions of impurity strength V; and Vs for an asymmetric double delta

potential. Near resonance (the point of intersection of the cross lines), the system has the
same colour it has when both V; and V5 are zero.

given in equations (3.22) and (3.23) but the expression of the reflection amplitude is now
different and is given by (here § = 2kpa) [90].

(1 —|—iV1+V2 + i2VéV2) - V1¥262i€0 (421)
v v v

F

R=—

In this case eg., resonance is achieved when both V; and V5 becomes equal (V; = Vo = 1)
and Vj obeys the same condition in equation (4.20). Two of the anomalous exponents X and
A (expressions given in equations (3.22), (3.23) and (4.21)) for the asymmetric double delta
system are plotted in figure 4.14. The point of intersection of the cross lines is the condition
for resonance and it can easily be seen that the exponent takes the same value (color) at

resonance point as it takes for the no-impurity system (V; = V5 = 0).

4.4 Summary

In this work, the correlation functions of a Luttinger liquid with a cluster of impurities around
an origin obtained using the non-chiral bosonization technique (NCBT) are used to study
temperature dependence of tunneling conductance. This temperature dependence is shown
to be a simple power law when the forward-scattering mutual interaction between fermions is
short-ranged and has a large bandwidth (relative to temperature). Special attention is paid
to the nature of the exponent in this power law for situations close to resonant tunneling
(eg. in case of double barrier). A distinction is made between Kubo conductance which is
related to current-current correlation (a four-point function) and the tunneling conductance

which is the outcome of a tunneling experiment (related to two-point functions). In both
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the cases, closed analytical expressions for conductance are calculated at temperatures small
compared to the bandwidth and a number of interesting physical properties are discussed,
besides presenting a favorable comparison with existing literature. The novelty of this work
are the closed analytical formulas for the conductance exponents for arbitrary strengths of

impurities and mutual interaction between fermions.

The finite-bandwidth conductance of a Luttinger liquid (LL) with a cluster of impurities is
studied and its variation with respect to temperature is shown. The results are compared with
those obtained by Matveev et al. [34] who deal with a weakly interacting LL. By contrast,
NCBT correctly provides the conductance for all values of the interaction strength (as well as
the sign). In addition to finding perfect agreement with the results of Matveev et al. for both
weakly repulsive and weakly attractive mutual interactions, we are also able to probe novel
physics seen when the repulsion is strong - in the form of a weakly temperature dependent
conductance when there is a definite relationship between the transmission amplitude of the
non-interacting system and the holon velocity. Secondly, an unusual high conductance for
strongly repulsive mutual interactions is observed for a weak barrier at low temperatures.
Lastly, inclusion of backward scattering leads to the non-monotonic temperature dependence
of conductance when dealing with fermions with spin, which can be called as a deviation from

the usual Luttinger liquid behavior.
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Chapter 5

The one step fermionic ladder

In the previous chapters it has been shown how a modification of the field operator used in
standard bosonization can correctly produce the correlation functions of a Luttinger liquid
with a cluster of impurities, which are later used to study various physical properties. A
variant of this system is the one-step ladder, i.e., Luttinger Liquids (two ‘poles’/‘legs’ of the
ladder) lying close to each other with a non-zero hopping probability from one pole to another
at a specific location on each pole. In the present work, the same approach, known as the ‘Non
Chiral Bosonization technique’ or NCBT, has been employed to obtain the Green functions
for the well-studied one-step fermionic ladder. The system under consideration is described

in Fig. 5.1 in the form of a caricature.

FIGURE 5.1: The one step fermionic ladder: The two parallel tracks representing the two

Luttinger liquids, the athletes representing electrons moving in both the directions, with

the fastest athlete possessing the Fermi momentum, while rubbing shoulders against each

other representing forward scattering interactions. One athlete running between the tracks
represents the hopping of electrons between the Luttinger Liquids.

There have been numerous attempts made to compute the correlation functions of fermionic
ladder both numerically [130, 131] and analytically [132-135]. H. J. Schulz investigated the
phase diagram and excitation spectrum of two parallel Luttinger liquids coupled by single-
particle hopping [136]. Patrick et al. applied the Lieb-Schultz-Mattis theorem to spinful
electrons interacting on a ladder which allowed them to obtain a generalized Luttinger theorem

for such systems [137]. D.G. Clarke et al. demonstrated that there is no coherent single
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particle hopping between two spin-charge separated Luttinger Liquids for hopping parameter
below a critical value and in such situations, the two Luttinger liquids will not exhibit split
Fermi surfaces [138]. S. Das et al. studied the transport of quasiparticles between two edges

of Quantum hall liquid via an anti-dot providing the local scattering [139].

In this chapter [140], we obtain the power law behavior of the correlation functions of the one
step ladder in the presence of forward scattering interaction among the particles. This happens
to be the most singular part of the asymptotic forms of the correlation functions under study.
This enables various studies including Friedel oscillations in the density correlation functions

and the finite temperature d.c. conductance of such systems.

5.1 Problem overview

Consider the one step ladder where two Luttinger Liquids are placed parallel to each other
such that there is a finite probability of hopping at £ = 0. The Hamiltonian of the system

may be written as follows:

w w 1 > > ’ ' ’
H= Z Z ekc};jckj + 7 chlcklg 4 T Z c};,chl 4 2/ dac/ dz v(x —z) p(x)p(x)
k j=12 k&' kK’ —0 —o0
(5.1)
where v(z—2') = %Zq e~(@= )y, (where v, = 0if |g| > A for some fixed A < kr and v, = v,
is a constant, otherwise) is the forward scattering mutual interaction. ‘L’ is the length of the
system and ‘w’ is the hopping parameter which determines the probability of an electron to

jump from one pole to another along the x = 0 line.

x=0

FIGURE 5.2: The one step ladder: Two Luttinger Liquids (1 and 2) placed parallel to each
other with a finite probability of hopping at x=0.

The study is carried out in the RPA (Random Phase Approximation) limit, which is a pre-
requisite in order to obtain closed expressions of the Green functions, and which means
allowing the the Fermi momentum and the mass of the fermion to diverge in such a way
that their ratio is finite (i.e. krp,m — oo but %F = vp < o0) and thus linearizing the energy
momentum dispersion near the Fermi surface. Units are chosen such that A = 1, so that kg

is both the Fermi momentum as well as a wavenumber.
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5.2 Green’s functions of free fermions

The full two-point Green function (also known as single-particle Green’s function) of the
system before taking the RPA limit (i.e. with parabolic energy momentum relation) is denoted
as < T 1p(x,0,t)f(2/,0’,t') > . The time ordering decides whether it is particle or hole Green’s
function that is being studied and o is the spin projection of the individual fermions. In terms
of this, the asymptotic or RPA Green function is defined by “smearing out” the positions and
times over the scale of the Fermi wavelength and Fermi times as follows,

(T (@, 0,9, (2, 0" ) = lim < (T, 0,701 (o 7)) e RV V) B (=T 5 (5.9)

where,
1 t+Tp
L flt)> = — dr f(1)
o ot (5.3)
<gla)> = — dy g(y)
2AF Jooap

with A\r = 27/kr and Tr = 27/EFp, kr = mvr and Er = (1/2)mv% with vp < oo being held fixed.
Also, here v,/ = %1 correspond to the right and left Fermi points. When mutual interactions
between the fermions are absent it is easy to show that the two-point function has the form
(at zero temperature in the RPA sense) shown below (here ‘1" and ‘j’ in the subscript denote
the pole number),

< T i(a,t)pl(a,t) >o

ikp(x—m/) [ (5i7j +e—ikp(a;—x/) ¢ 5i7j

—= o (@ —a) —vp(t —t) m —(z—a) —vp(t—t)
w rdigtiwdy)  ehrlED o et —iwy) el
2r (vi 4+ w?) lz| + |z'| +vp(t —t) 27 (vi+w?) |z| + |2'| —vp(t —t)

(5.4)
Note that in equation (5.4), the term [(vax — v'a’) — vp(t —t')] (where v = £1) appears in the
denominator. In general, when mutual interactions are incorporated into the Luttinger liquid,
this term appears with a non-trivial system dependent exponent viz. [(vx —v'z") —vp(t—t')]9.
Listing these ¢g’s and other similar exponents has been one of the main goals of the NCBT since

g = 1 is only when mutual interaction between fermions are absent. It is easy to generalize

these results to finite temperature since for this a simple replacement viz. % — 6ZF csch[%]
is sufficient where e.g. X = [(vz — V'2') — vp(t — t')] and § is inverse temperature.
5.2.1 Density density correlation function
In the RPA sense, the density p(z,t) may be harmonically analyzed as follows.
P (1) = () + €357 i (1,8) + €5 (3,1 (5.5)
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The slowly varying part of the density ps (the average density is subtracted out, so this is
really the deviation) has an auto-correlation function which when mutual interactions are
absent, may be written down using Wick’s theorem as follows,

iy 1

i . ’ ’ o v
ST oo t) >0 ==335 2 () popi ")
w2(v%5;j +w26i,j) 1 ’
A2 (0% + w?)? ,,;1 (T2 —sop =)z ) (5.6)
2 2 2
vF(dei,j —+ w 573‘) 1 ,
— , 0(—
A2 (V2 + w2)2 g;; (=) —vop =) %)

5.3 Bosonized version of the two point Green functions

The inversion of the defining relation between currents and densities in the standard bosoniza-
tion scheme that goes by the name g-ology (see the book by Giamarchi [5]) yields the following
relation between ¢, (z, 0,t) (where v = R(+1) or L(—1)) and the slowly varying part of the

density (this is a mnemonic for generating the N-point functions),
by(@,0,t) ~ @D (5.7)

with the local phase given by the formula,

z y !/ !
0, (z,0,) = / dy<u pa(y,0,t) — / dy By ps<y,a,t)> (5.8)

sgn{@)oo gn(y)oo

It has been argued in the previous chapters that the prescription in equation (5.7) is merely
a mnemonic valid only for nearly homogeneous systems and may not be thought of as an
operator identity and should not be used to generate Hamiltonians of systems with strongly
inhomogeneous external potentials. In order to validate the computation of N-point function
for a cluster of impurities in a Luttinger Liquid, it is necessary to slightly modify the above

prescription as follows [90],

100, (wi,04,t:)+2mivid; [0 ps(—Yi,0isti) dys
%U (L'“ gt z E § C/\nVu% 0-1 e(/yzl‘l) A%y l fg e o l
vi==%1 X;€{0,1}

(5.9)
For two Luttinger liquids with a finite probability of hopping at one point, the pole index ‘i’
(to which Luttinger liquid the field operator belongs to) also comes into the picture and the

prescription is given as follows.

i —iX 71X1 E E 107 (4,04t iy N,
’l/}Vi(th-thl) 7 Azﬂ/l”y% H(VZ'CL.’J € VZ( :3:%) € 7>

vi=%1 X;€{0,1}

2mivi g fggn(T Yoo <p (yi,oi,ta)+ > pi(— yi,oz',ti)) dy;

’L’L’L

eiﬂ'zjm' NI e

(5.10)
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where \; = 0,1 only. Here N’ is the total number of fermions (all spins combined) on the
i-th pole of the ladder and N, is the total number of fermions with spin projection ¢ on
both the poles combined. Also [X,,, Ny, = 10y, ,, and [X*, N'] = id;;, [X*, X7] = 0 and
[Xo,, X5,;] = 0 are canonical conjugates. These additional global quantities ensure that the
up spin field anticommutes with the down spin field and different poles also anti-commute.
All these global quantities commute with the local operators in the exponent. Fortunately, as
far as practical calculations go, nothing is lost by treating these global objects as c-numbers

since doing so enables the correct correlation functions to be reproduced.

The quantities Cf ,, . (0;) are c-numbers which involves cut-offs, etc. and are as such not
obtainable using these techniques. They are fixed by a comparison with the non-interacting N-
point functions obtained using Fermi algebra. The term p’(—y;, 0y, t;), which is the signature
of NCBT [90] ensures that trivial exponents are obtained when equation (5.10) is used to

compute the N-point functions in the sense of RPA and in absence of interactions.

The first task is to derive a prescription for choosing the A’s which would lead to the N-point
functions of the system (without mutual interactions) identical to what is given by Wick’s
theorem. The next task is to generalize the slow part of the density density correlation
functions in equation (5.6) to include mutual interactions, which when done in the spirit of
RPA gives the following results.

< P;($1,t1701)P;(I2,7§2,02) >
1 1 1
== + 010
47T2 Z [2% ( [lz1 — x2| — von(ty —t2)]2> 2 ( [la1 — @o| — vur(ty — t2)]? )

< vpw? sgn(ryzs) v2w? ) ( 1 )
2up(vpvn +w?)  2(vE 4 2upvw? + wh) [lz1] + 22| — vop(ts — t2)]?

.. <w2 sgn(z122) 3 w%% > ( 1 ) ]
2(w? +0f) 20w +0v3)?) \ [l21] + |2 = vup(ty - t2))?

(5.11)

1 w2'U2 1
1 2 F
< pglx 1,0 Ps\T 12,0 >= E 010
s(@1, 11, 01)p5 (@2, 82, 0) 472 1[ ! 22(w2—|—U2F)2 < [|x1\+]3:2|—1/vp(t1—t2)]2>

’UFZ’LU 1 ( 2>:|
Q(UF—l-QUFthZ—}—w ) Hﬂjl| + |ZL‘2| +’Uh(t1 —tz)]

Here v, = \/@ is the holon velocity whereas the spinon velocity is just the Fermi velocity
since it is the total density that couples to the short range potential: v,, = vp. The interaction
between fermions is the two-body short range forward scattering potential which just means
the potential between two particles at z and ' is V(z — 2) = %Z|q|</\ e~ia@=2") 4o where A is
the bandwidth which is held fixed as the RPA limit is taken. Also the correlation of holon

density with spinon density is zero.
(T pn(x1,t1)pr(w2,t2)) =0

TH-2101_146121021 <3



Equation (5.11) and equation (5.12) boil down to the density density correlation functions
of a clean Luttinger liquid when the hopping parameter ‘w’ is zero. It is easy to show that
equation (5.11) and equation(5.12) are the outcomes of a re-summation of the most singular
parts of the RPA terms in a perturbation series in powers of the mutual interaction vy carried

out using Fermi algebra.

The notion of “the most singular part” of an expression such as the ones shown above may
be made sense of in the following manner. Think of these as function of the time difference
T = t; — to (which they are). In the formulas that are encountered while expanding in powers

of the coupling, there are going to be terms of the form (e.g.)

AT B

(t1—a)? (1—a)(T—ag)

(5.13)

The first term is regarded as more singular than the second (if a; # az) since the former is
a second order pole whereas the latter when partial fraction expanded are a sum of two first
order poles. In the perturbative expansion of the slow part of the density density correlations,
pretending that Wick’s theorem applies at the level of the density fluctuations is tantamount
to retaining second order poles and discarding poles of a lower order. The same rule applies
when deciding what to retain and what to discard in the perturbation expansion of the single-
particle Green function. The density density correlation functions as mentioned in equations
(5.11) and (5.12) is perturbatively expanded in powers of the interaction parameter vy. The
zeroth order term has an exact match with that of the non interacting density density cor-
relation function as mentioned in equation (5.6) of the main text. The most singular part of
the first order term of the density density correlation functions obtained from conventional
perturbation theory are as follows:

Case I : z; and z5 are on the same pole and same side of the origin

- (t1 — t2) A (t1 —t2)
0 < pr(wy,tr)pr(wa, ta) > = F((xl —Zo| tup(ts —12))3 (|71 — 22| — vp(t: — £2))3
w? (t1 —t2) (t1 — t2)
4 (w? + v%)? ((x1 +xo +vp(ty —t2))3 a (x1 + 22 —vp(ty — t2))3)>

Case Il : z; and z5 are on same pole and opposite sides of the origin

ot (( (t1 — t2) (t1 — t2) )

- 47’1’3(11)2 + ’1}127)2 xr1 — To + UF(tl — t2))3 B (1‘1 — Lo — ’UF(tl — ng))g

§ <p1(w1,t1)p1(xa,t2) >
Case III : z; and z2 are on opposite poles and same of the origin

v2w? (( (ty — t2) (t1 —t2) )

T Am3(w? + 02)2 \ (1 + 22 +vp(t — )P (21 + @2 — vp(t — £2))?

6 <p1(w1,t1)p2(x2,t2) >
Case IV : z; and x, are on opposite poles and opposite sides of the origin

viw? ( (t1 —t2) (t1 —t2) )

- 43 (w? +02)2 \ (21 — 22 +vp(ty —t2))3 B (x1 —x9 —vp(ty — t2))3

§ <p1(z1,t1)p2(x2,t2) >

It is easy to see that these are identical to the corresponding expansions of (5.11) and (5.12).
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5.4  Full two-point Green’s function

The two point (single-particle) Green function, in the sense of RPA, may be written down
using the correspondence in equation (5.10). The main focus is on the anomalous exponents
which refer to the constants g that appear in terms of the form |12 — oz — vE(t — t2)]9
that emerge from this calculation. The necessary step here is to formulate a prescription
for deciding which of the \js are zeros and which are ones and under what circumstances,
after which the ¢g’s may be uniquely pinned down. This prescription follows unambiguously
from the condition that an evaluation (of the 2M-point function) in the Gaussian (and RPA)
sense leads to trivial exponents when mutual interactions between fermions are absent. The
coefficients C’s which depend on the details of the potentials and cutoffs and other such non-
universal features are of lesser importance, as is also the case in the conventional approach.
The prescription for obtaining the A.s are simple. One needs to consider a general 2M-point
function and then mentally pair up one annihilation operator with one creation operator and
create M such pairs. This is merely a mental activity since this pairing (Wick’s theorem) is
not valid when mutual interactions are present. Consider one such pair and let the two \’s
of this pair be (A, \x) where £ > m. The constraints are as follows:

(5.14)

Y _ Ak if (Uims V) = (Yms T) OF (Ui, VE) = (—Yms — V&)
1=X  if (Vm, k) = (=Ym, W) OF (Vi V) = (Y, —Yk)

This (unique) prescription guarantees the right trivial exponents in the right places when
mutual interactions are turned off. The full Green function in presence of interactions
are as follows (Notation: X; = (x;,04,1). Furthermore the finite temperature versions
of the formulas below are obtained by replacing Log[Z] by Log[ﬁ% Smh[é%]] where Z ~
[(vay — V'2y) — v4(t; — t3)] and singular cutoffs ubiquitous in this subject are suppressed in

this notation for brevity - they have to be understood to be present).

Case I : z; and z, on the same side of the origin and on the same pole

<T ¢R(X1)¢I{(X2)> 2Z el log leize] Py Z Q1.1(v, v'ia) Log[(vey — V' @3) — va(t — £2)]]

v,V '—41
a:h n
i
<T wL(Xl)z/)L(Xg)> 27re"“ log [4z122] Fpyl Z Q-1,-1(v, V'ia) Log[(vey — v @) — va(t1 — £2)]]
v,V —j:l
a=h,n
i w1 tog [2e] (3493) log 2] | (3-2) log [261] 1 log [2a]
<T ¢R(X1)¢L(X2)> 27 w2 + v2 2( te c )
F
Exp[— Z Q1,-1(v, V';a) Log|(vay — v xg) —va(t1 — t2)]]
v,V _:I:l
a=h,n
t i w1 tog[204] y(3472) log 2] | (3-12) log [261] i log [222]
<T wL(Xl)wR(X2)> 2 w? + v, 2( te )

Exp|— Z Q-1.1(v, v ;a) Log[(vaxy — v 332) — v (t1 — t2)]]

v,V _il
a=h,n

(5.15)

The values of the exponents ‘QQ" are mentioned in Table 5.1.

TH-2101_146121021 .



Case II : x; and 7, on the same side of the origin and on opposite poles

<T Yr(X1)0h(Xs) > = 0
<T (X)L (X2) > =0
< T Yr(X1)Y}(X2) >
1 wup en log [221] o (3+72) log [2x2]

:ﬁwQ—H}% 2(x1 — x2)

Exp[— Z S11(v, 1//; a;1) Log[(va; — Vlil’g) — va(t1 — t2)]]

V,V/::tl
a=h,n

1 wup eBtr)log2zi]om log [222]

272 w? + v2, 2(xy — 12)

Exp|— Z S11(v, 1/;@;2) Log|(vzy — leg) —vg(t1 — t2)]]

V,V,:il
a=h,n

< T p(X1)vh(Xs) >
1 wop €N log [221] o (3+72) log [272]

:ﬁw2+v% 2(x1 — 2)

Exp|— Z S_1,-1(v, v'ia;1) Log[(vay — v a) — va(t1 — )]

I/,V,:il
a=h,n

1 wup eBtr)loglzi]ey log [2as]

272 w? 4 v2, 2(z1 — ma)

Exp[— Z S_1-1(v, V’;a;2) Log[(vay — l//$2) —va(t1 — t2)]]

l/,ylzzl:l
a=h,n

(5.16)

The values of the exponents ‘S’ are mentioned in Table 5.2.

Case 111 : x; and 7z, on opposite sides of the origin and on the same pole

< T Yp(X1)h(Xa) >

; 2 71 log [221] , (3+72) log [22]
i v € e , ,
=— Exp|— U ,via;l) L — —Ve(t1 —
27 w? 1 ok (a1 + 23) xpl E 11(v5a;1) Logl(vay — v w2) — va(ts — ta)]]
v,y =+1
a=h,n
; 2 (3472) log [21] ,71 log [222]
i vp e e (- ’
Tt o 50, T 22) Expl— /g Ur1(v,v;a;2) Log[(var — v z2) — va(t1 — t2)]]
v, ==+1
a=h,n

< T (X))l (Xa) >

; 2 71 log [221] 5 (3+72) log [222]
— ¢ UF € € /. . ’
Rt 50z £ 22) Expl— Z U_1,-1(v,v ;a;1) Log[(var — v x2) — va(t1 — t2)]]
v, =+1
a=h,n
; 2 (3+72) log [221] ;71 log [222]
) ve e e , /
— Exp|— U\ ca;2) L — —vg(t1 — t
272 w2 —I—U% 2(%1 +£L’2) xp[ Z 1, 1(VvV ) @3 ) Og[(’/xl v 332) Ua( 1 2)”
v,v ==+1
a=h,n
< T Yr(X1)p)(X2) > = 0
<T o (X)vh(X2) > = 0

(5.17)

The values of the exponents ‘U’ are mentioned in Table 5.3.
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Case IV : z; and z, on opposite sides of the origin and on different poles

< T Yr(X1)h(X2) >
1 woup e logl2z]e(3+72)log [222] , ,
R s 2@ T 1) Exp[— Z Wi1(v,v;a;1) Logl(vey — v @) — ve(th — t2)]]

1/,1/,=i1
a=h,n

]_ WU 6(3“"'\/2) log [2w1] 671 log [29:2]

2771'2w2+v12, 2(x1 + x2)

Exp[— Z Wi 1(v, V/;a; 2) Log[(vzy — V/l’g) — va(t1 — t2)]]

U,V/::tl
a=h,n

< T r(X1)! (Xa) >
]_ WUE e'\/l IOg [2$1] 6(3+’Y2) lOg [29:2]

:2771'2102—1—1112, 2(z1 + m2)

Exp|— Z W_1_1(v, Via; 1) Log[(vay — v 25) — va(ty — t2)]]

U,V/::tl
a=h,n

1 WUR e(3+"f2) IOg [2:51] e’Yl IOg [23:2]

272 w? + v2, 2(z1 + 12)

Exp|— Z W_1 _1(v, V/;a;2) Log|(vzy, — V/.’172> —vg(t1 — t2)]]

I/,l/,:il
a=h,n

<T Yr(X)YE (X)) > =0

<T Yr(X)Ph(Xe) > = 0
(5.18)

The values of the exponents ‘W’ are mentioned in Table 5.4.

TABLE 5.1: Luttinger exponents Q,, ,,(v,v'; a) for 21 and x5 on the same side of the origin
and on the same pole. Explicit expressions are given in section 5.4.1.

Quyn (Vs V' a) v=l;v=1 w=1;v=—1 ov=1;, =11 v=—1 ;v =1
ni=lo=l;a=h P Q X X
n=1, =1 ; a=n 0.5 0 0 0
vi=—1, ry=—1; a=h Q P X X
m=—1, vy=—1; a=n 0 0.5 0 0
n=1, vo=—1; a=h S S Y Z
n=1, , vu=—1; a=n 0 0 0.5 0
vi=—1 , va=1 ; a=h S S Z Y
n=-1, w=1;a=n 0 0 0 0.5
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TABLE 5.2: Luttinger exponents Sy, ., (v, v';a;j) for 1 and x5 on the same side of the
origin and on different poles. Explicit expressions are given in section 5.4.1.

/ ’

S,V a3 )

v=1; V=1 v=-1 v =—1 v=1; v =-1 v=-—1; V=1
n=1, =1 ; a=h , j=1 Ay B, Ch Dy
n=1, =1 ; a=n, j=1 -0.5 0 0.5 0
vi=1, vo=1; a=h , j=2 B1 Al Cl D1
v1=1, vo=1; a=n , j=2 0 -0.5 0.5 0
vi=—1, vo=—1; a=h , j=1 Al Bl Dl 01
m=-1, rp==1; a=n , j=1 -0.5 0 0 0.5
vi=—1, vo=—1; a=h , j=2 B1 Al D1 01
vi=—1, vo=—1; a=n , j=2 0 —0.5 0 0.5

TABLE 5.3: Luttinger exponents Uy, ., (v, v';a;7) for 1 and x5 on opposite sides of the
origin and on the same pole. Explicit expressions are given in section 5.4.1.

! ’

Upr (0,05 05 5)

v=1 ; l//:1 v=—1; v =—1 v=1; v=—1 v==1; 1//:1
vi=1, ve=1; a=h , j=1 AQ Bs Cy D,
=1, 2=l ; a=n, j=1 0.5 0 —0.5 0
vi=1, vro=1; a=h , j=2 A2 B2 D2 CQ
vi=l, vo=1; a=n , j=2 0.5 0 0 —0.5
vi=—1, vo=—1; a=h , j=1 BZ AQ 02 DQ
vi=—1, vp=—1; a=n , j=1 0 0.5 —0.5 0
vi=—1, vo=—1; a=h , j=2 B2 A2 D2 CQ
vi=—1, ra=—1; a=n , j=2 0 0.5 0 —0.5

TABLE 5.4: Luttinger exponents W,, ,, (v, Vl;a;j) for x1 and x2 on opposite sides of the
origin and on different poles. Explicit expressions are given in section 5.4.1.

/ ’

W (v, V5 a5 )

v=1 ; 1//:1 v=—1; v =—1 v=1; v =—1 v=—1; 1/:1
vi=1, vro=1; a=h , j=1 A3 B3 Cg D3
ni=1, =1 ; a=n, j=1 0.5 0 —0.5 0
v1=1, vro=1; a=h , j=2 A3 Bg D3 03
n=1, v2=1; a=n, j=2 0.5 0 0 —0.5

vi=—1, ve=-1; a=h , j=1 B3 A3 Cg D3
vi=—1, rp=—1; a=n , j=1 0 0.5 —0.5 0
vi=—1, vo=—1; a=h , j=2 B3 A3 D3 03
n=-1,vp=-1; a=n , j=2 0 0.5 0 —0.5

5.4.1 Anomalous exponents

The explicit expressions of the anomalous exponents mentioned in Table 5.1, Table 5.2, Table
5.3, and Table 5.4 are listed below. For compactness, all the other exponents are written in
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FIGURE 5.3: Anomalous exponents vs hopping parameter w and interaction strength vy for
a step ladder (vp = 1) with the points on the same pole and same side of the origin (a) X
(b) Y (c) Z. The other exponents are independent of the hopping parameter.

0.65 0.15

1.0
— 0.60 0_5- 0.10

s 0.0 s 0.0
_0.5- 0.55 _0.5- 0.05
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FIGURE 5.4: Anomalous exponents vs hopping parameter w and interaction strength vg for
a step ladder (vp = 1) with the points on different poles and same side of the origin (a) C;
(b) D;. The other exponents are independent of the hopping parameter.

terms of the following five exponents.

_(UF—’Uh)2 ) Uy — VR
T Qupvy 1= 4vy,
X = (vF — vp)(vE + V)W (VE — VRV + vpvpw? + wh)
8upvp (vpvy, + w?) (vE + 2upvpw? + wh) (5.19)
C = (vn +vp) (20} + va(Bvp + vp)w? 4 2w?) ’
8up (vE + 2vpvpw? + wh) ’
Ay — (vn +vr) (_ 2 (vh—vp) w?(vp, — vp) )
8 v vpvp +w?  vE A+ 2upvpw? + wt
Homogeneous Exponents
v1=X; Y%=X+6B;-3 (5.20)
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Case I : z; and z5 on the same side of the origin and same pole

1 Q (1 1
P_Q+§’S_B_1<§_Bl>’ Y—X—B1+§,Z—X_B1

Case II : z; and z5 on same side of the origin and different pole

1 1
Aj=B—=; D =C — - ;
1 1 25 1 C(1 25

Case III : z; and z2 on the opposite sides of the origin and on the same pole

1 1
Bz=A2—5;02=B1—§;D2=B1

Case IV : z; and z5 on the opposite sides of the origin and on different poles

1 1
A3=C1;33201—5;03231—§;D3=Blé

(5.21)

(5.22)

(5.23)

(5.24)

Some of the anomalous exponents are plotted as a function of hopping parameter and inter-

action parameter (taking empirical value of v to be 1) in the Figures 5.3, 5.4, 5.5 and 5.6.

Only those exponents which have a dependence on both the hopping parameter and mutual

interaction strength are plotted. Thus the exponents for spinons are omitted as they take

only trivial values even in presence of interactions as it is the total density which couples to

0.65
0.5 050 o TN
s 0.0 $ 0.0
_0.5 - 0.55 _0.5 -
-1.0 -1.0
0 2 4 6 8 10 0.50 0246 810
w w
0.45

(a) (b)

0.15

0.10

0.05

-0.05

FIGURE 5.5: Anomalous exponents vs hopping parameter w and interaction strength vy for
a step ladder (vp = 1) with the points on the same pole and different sides of the origin (a)
As (b) Bs. The other exponents are independent of the hopping parameter.
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_0.5 - 0.55 _0.5 - 0.05
—1 . -1.0

0 2 46 8 10 10.50 0 246 81070
w w
0.45 -0.05

(a) (b)

FIGURE 5.6: Anomalous exponents vs hopping parameter w and interaction strength vg for
a step ladder (vp = 1) with the points on opposite poles and different sides of the origin (a)
As (b) Bs. The other exponents are independent of the hopping parameter.

the short range mutual interactions. The key observations from the plots may be summarized
as follows. When both interactions and hopping are absent, all the exponents take on trivial
values of zero or half (the other half comes from spinons to make the exponent unity). When
hopping is absent but interactions are present, the exponents take the exact values as that of

the standard (homogeneous) Luttinger liquid (see section 5.7).

5.5 Conductance

Conductance may be thought of as the outcome of a tunneling experiment [31]. In this case,

the results depend on the length of the wire L and a cutoff L, = k";FT that may be regarded
either as inverse temperature or inverse frequency (former in case of d.c. conductance at
finite temperature and latter in case of a.c. conductance at zero temperature). The result is

expressed as a power law with a system dependent exponent 7).

G (Liw)n (5.25)

In case of the quantum steeplechase, the electrons were injected from one end and collected
from the other end and the tunneling conductance was measured as the probability of this
tunneling. But in this case, as shown in figure 5.7, for a beam of electrons incident from the
left extreme of pole 1, electrons can be collected from the other three ends, and accordingly,

we have three varieties of tunneling conductance which are derived below.
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FIGURE 5.7: Conductance measured across different ends of the ladder.

Conductance measured across the same pole but opposite sides of

the origin

Consider the general Green function derived earlier for x;x5 < 0 and same pole (equation
(5.17)). From that it is possible to conclude (W = - %),

21 w2 +v3,

< TYg(zy, 01, tl)@[)};(l’% o9, ta) >
e log [2z1] o (3+72) log [222]

2(%1 =F 1’2)
€_A2 log [(x1—x2)—vp (tl—tg)]e—Bz log [(331 —x2)+vp (tl—tg)}

W e—% log [(Il—xg)—vp(tl—tg)]eé log [(1121+C£2)—Up(t1—t2)]

6_02 log [(ml +I2)—’Uh (tl—tg)]e—DQ log [(:171 +122)+Uh (tl —tQ)}

e(3+72) log [2z1] o1 log [222]

ol W e—% log [(xlfzg)-vp(tl—tz)]eé log [($1+22)+Up(t17t2)]
2(.T1 aF 5(32)

€_A2 log [(xl —x2)—vp (t1 —tz)} e—BQ log [($1 —x2)+vp (tl—tQ)}

e~ D2log[(z1+z2)—vn(t1—t2)] o —C2 log [(z1+2) +on (t1 —t2)]
Setting x = %—l—e and 2’ = —% sothat z—2 = L and x +2 = ¢ — 0 is small and also t; = ¢
and t, =0,

L L e log [L] o (3+72) log [L]
< TwR(? o, t)@%(_? 0,0) >= 5 9%,’1—1(1, 1)€—§1og [L—vrt] ;5 log [e—vp1]

€_A2 log [L—vht]e—BQ log [L+vpt] e—Cg log [e—vht]e—Dg log [e+vpt]

(3+42) log [L] 1 log [L]
Lt 5 en gLy (1, )¢~ dlos (Lot} togferurd

e—AQ log [L—vht]e—Bg log [L+vpt] e—DQ log [e—vpt] 6—02 log [e+vpt]

(B3+71+72) log [L]
T 11,1y ¢t it
6 2
6(B2_A2) log [L—vht]e(Dg—Cg) log [e—vht]e—Bg log [LQ—('uht)Q]e—Dg log [€2—(vpt)?]

(3+71+72) log [L]
+% gi{l(l’ 1) ez los[L-vrt] gy logletord]

e(B2—As2)log [L—vpt] ,(D2—C) log [e+vnt] ,— Bz log [L?—(vat)?] ,— D log [¢* — (vpt)?]
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Now, Dy — Cy = %

e(3+71+72)log [L]

2¢

log [e—vpt] 6% log [efvht]efBg log [L27(’Uht)2]efD2 log [2—(vpt)?]

L L
< Tn(5, 0. )0h(—5,0.0) >= g1 (1, ez oslbmvrtlpBemdzlos Lot
o}

3471 472) log [L
+e( Y1+72) log [ ]gl_1<1 1>€_%10g[L—uFt]e(Bg—Ag)10g[L—Uhﬂ
2¢ ’ ’

Llog [e4vpt]

ez 3 log [etvnt] ,—Ba log [L*~(vpt)?] ,~ D2 log [~ (vn1)?]

€2

lim i e%log [E—Uht]eé log [e—vpt] + e%log [e—l—vht}e%log le+vpt] N UF + Up (526)

—0 2€ 2./ /UpUy,

_5707 0)> = UE Vb (34m+) log 1] g1-1(1,1) e zlosllvrd

N

By—Az) log [L—upt] e*BQ log [L27(vht)2]€fD2 log [—(vit)?]

L
< TwR(E’ g, t>¢};(

e(

Since G ~ |vp [*2_dt < {Vr(%, 0, t),w}r%(—é,o, 0)} > |? it is possible to read off the conduc-

tance exponent as follows,

L 2(4+’YI+’Y2—A2—BQ—2D2_%)
@ (L ) (5.27)

Conductance measured across the different poles and on opposite

sides of the origin

In a very similar fashion as described above, the conductance exponent for this case can be

obtained as the following (using the two point functions from equation (5.18)).

[\ 24+ 42— A5 —B3—2D3—3
¢ (_) (5.28)

Conductance measured across the different poles but same side of

the origin

Consider the general Green function derived earlier for x;xs > 0 and different poles (equation
5.16). From that it is possible to conclude (W = ;- &)

— 9 242
2w w2+tvg
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< T?ﬁR(l'l, o1, tl)wTL<x27 09, tg) >
g1 log [221] o (3+72) log [222]

2(5131 — 562)
e*Al log [(zlfwg)fvh (tlftz)]efBl log [(117$2)+’0h (tlftz)]

1

W e~ 2 logl(@itaz)—vr(ti—t2)]

6% log [(z1—z2)—vEp (t1—t2)]

e—Cl log [(1‘1 +Iz)—1}h (tl—tg)]e—D1 log [((El +x2)+vh (tl —tz)]

3 log [2z log [2z
_'_e( +72) log [221] ;71 log | 2]We*%log[($1+$2)*UF(t1*t2)]€%10g[(¢£1*932)+UF(t1*t2)]

2(1’1 — LUQ)

—Bj log [(a:l —xg)—vh (tl—tg)} 6—A1 log [(m1—w2)+vh (tl —tz)]

e

e—Cl log [(xl +x2)—vp (t1 —tz)]e—D1 log [(:Cl—f—zz)-i-vh (t1 —tz)]

Putting x = —% +eand ' = —% so that  + 2 = —L and # — 2’ = € — 0 is small and also
tlztandtgz(),

1 log [L] ,(3+72) log [ L]
o O) S = € € W 6—%log [—L—vpt]eélog [e—vpt]
) Y

B 2€
e—Al log [e—vht]e—Bl log [e+vht]e—Cl log [—L—Uht]e—Dl log [— L4vpt]

L
< T¢R(_§7 g, WNL(‘E

(3+72) log [L] o1 log [ L]
+ € € 1774 efélog [fovpt}eélog [etvpt]

2e
€—A1 log [e+vht]€—Bl log [e—vht]e—Cl log [—L—uvpt]

e-Dl log [— L+vpt]

L L (3+y1+72) log [L]
< T¢R(—§; o, t)wj:(—g - 7 W ez o8 [-L-vrt] o3 log[e—vnt]

e(Bl —A1) log [e—vpt] e(Cl —D;) log [—L+vt] e—Bl log [¢2 —(vpt)?] e—Cl log [L2—(vpt)?)

,0,0) >=

(3+71+72) log [L]
+ € 1% e—% log [7L7’Upt]€% log [e+vpt]

2¢

6(31*141) log [e+vp,t] e(C’1 —D1)log [~ L+wvit] ,—Bi log [2—(vpt)?] 6701 log [L2—(vit)?]

e
NOW, Bl _Al = %

e(3+m+72) log L]

2€
e% log [e—th]eé log [e—vnt] ,— B log €2 = (vnt)?] ,—C1 log [L? — (vnt)?]

L L
< T¢R(__7 o, t)djz(__ 1174 6_% log [—L—vpt}e(Cl—Dl) log [— L4vp ]

5 2,0,0) >=

3 log [L

2e
6% log [e-i—vpt]e% log [e+vht]e—B1 log [52—(Uht)2]6—C1 log [L2—(vnt)?]

Using equation (5.26) for € — 0,

0,0) >=E U (@rnmloglLl 12 (1 1) o—glosll-vr

2« /UFUp

e(Cl—Dl) log [—L-‘r’l}ht]e—C1 log [LQ—(’Uht)z]e—Bl log [62—(vht)2]

L L
< TwR<_§7 g, t)z/};r%(_Ea

TH-2101_146121021 04



Since G ~ |vp [7_dt < {Yr(—%,0, t),@bz(—%, 0,0)} > |? it is possible to read off the conduc-

tance exponent as follows,

I 2(4+y1+v2—2B1—C1—D1—3)
G~ (—) (5.20)

The explicit values of A’s, B’s, etc. are given in section 5.4.1. It is to be noted that 1y, = 13
(see Fig. 5.9 for a diagrammatic explanation). Fig. 5.8 shows the variation of the conductance
exponent as a function of the hopping parameter and the strength of mutual interaction. It is
seen that for attractive interactions (vy < 0), the conductance exponents are negative (n < 0)
indicating that the conductance diverges at low temperature as a power law. On the other
hand, for repulsive interactions (vy > 0), the conductance exponents are positive (n > 0 ) and
thus conductance vanishes as a power law at low temperature. When mutual interactions are
absent (vg = 0), then the conductance exponent vanishes (7 = 0) which indicates that in such

cases, the conductance is independent of temperature.

(a) (b)

FIGURE 5.8: Contour plot showing the variation of the conductance exponent as a function
of the hopping parameter ‘w” and the strength of mutual interaction ‘vy’ (vp = 1). (a) For

m -(b) For ma(= n3).

5.6 Friedel Oscillations

The presence of a localized impurity that weakly couples to the fermions causes Friedel oscil-
lations, which are the rapid spatial variation (~ e?*7%) of the otherwise homogeneous density
profile in a Luttinger liquid. In the Kubo formalism, it is given as the density-density corre-
lation function [102, 103]. In chapter 3, the expression for the rapidly oscillating part of the

DDCF was calculated for a luttinger liquid with a cluster of impurities. In a similar fashion,

TH-2101_146121021 o5



using a non standard harmonic analysis for the one step ladder, we write the fast part of the

density operator as follows:

pjc(x,a, t) = l/JLl(l’ o, t)ri(z,0,t) Z Z (y) i (o) 2™ fogn(e)oo W P5(u:01)
A=0,1y==%1 (5.30)

o2 Jogn(yoo W (PL(y,0,)+pL (—y,0,t)+p2 (—y,0.t))

The prescription for choosing A; in equation (5.10) leads to the unambiguous conclusion that,

(T 5,05 (X2)) ~ (Bl Y Tv'30) Logl(ws — v') — walts — )] — 1)

I/,l/,:il
a=h,n

(T 3 (X077 (X2)) ~ (Bapl= > T(v,v'sa) Logl(vann —v'w2) = valts = t2)]] = 1)

u,v/::tl
a=h,n

(5.31)

One should remember that this (use of tilde “~”) really means that the time derivative of
the logarithms of both sides are equal to each other. The values of the anomalous scaling

exponents I'(v,v'; a) can be obtained from the expression below.

[(v, V/; a) = <2_Uh da.h + 5@ n) (0 — Oy 1) (5.32)

5.7 Limiting checks

5.7.1 Non-interacting case

The obvious limiting check is to switch off the inter-particle interactions (vo = 0) and then
compare with the respective single particle Green functions obtained using Fermi algebra. In
such a case, the holon velocity is equal to the Fermi velocity (v, = vr) and all the exponents

takes values as follows.

Homogeneous Exponents
v :=0; v:=-3 (5.33)

Case I : 1 and 7z, on the same side of the origin and same pole

1
p:_,Q:o,5:0;){:072207y25 (5.34)
Case II : x; and 7z, on same side of the origin and different pole
1 1
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Case III : x; and z; on the opposite sides of the origin and on the same pole

1
02:——; DQZO; BQZO AQZ

. (5.36)

Case IV : z; and x5, on the opposite sides of the origin and on different poles
(5.37)

Using the above exponents in all the subcases of the interacting two point functions in equa-
tions (5.15, 5.16, 5.17, 5.18), one recovers the non-interacting Green functions as given by
equation (5.4). For example, one of the subcases (same side and same pole as in equation

(5.15)) is explicitly shown.

<T¢R(m1701,t1)¢j{($2,02,t2)> = % ¢ log [4212] o= log (1 ~2) —vr (t1—t2)] o~ Plog [(w1~2) —vp(t1—t2)]

e‘Q log [—(z1—x2)—vp, (t1 —tz)]e_X log [(#1+x2)—vn(t1 _t2)]€_X log [~ (@1 +22)~vn(t1 —2)]
i 67 log [(1‘172?2)7UF(t17t2)]

2w

L‘ 1

2 (,ﬁ[jl — $2) - UF(tl - t2)

<T¢L (1‘17 g1, tl)wTL (-TQ’ g9, t2)> - % 671 log [4$1$2]|e—% log [_(xl_xQ)_vF(tl _t2)]€_Q log [(3?1 —$2)—1}h(t1 _t2)}

e~ Plog[—(z1—w2)—vn(t1—t2)] ,— X log [(z1+x2) —vn (t1—t2)] = X log [ (1 +x2) —vn (t1—t2)]
— = g log[—(z1—m2)—vp(t1—t2)]
7 1
2T —(:L’l — ."L‘Q) — ’L)F(tl — tg)

i w?  emlog2z1]o(3+r2) log [2a2]|  o(1473) log [221][ o71 log [222]|

<T¢R(x1,a1,t1)¢TL($2702,t2)> T w2+ o2 2
F

6—% log [(:cl—i—wg)—vp (tl—tz)} €_S log [(J;l—mz)—vh (tl—tz)]e—Sbg [—(1‘1 —:Cz)—vh (tl —tz)}

efY log [(z1+x2)—vp (t1 ftg)]efZlog [—(z14z2)—vh(t1—t2)]

. 2
_+t_ w e~ log[(z1+z2)—vp (t1—t2)]
2 2
27 w* +vp
i w? 1

%wQ =+ 1}?J (CCl + 1‘2) - UF(tl — tz)

i w? e lorl2mllp(3+a2)log [2ra]] | o(144s) log [201]| i los [222])

<T¢L($1,01,751)1/12(5627027752)> =

271'102—1—1}12J 2

6_% log [—(:1:1—&—:162)—1;1:(151—tz)]e—Slog [(rl—xg)—vh(tl—tg)]e—Slog [—(z1—z2)—vp(t1—t2)]

e~ Zlog[(z1+z2)—vp(ti—t2)] =Y log [~ (z1+22) —vn(t1 —t2)]

. 2 . 2
? w e log [—(z14z2)—vp(ti—t2)] _ Lo w 1

T omw? + V% 2 w? 4+ vi —(x1 4+ x2) —vp(ty — t2)
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Similarly, switching off interactions in the interacting version of the DDCF (equations (5.11) and
(5.12)) leads to the the non interacting density density correlation functions as given by equation
(5.6).

5.7.2 No hopping
When the hopping parameter vanishes (w = 0) then from equation (5.15), it is obvious that

<T IbR(xl,tl)wz(.rg,tz) >=<T KﬁL(xl,tl)l/JE(xQ,tQ) >=0

Moreover, in this situation,

(on +vr)? _ (on—wr)?

P = :
SUhUF 8’Uh’UF

X=0; 7 =0
Hence the only non-vanishing parts of the NCBT two-point function for points on the same
side the origin are,

<T1/JR(1'1; o1, t1)¢}($2, o2, t2)> = % 6_% log [(z1—22)—vF (t1—t2)]

_ (vptop)?
e Bupup

_p—vp)?

i log [—(z1—x2)—vp (t1—t2)]

log [(xl—xz)—vh(tl—tz)]e

: (5.38)
1

<T¢L(IE17 01, tl)wz(x27 02, t2)> - % e 2 log [—(z1—@2)—vr (t1—t2)]

_ ptvp)?
8vp v

_ (vp—vp)?

e Bupvp log [—(z1—z2)—vp (t1—t2)]

log [(ml—mz)—vh(tl—tz)]e

These are precisely the standard Luttinger liquid two-point functions of a translationally
invariant system. For points on the opposite sides of the origin, the most singular forms of
the asymptotic Green functions have a discontinuous dependence on the hopping parameter

w at w = 0 when mutual interactions between fermions are present.

5.7.3 Mandatory hopping

The other extreme limit is to allow the hopping parameter tend to infinity (w — o0), so that
the particle compulsorily travels through the connecting link without going to the other side
of the same pole. In such case, the two point functions of the ‘case III: Same pole opposite

sides’ (equation (5.17)) vanishes. Furthermore,

Up + U vy, — U
Al:(jsz_u; Bl:Dgzu
4Uh 41)h
Vp + U v — U
Clegzu; Dlngz_u
4y, dvp,

Therefore from equation (5.16) and (5.18) we have the following (see Fig. 5.9):

<T Yp(x, t, U1)¢§($2>t2, 02)> = <T VYg(z1,t, Ul)wiT(—332,t2, 02)>

opposite sides same side
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FIGURE 5.9: An electron after hopping from pole 1 when just reaches pole 2 has equal
probabilities going to either sides due to identical environments.

5.7.4 Far away from hopping site

Consider the situation when z; > 0, xo > 0. Set Rey, = (v1 + 22)/2 and y = x; — x9. This
means 11 = Rep, + § and 29 = Ry — 5. If g is held fixed and R.,, — oo, then this depicts
the region far away from the hopping site. In such a situation, it is expected that Green’s
functions such as < T p(z1, b)Y (22, t2) > and < T oy (z1, 1)} (22, t5) > to be immune to
the presence or absence of the hopping sites. However the parts < T ¢g(x1, tl)wTL(:cg, ty) >
and < T 9y (zq, t1>1/};r%(.§(72, ts) >, that are non-zero only because of the hopping site, have no
such restriction. In passing, it is noted that while the opposite choice viz. holding R, fixed
while making y — oo also makes the two points far from the impurity, since the region where
the impurity is present has to be traversed, this Green function certainly will not be immune
to the presence of the impurity.

<T1/1R(x1, o1, 1)k (w2, 09, t2)> ~ e 108 4Ry —y%] o= log [y—vr (t1~12)]

efP log [y—vp (t1—t2)] G_Q log [—y—vp (t1—t2)] 6_X log [2Rem —vp (t1—t2)] e—X log [—2Rcem —vp (t1 —t2)]

" A (5.39)
<T1/1L(x1, o1, b)Y (2, 027t2)> ~ M 108 HRen —y =3 log [my—vr(ti—t2)]
e~ Qlog [y—vn (t—t2)] ,—Plog [—y—vp(t1—t2)] ,— X log [2Rem —vn (1 —t2)] =X log [-2Rem —vp (t1—t2)]
where,
2 2
p — (VF + 1) i (vF — ) =X
Supvp, SUFv,
N (vF —vp) (vF + vp)W? (VE — V207 4+ vEupw? + w?)
Supvp (vEvp, + w2) (v + 2vpvpw? + wh)
Now we have P — @ = % and y; = X. Performing the said limit R.,, — oo and holding
everything else fixed reduces equation (5.39) to,
<T@/’R($1701,t1)%2($2,02,t2)>
Ne—% log [y—vr (t1 —tz)]e—% log [y—wp (t1—t2)] e~ Qlog [y—vn (t1—t2)] e~ Qlog [~y—vn(t1—t2)]
(5.40)

<T1/1L(951a01, t1)} (22, 0, t2)>
Ne—% log [—y—UF(tl—tz)]e—% log [—y—uvn(t1—t2)] ,—Qlog [~y—vn(t1—t2)] , —Qlog [y—vn (t1—t2)]
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Since ) = (”gv;l;l; )2, equation (5.40) is precisely the Green function of a homogeneous Luttinger

liquid. In other words, these Green’s functions are immune to the presence of the impurity.

5.8 Summary

The “non-chiral” bosonization technique, which is based on a non-standard harmonic analysis
of the rapidly varying parts of the density fields, is used to obtain closed analytical formulas
for the two-point function and four point functions relevant to Friedel oscillations of a one
step fermionic ladder. Unlike g-ology based methods, the present approach treats the source
of inhomogeneities exactly. The analytical expressions for the correlation functions written
down are nothing but the re-summation of the most singular parts of the RPA terms in an
expansion in powers of the mutual interaction using Fermi algebra. To further validate the
results, various limiting cases are cross checked. Finally, the tunneling conductance of the

system is calculated across different ends of the ladder.
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Chapter 6

Ponderous impurities in a Luttinger

liquid

Impurities in solid state systems are commonly immobile and are considered as static pertur-
bations. On the other hand, mobile impurities are more typically studied in fluidic systems
[141]. The well-known example in this regard would be the motion of a heavy particle in
a three dimensional quantum fluid [142, 143]. The presence of an impurity can bring dras-
tic changes to interacting systems, especially if the systems are one dimensional [31], whose
physics is quite different from higher dimensional systems, described in the previous chapters.
But the external potentials described till now, eg. single delta potential, finite barrier, one
step ladder, etc., are all static. In this chapter we take into account a potential which has a

time dependence. It physically resembles a mobile impurity in a Luttinger liquid.

More recently, the study of mobile impurities in one dimensional quantum liquids has been
an active area of research [144-149]. Neto and Fisher [144] studied the dynamics of a heavy
particle in a Luttinger liquid with repulsive interactions, besides analyzing the temperature
dependence of the mobility of the particle. Caldeira and Neto computed the damping constant
of a heavy particle, coupled to fermionic and bosonic environments in 1D [145]. Tsukamoto
et al. obtained the exact critical exponents of various correlation functions of a TL liquid
with a mobile impurity as functions of the impurity mass and momentum [146]. Fukuhara et
al. studied the quantum dynamics of a spin impurity as it propagates in a 1D lattice [147].
Astrakharchik and Pitaevskii [148] predicted a power-law dependence of the drag force on a
moving heavy impurity within Luttinger liquid on its velocity for small velocities. Girardeau
and Minguzzi studied the problem of a moving impurity of finite mass in a 1D gas of hardcore
bosons, also known as the TG (Tonks-Girardeau) gas [150]. In the work done by Mathy et
al. [149], a phenomenon called quantum flutter was described for an impurity injected with
finite momentum into a 1D quantum liquid. Schecter et al. realized that a constant force
acting on an impurity in a 1D liquid leads to Bloch oscillations of the impurity around a fixed

point, followed by energy release in the form of phonons [151]. Lychkovskiy studied mobile
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impurities in a 1D quantum fluid at zero temperature and concluded that the velocity of the
impurity at infinite time does not vanish at zero temperature, which is not the case at finite
temperature [152, 153].

sepatR o

FIGURE 6.1: Ponderous impurity in a Luttinger liquid: The huge athlete walking towards
right, representing the heavy particle, and the short athletes, representing electrons, running
in both directions while rubbing shoulders representing forward scattering interactions.

In this chapter [154], the Green functions of a Luttinger liquid in presence of a slowly moving
heavy particle (or a pair of them) is calculated using a combination of perturbative ap-
proaches and the Non chiral bosonization method [90, 140]. Using the Green function, the
force acting on the heavy particle is calculated in terms of its terminal velocity, both in the
linear and non-linear regime. Mobility is calculated for the linear regime, shedding light on
temperature dependence and mutual interaction strength between the fermions. Our results
are qualitatively consistent with the highly cited work on the subject [144] both at low and
high temperatures. Our findings are also consistent with the impenetrable impurity moving
ballistically (mobility diverges) at low temperatures so long as the fermions are mutually re-
pelling. At higher temperatures small compared to the Fermi energy the mobility saturates

to a constant value.

6.1 System description and method of solution

Consider a Luttinger liquid in one dimension with forward scattering short range mutual
interactions [5] in the presence of a heavy particle (classical impurity) moving with speed
small compared with the Fermi velocity vp. The full generic-Hamiltonian of the system(s)
under study (before approaching the RPA limit) is (are),

’

H = /Z dz ¥ (2) <—271na§ + Voo (z — X(t))> Y(x) + % /Z dx /Z dz’ v(z — ) p(z)p(z)
(6.1)

where Vyd(z — X (1)) is the potential due to the impurity at position X(t) and v(z — z') =
%Zq e*"Q(x*m,)vq (where v, = 0 if |g| > A for some fixed A < kp and v, = vy is a constant,
otherwise) is the forward scattering mutual interaction. It is necessary to confine the study
to the so-called RPA limit which means, among other things, working in the limit where the
Fermi momentum and the mass of the fermion diverge in such a way that their ratio is finite

(i.e. kp,m — oo but kp/m = vp < oo: units that make i = 1, so that kp is both the
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Fermi momentum as well as a wavenumber, are used). This amounts to linearizing the energy
momentum dispersion near the Fermi surface and thereby leading to a feasible analytical

solution.

The obvious method for studying this system is to observe that a mobile impurity moving
with a speed much lower than the Fermi velocity may be regarded as being stationary to the
lowest order approximation. The fermion Green function (with or without mutual interactions
between fermions) is computed with this assumption. In order to incorporate the effects
of the non-zero speed of the impurity, an iteration of the relevant equations is performed
wherein the zeroth order stationary Green functions are employed in order to compute leading
corrections due to the finite speed of the impurity. The general Dyson’s equation for the full
Green function denoted by G(z,2’;t,t') =< T (z,t)y(2/,#) > in terms of its counterpart
Gscn(z,2';t,t') that assumes the impurity(s) is(are) stationary at (near) the origin is (the
subscript SCh stands for steeplechase which represents the static impurity discussed in chapter
3),

G(x,2';t,t") = Gsop(x, o't — )

Y / i’ (Gson(r, X (¢ )t — £)G(X (¢
C

"

), 2’5t ) — Gsonlx, 05t —t )G(0, a3t t’))

(6.2)
Here C' is the Keldysh contour. Keeping in mind that the speed of the mobile impurity is
small compared to the Fermi velocity, the leading approximation to the above full Green
function would be,

Gz, o' t,t) ~ Gsoplm,a'st —t') + VO/ dt”
C

x (Gggh(a:, X(E");t — ) Cson(XE), '3t ') — Gsonla, 0t —t)Gson(0, 231, t’))
(6.3)

Having obtained this, the force acting on the impurity may be computed as follows,

d d
dr / o x @ dr /) ,—x

where G- and G are the advanced and retarded Green functions respectively and

G(:L’, l‘/’ t, t,) = Q(t - t/><¢(l‘, t>¢T(I,v t,» - Q(t/ - t)<¢T(I‘,, t/)@Z)(ZL’, t)>

The RPA Green function with and without mutual forward scattering interactions between
fermions with stationary impurities has been computed in an earlier chapter using the non

chiral bosonization technique [90].
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6.2 Analysis and computations

The analytical expressions for the Green functions of a Luttinger liquid in presence of one
and two scalar impurities obtained in the cited central work [90] is heavily relied upon in
the present work. The technique of non-chiral bosonization used in this work provides an
analytical expression for the most singular part of the RPA Green function of such systems

which also happens to exhibit power law behavior analogous to homogeneous Luttinger liquids.

In the RPA limit, the assertion is: X (¢) — 0 even as kr — 0o so that |krpX ()| < co. Hence

krX() that appear repeatedly in the calculations now make sense. The

quantities such as e
ansatz that amounts to asserting that the impurity executes a simple harmonic motion about
the origin X (t) = “Xsin(wt) is used where vx is the maximum drift (steady state) velocity
of the particle in response to an weak external force that is applied on it. The frequency
w could represent one of two things - a) if the applied force is sinusoidal in time, it is the
frequency of the applied force b) if the force is independent of time, then |hw| ~ T" which is
the temperature of the system. When the particle is moving very slowly i.e. |kpX(t)] < 1in
other words *£2X « 1, calculations are done using the approximation e*r¥ (") 14 ikpX (t")
which is inserted into the right hand side of equation (6.3). This shows that the terminal
speed is proportional to the applied force and the coefficient of proportionality is a power law

in the dominant energy scale in this problem viz. temperature T, in this case.

When the particle is not moving slowly i.e. kF% > 1, it is not possible to expand in this

. s . " kpvyx . "
fashion, but since e#rXt) = i~z sin(Tt

) where T is temperature in frequency units, this
term rapidly oscillates and averages out to zero unless ¢ < 2% In this case we may write,
ekrX () eikroxt” angd rescaling ¢ while performing the integral means the integrals in
equation (6.3) are going to be a power-law in the dominant energy scale in the problem
which is now kpvx rather than temperature. This is the reason for the nonlinear power-law

dependence of the force on the terminal velocity when krpvy > T.

6.2.1 Single impurity

For a single mobile impurity, the externally applied force F'x on the impurity may be related
to the drift velocity vy quite easily. Using equations (6.4) and (6.3), the force can be related
to the Green functions of the static impurity, which are given in Appendix B. When fermions

are not mutually interacting with one another, the force takes the following form.

P 23R

- “0F 6.5
m(VE+ o) (0

where V| is the strength of the coupling between the heavy particle and the fermions. Mobility

1 is defined as the ratio between the terminal velocity of the impurity and the force acting
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on it so that, , ,
T * ) (;/‘()/;,;;F) (6.6)
oRF
The mobility diverges when the coupling between the impurity and the fermions vanishes
(Vo — 0), implying ballistic motion of the impurity, i.e., the impurity accelerates in response
to the external force rather than reaching a terminal velocity. Conversely, when the coupling
diverges - which means no tunneling of fermions through the impurity is permitted (V5 — 00),

[144).

the mobility saturates to its minimum value of py = 57>
F

6.2.2 Two identical impurities

Two mobile impurities may be studied by observing that since both are slowly moving, the
leading approximation would have only one of them moving and the other fixed so that the
applied force would be proportional to the drift velocity of the moving impurity. In general it
may be surmised that F' = const.vx+const.v% where the second term is the small correction to
the mobility of one of the moving impurity in response to the motion of the second impurity
which may be neglected. The mobility of a moving impurity in presence of another at a
distance a = 5—2 (where & is a tunable dimensionless parameter) is (using equations (6.4),

(6.3) and the Green functions of two impurity system mentioned in Appendix B),

vE ((2V5 sin[o] — vE)? + 4V (Vo sin(&o) cos(éo) + vr)?)
Vs (2V5 sin®[€o] — v)?

K=o (6.7)

where 1 > po % and the fermions are not mutually interacting.

In presence of a finite number of identical impurities, the reflection and transmission ampli-
tudes of fermions may be parametrized as follows: R = sin(f)e!® and T = i cos(0)e'® which
is consistent with known identities such as |T|> + |R|?> = 1 and RT* = —R*T. The mobility

Hl o

25¢
20
15

10

5

FI1GURE 6.2: Plot of the mobility vs phase ¢ for the general case of a finite number of heavy
particles.
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then evaluates to a simple expression (1 has been defined previously),

ju= pocsc® (6.8)

The dependence of the mobility on the phase (¢) is depicted in figure 6.2. The minimum
mobility is po which corresponds to the situation where no tunneling across the impurities
is allowed. The maximum mobility is infinite which corresponds to the ballistic motion of
the impurity which happens in the trivial situation when the coupling between the impurity
and the fermions vanishes. The interesting question is, does it also happen when there are
appropriate resonances? In the two impurity case, an examination of the formula in equation
(6.7) suggests that ballistic motion of the impurities in response to an applied force may be
expected to be seen when V = m, in which case the mobility diverges, but for the
most part, the motion of the impurities is heavily damped by the fermions in the background.
Also, when sin(§y) = 0, the two-impurity system resembles the single impurity system where
there is no possibility of ballistic motion of impurities for non-zero V4. The other extreme is
when the strength of the impurities tends to infinity (V5 — oo) when the mobility tends to a

non-zero minimum value of for a single impurity. Of special interest is the double impurity

system where the mobility vanishes when Vj, — oo, provided sin(&) # 0 as may be seen from
equation (6.7). This means that when tunneling through the impurities is forbidden, their
mobilities vanish except when the distance between them is an integral multiple of half a

Fermi wavelength.

FIGURE 6.3: £ versus XT(; and &y for a two-impurity system

Ho

Since the dependence of the phase angle ¢ on V) and &; in the two-impurity case is complicated,
it is better to visualize the dependence of the mobility on these variables more directly through
the following 3D plot in figure 6.3. The explicit dependence of the phase angle ¢ on V; and

&o for a two impurity system may be expressed as follows.

(2V5 sin’ (&) — v)”
(vp + 4V (vr cos (§o) + Vosin (&))?)

sin?(¢) =
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6.3 Mobility of a single and two-impurity system in a

Luttinger liquid

When mutual interactions between fermions are absent, it is well known that the mobility
is infinite (ballistic motion) for a homogeneous system. Upon introducing an impurity, the
mobility gradually diminishes with increasing strength of the impurity and saturates to min-
imum non-zero value when tunneling across the impurity is forbidden. The NCBT is able to
interpolate between these two extremes. The interesting question is how these expectations
are modified upon inclusion of mutual interactions between fermions. It is well-known that the
low temperature properties of the interacting systems are qualitatively different from those
of free fermions. They form what is known as a Luttinger liquid. In earlier works [90, 140], it
have been shown that the most singular part of the RPA Green function of Luttinger liquids
in presence of barriers or wells is a discontinuous function of the height of the barriers for
small barrier heights. Thus the limit of small barriers (large tunneling amplitudes) may not
be usefully studied by the traditional approaches that invoke a perturbation theory around
the homogeneous Luttinger liquid starting point. In fact, the present approach which is based
on a non-standard harmonic analysis of the fast part of the density fluctuations is uniquely
suited to study impurity systems as it allows for an analytical interpolation between the weak
link and the weak barrier extreme limits unlike the traditional approaches that fall well short
of providing explicit expressions for the exponents associated with the mobility in the general

cases and instead rely on tentative renormalization flow analyses.

It suffices to state that the analytical expressions for the Green functions for Luttinger liquids
in presence of barriers and wells derived in a recent work [90] are borrowed and used as input
to compute the mobility of one and two impurities using the algorithm outlined in section 6.1
of the present work. This leads to the following formula for the external force acting on the

impurity Fx in terms of the drift velocity vy.
Fx ~ pt w® vy

where p, is the mobility of the corresponding system with no mutual interactions between
fermions. The notion of weak equality (~) is used because the force is actually a linear
combination of terms (F = const w® + const w*?). Now the energy scale w being rescaled
by some cut-off (bandwidth Avg which is very large) to become dimensionless and magnitude
much less than unity and thus the leading order term will be the one with the smallest
exponent. Hence,
a = Min(ay, az)

The explicit values of a; and as both for single impurity are as follows.
(vn —vp)(2VE +op(vn —vp) v —vF

20 (VEZ + vpor) a2 = 2(VE + vpvr)

a1 =
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where vy, = vpy /1 + %Fl, Vo is the strength of the impurity and vy is the strength of forward
scattering interactions such that vy < 0 for attractive interactions and vy > 0 for repulsive

ones. For two identical impurities with strength V4, the values of oy and as are given below.

L Sl vi(vh — v?)
! vF 2(4VE (Vo sin(&p) + vr cos(&p))? + viup)
. b0} = o})
2(4VE (Vo sin(&p) + vp cos(&p))? + vioy,)
with & = kpa where a is the distance between the two impurities and kp is the Fermi

momentum. In both the cases, a; is the dynamical density of states (DDOS) exponent at
the origin when the two (spatial) points of the two-point function are assumed to merge with
the origin from the same side while a5 is that from the opposite sides. Both these appear in
the analysis since in the defining equation for the Green function viz. equation (6.3), even if

x = 2/, the heavy particle can be found on either side of x = 2/

As pointed out earlier, w is the dominant energy scale that corresponds to temperature as long
as kF% < 1 but w would correspond to the energy scale set by the drift velocity viz. vxkp if
]W% > 1. Roughly speaking, it should not matter whether the drift velocity or the externally
applied force is used to pin down the second energy scale (other than temperature), these two
notions are interchangeable as long as |a| < 1. The present study is limited to regions where

this condition is obeyed. Thus the force acting on the heavy particle is explicitly expressed

k T Min(aq,02)
Fy = uot | Magz | 222X 2 vx (6.9)
?JFA ’UFA

as follows.

Here vy is the drift velocity of the heavy particle(s) when acted upon by a force Fx. The
cross-over speed which provides a scale that separates the regime of linear dependence on the
applied force and the nonlinear regime is clearly, vy, = % The force on the particle moving

with this cross-over speed is the cross-over force

T :| Min(aa,a2)

Fx, = p, " |:'UF_A

vy,
where Avp is the band-width mentioned earlier. Figure 6.4 shows the variation of the force
on the heavy particle as a function of the drift velocity (rescaled appropriately to make them
both, dimensionless). From figure 6.4, it is clear that when vy < vx, = %, the force varies
linearly with drift velocity, the ratio being the inverse of mobility. On the other hand, when
vx > vy, the force varies non-linearly with the drift velocity and the curvature is decided

by the sign of the exponent .

The dependence of the cross-over scales themselves on temperature may also be studied.

krvux, krpFx,
Koy and Fp

extrapolated from the above formulas which would naively correspond to the force acting on

Consider the dimensionless quantities

where F,, is the hypothetical force

a heavy particle whose drift velocity is the Fermi velocity vg (there is no valid physics here -
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FIGURE 6.4: Plot of == Vs ”X where vy, = k is constant for a given temperature. The
dotted lines signify reglons that interpolate between regimes that are easily amenable to
analytical approaches.

this is just a scale to render dimensional quantities, dimensionless). It is pertinent to examine

the dependence of these quantities on the dimensionless temperature g = % From the

above formulas it is clear that,

krFx 1+ krux
~ e _ glta. 2 de 6.10
AR, 2 7 TAup Y (6.10)

These formulas may also be described diagrammatically as in figure 6.5. An examination of

kFFxc

AF,,

1B - ”-
0.8 e

0.6
0.4}

0.2

0.2 0.4 0.6 0.8 1.0

FIGURE 6.5: Variation of the cross-over force scale on temperature for different choices of
the sign of a.

figure 6.6 shows that for negative values of «, the mobility decreases from a maximum value
with an increase in temperature while for positive values of «, it increases from a minimum
value with an increase in temperature, while both of them tend to converge to the value
of the non-interacting case. As mentioned earlier, the force acting on the heavy particle is
expressed as a power-law in terms of the energy scale ‘w’ which is expressed in units of the
bandwidth Avg such that ﬁ is dimensionless and is always less than unity. The expression

for force obtained from the Green function is originally a linear combination of terms with
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FIGURE 6.6: Ratio of mobility in the linear regime in presence of interactions to that
without interactions vs g (temperature).

different powers of A“’TF and thus the dominant term is the one with the smallest exponent,

which explains the choice of « as the minimum of a; and s in equation (6.9).

It is important to analyze the exponent « since earlier plots show that the sign of « is
quite important in determining the qualitative behavior of the applied force versus terminal
velocity. In general, o can be positive or negative or even vanish altogether while its absolute
value is sufficiently less than unity. From the plots in figure 6.7 it is observed that both for
single and double impurity, o tends to take positive values for repulsive interactions and thus
the mobility, as observed from figure 6.6, decreases with an increase in temperature which

is consistent with the literature [144, 155]. On the other hand for attractive interactions, «

1.0 0.1 1.0 0.1
0.5 0.5
0.1 ~0.1
S 0.0
~0.3 05 ~0.3
-1.0—>
15 2.0
Vo

0.0

Vo

-0.5

1.0 —

0.0 05 00 05 10 15 20

-0.5 Vo

(a) (b)

FIGURE 6.7: Plots of the exponent « for (a) Single impurity system and (b) Two-impurity
system as a function of the impurity strenth Vj and the strength of the mutual interactions
vo (setting vp = 1 and &y = 7/2 + nx for two impurity case where n is an integer).
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FIGURE 6.8: Ratio of mobility in the linear regime in presence of interactions to that
without interactions vs g (temperature) and the strength of the mutual interactions vg
when the strength of impurities diverge (no-tunneling case).

takes negative values which indicates an increase in mobility with an increase in temperature.
The two-impurity system shows some interesting physics in the behavior of the exponents as
well. The plot in figure 6.7 b is given for & = /2 but it is observed that the exact same plot
is obtained for & = 7/2 + nm where n is an integer. This indicates that the mobility oscillates

as a function of & with a period of .

Finally the mobility is studied when tunneling through the impurities is forbidden (V5 —
o0). In this case the exponent « vanishes for repulsive interactions and becomes equal to
(vp, — vp)/vp for attractive interactions both for the double and the single impurity. The
double impurity is of lesser importance here because, as already discussed earlier, the mobility
vanishes for double impurity in this situation except when &y = nmw. The variation of mobility

is shown in figure 6.8 as a function of the forward scattering strength vy and temperature g
k
(: Ag;, )

Generally, fermions that are mutually attracting tend to mitigate the effect of an impurity

[31] (“heal the chain”). A weak impurity in turn implies a tendency toward ballistic mobility
or at least increased mobility. At higher temperatures, attractive fermions become better at

mitigating the effect of the impurity hence the mobility increases when temperature increases.

Conversely for fermions that are mutually repelling, there is a tendency to aggravate the effect
of the impurity [31] (“cut the chain”). However, when the impurity strength is already strong
enough to prevent tunneling through the impurity, the mutual repulsion of the fermions do
not do anything to the mobility as it is already the minimum value it can be. Hence in
this situation the mobility is independent of temperature. When tunneling is allowed in the
repulsive case, mobility decreases with increasing temperature as it would have done had the

barrier strength increased instead.
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6.4 Comparison with existing studies

The highly cited work on the subject by Castro Neto et al. [144] considers a.c. mobility.
When the applied force is a.c., the terminal velocity is also a.c. and proportional to the
applied force right down to absolute-zero temperature. This is not the case in the present
work where we consider a d.c. applied force. At temperatures small compared to the Fermi
energy when fermion-fermion interactions are ignored, it is well-known that the mobility of a
heavy particle is temperature independent. This is clearly stated in [144], and their pg is the
same as ours - indeed we simply borrowed this well-known result. At very low temperatures
the main prediction of [144] is that the a.c. mobility (d.c. limit of a.c. mobility is not the
same as d.c. mobility: this is clearly stated in [144]. We have calculated d.c. mobility and
not the d.c. limit of a.c. mobility) diverges as the 4-th power of temperature whereas at high
temperatures it is approximately independent of temperature as long as the heavy particle
is impenetrable by the mutually repelling fermions. In order to study this limit as best as
we can using our manifestly d.c. formulas, we first observe that the terminal velocity vy is
related to applied d.c. force F'x at very low temperatures in the following nonlinear way:
Fx = p, vy

where ¢ = (v —v%)/(2V§) for vy, > vp (repulsion between fermions) and ¢ = (v, — vr) /v for
vy, < vp (attraction between fermions), both for an impenetrable impurity (Vo — o0). Now

the differential mobility is
dv X

M= drg
The linear mobility is defined as the vx — 0 limit of the differential mobility.

= (1+ o) pavy

Hdiff = ul)ir—%(l + ¢)  uavy© = oo since ¢ > 0 (repulsion)

This is consistent with [144] which says that at very low temperatures the mobility of an
impenetrable heavy particle with mutually repelling fermions diverges (motion is ballistic).
Conversely at high temperatures, both [144] and our results predicts a roughly temperature
independent linear mobility as long as the impurity is impenetrable by the mutually repelling
fermions. The particular result of [144] namely the T~* law is derived by them by treating the
time-dependent spatially inhomogeneous impurity potential as a small perturbation around
the homogeneous Luttinger liquid background. This is because their RG equations show that
at low temperature the impurity behaves effectively as if it were much lighter and much more
penetrable. Since our formalism is identical to theirs for the homogeneous system, discussing
this 7% law would be a simple duplication of their analysis. Our results are only valid for a
fully d.c. externally applied force and hence this is qualitatively different from the situation
they consider in the latter half of their paper. Even so, our results also confirm their con-

clusions namely that the impurity tends to be much more mobile at low temperatures when
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fermions are mutually repelling than when they are non-interacting.

6.5 Summary

In this chapter, the Green function of slowly moving impurities in a Luttinger liquid is obtained
using a combination of perturbative approach and the non-chiral bosonization technique. The
force acting on the heavy particle is calculated as a function of the drift velocity for the
non-interacting case and the expression for mobility is calculated. Both the linear and non-
linear dependence of the force on the drift velocity has been analytically obtained for systems
with forward scattering interactions between the fermions with one or two mobile impurities.
Peculiar resonances that are seen in the two-impurity system have been mapped out. The
unique feature of this work is the analytical closed expressions for the exponents in terms of
the coupling strengths in the problem that interpolate between the ballistic regime on the one

hand and the no-tunneling regime on the other.
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Chapter 7

Validating Non chiral bosonization

technique

Any novel technique needs validation. A usual way of doing this is to compare its results with
those obtained using well established techniques. But the very fact that the same results can
be obtained using other techniques would lessen the importance of a novel approach. In this
regard, as already mentioned, the standard g-ology method is unable to produce the two-point
functions of even free fermions with an impurity without resorting to renormalization meth-
ods. Another validation route would be to adopt a perturbative approach and calculate the
Green functions up to a certain order of the interaction term and compare with conventional
fermionic perturbation theory. But the most convincing validation would be to insert the
putative best Green functions obtained by any technique into the Schwinger-Dyson equation
[156, 157] which are the equations of motion of the Green functions and show that the result
is an identity. This route is much more convincing than any other analytical or numerical

comparison.

There is an alternative to the operator method of bosonization, which we also briefly discuss
here is based on the idea that the Green functions of systems with mutual interaction between
fermions may be expressed as functional averages of the Green functions of free fermions
interacting with arbitrary external potentials. The averages are performed by treating the
external potentials as Gaussian random variables with a mean determined by the actual
external potentials present in the problem and the standard deviations related to the forward
scattering strength of the short-range interaction between fermions. This approach, originally
suggested by Fogedby [158], was elaborated by Lee and Chen [30]. This approach was further

expanded in [46] and [159] where it was used to deal with impurities in a Luttinger liquid.

When it comes to numerical validation, the obvious tools that springs to mind are density-
matrix renormalization group (DMRG) [160], finite-size scaling, etc. But performing numeri-
cal validation of an analytical result is somewhat like asking a high-school pupil to prove the

analytical formulas for the solution of a quadratic equation by solving the latter numerically.
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The pupil would rightly argue that it is much more convincing and easier to simply insert
the putative analytical solution back into the defining equation and show that the result is
an identity. This is precisely what Schwinger Dyson validation does. Moreover for gapless
systems such as the ones under consideration in the work, DMRG has its own shortcomings

which is discussed in a later section.

In this chapter [101], it has been emphasized that inserting the Green functions into the
Schwinger-Dyson equation and checking for an identity is superior to any other methods
of validation. Section 7.1 describes the systems under study and their respective Green
functions. Section 7.2 illustrates the necessary validation checks the Green functions must
obey. In section 7.3, the perturbative comparison is discussed whereas section 7.4 elaborates
the Schwinger Dyson validation. The subsequent sections briefly describes the functional

bosonization method and the DMRG method as to why they are not suitable in this regard.

7.1 System description and Green functions

The Green functions for the homogeneous Luttinger liquid have been calculated by Mattis and
Lieb [3] and are explained for example, in the textbook by Giamarchi [5]. On the other hand,
those of strongly inhomogeneous Luttinger liquids such as a cluster of impurities around a fixed
point are calculated by the recently developed Non chiral bosonization technique [90]. In this
chapter, the procedure to validate these Green functions has been illustrated. It is, of course,
redundant to validate the well-established results of homogeneous LL. However this is done
to demonstrate the validation method itself which is then used for the results obtained by the
recently developed approach to bosonization - the NCBT. Consider once again the generic
Hamiltonian for Luttinger liquid with short ranged forward scattering mutual interactions

between the fermions.

H :/_o; dx ' (z) <—%3§ + V(:c)) Y(z) + % /_Z dx /_O; di' v(z —2') plz)p(z)  (7.1)

The first term represents the kinetic energy while the second term represents the potential
energy which is set to zero for homogeneous systems. For strongly inhomogeneous systems, it
can be modeled as a finite sequence of barriers and wells clustered around a point (taken to be
the origin, x = 0) as discussed in chapter 3. The last term represents the forward scattering

mutual interaction and can be written as

/ 1 . 4
v —z)=— Z v, e 1) (7.2)

q

where v, = 0 if |¢| > A for some fixed bandwidth A < kp and v, = vy is a constant, otherwise.
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Now the Green functions of these systems are obtained using bosonization, where a fermionic
field is represented as an exponential of a bosonic field. This involves inverting the defining
formulas for current and number densities viz. j(z) = Im[yT(2)0,(x)] and p(x) = T (z)y ()
and rewriting ¢ () in terms of j and p. Then the continuity equation d;p+ 0,j = 0 is invoked
and ¢ (z) is written purely as a (non-local) function of p and 9;p. Thus the N-point function

is some combination of the correlations of the density field with itself.

The inversion of the defining relation between current and densities in the standard bosoniza-
tion scheme that goes by the name g-ology [5] yields the following relation between 1, (z, o, t)
(where v = R(+1) or L(-1) for right and left movers respectively) and the slowly varying

part of the density (this is a mnemonic for generating the N-point functions),
¢V($’ g, t) i dﬂu(%mt) (73)

with the local phase given by the formula,

x y ’ /
0, (z,0,t) = 7r/ dy(y ps(y,o,t) —/ dy Oyppt ps(y ,0, t)> (7.4)

gn(x)oo sgn(y)oo

Here ps is the slow part of the density operator p which can be harmonically analyzed as
shown in equation (7.13). The prescription in equation (7.3) is valid only for homogeneous
systems and for a half line (no tunneling across the barrier) and the Green functions in both

cases are provided in Appendix A.

Analogous to conventional bosonization schemes [5], the fermionic field operator in NCBT
is also expressed in terms of currents and densities. But in NCBT, the field operator is
modified to include the effect of back-scattering by impurities making it suitable to study
translationally non-invariant systems such as the ones mentioned in the last section. The
modified field operator of NCBT may be written as follows [90].

¢y<x, g, t) ~ C)\,ll,’y eiey(x’o-’t)+27ri)\yfsf}n(z)oo ps(—y,0,t)dy (75)

Here 0, is the familiar local phase given by equation (7.4). NCBT differs by the addition of
the optional term ps(—y, o,t) to this local phase that ensures the necessary trivial exponents
for the single particle Green functions for a system of otherwise free fermions with impurities
(which may also be obtained using standard Fermi algebra). The adjustable parameter A
can take values either 0 or 1, which decides the presence or absence of the new term. In
other words, setting A = 0 reduces the NCBT operator to standard bosonization operator
given in equation (7.3). The factor 27 ensures that the field operator obeys the necessary
fermion commutation rules since this term does not change the statistics of the field operator.
C),~ are pre-factors which are fixed by comparison using the non-interacting Green functions
obtained from Fermi algebra. The field operator as given in equation (7.5) is to be treated as
a mnemonic to obtain the Green functions rather than an operator identity, which avoids the

necessity of the Klein factors that are conventionally used. The field operator (annihilation) is
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clubbed together with another such field operator (creation) and after fixing the C’s and \’s,
one obtains the non-interacting two-point functions in terms of density-density correlation
functions of the system. Lastly, these density correlation functions are replaced by their
interacting versions to obtain the many-body Green functions for the strongly inhomogeneous
LL under study are given in Appendix B. The details are described in an earlier work [90]

(chapter 3).

7.2 Necessary validation checks

First let us examine the necessary rules which the Fermi Bose correspondence used and the
Green functions obtained must satisfy. However, these are not sufficient to declare them
as correct. The next section describes some cross-checks which can conclusively declare the

correctness of the results.

7.2.1 Commutation rules

The Green functions under consideration in the present chapter have been obtained using
standard g-ology methods [5] and the recently developed NCBT [90] both of which are a
field-theoretic approach to bosonization. In both these approaches, the fermion field operator
is expressed as a function of currents and densities. It is necessary that these operators obey

the necessary commutation rules, which is the first mandatory step in validating the results.

7.2.1.1 Fermi Language

Fermi fields: Let there be N species of fermions ¢;(z) where j = 1,2,...., N. By definition

we have,

’

{Wj(, ), vu(x' 1)} = 05 (e, 1), 9l 6)} = G5 (o — ) (7.6)

Forward relation: The currents and the densities are defined in terms of the fields as follows
(no point splitting etc. are needed in this general approach which makes no approximations

at the outset of any sort - RPA or otherwise).

je(@,t) = Im[Y} (2, 1) 0utn(x,1)] 1 pr(,t) = ¥ (2, t)Uu(, 1) (7.7)

Current Algebra: The densities and the currents obey current algebra.

low(@, 1), (', £)] = 0
k(. 1), u(z )] =4 S po(x )0 6(z — ) (7.8)
iz, ), qi(x 1)] = =i Opy gi(z, 1)0p0(x — 2') + 4 Opy Ji(x, )0 0(x — )

£ x,t
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Field-Current/Density commutators: The fields and the currents/densities obey the

following equal-time commutation rules.

[Wala,t), pu(a’ 1)) = 0 8(z — @) wn(a, t);

Wi, t), iz, 1)) = %(5&15(% — ') (Opn(x' 1)) — S0y 6(x — 2))ihi(a', 1))

(7.9)

7.2.1.2 Bose Language

Boson Fields: Define self adjoint 7;(x,t) and p;(z,t), j = 1,2,3,..., N obeying canonical

commutation rules.

.[pj(x,t),pk(x,,t)] =0 ) [Wj(x7t)aﬂk(x,’t)] =0 ) [Wj(l’,t),pk(l‘/,t)] = iéj,k 5($ - JZ/) (71())

Forward relation:
Jr(x,t) = —pi(2,t)0mi (2, 1) (7.11)

Equation (7.11) together with equation (7.8) implies equation (7.10) provided pg(z,t) does

not vanish anywhere since division by this quantity is needed.

Conjecture: Fermi-Bose Correspondence:

Uk (x’ t) :eiw Sier SO0 dy pilyst ei{(p) 6i7rsgn(p) f:gn(x)oo dy pi (y’t)e_iﬂ—k (z.t)

pr(x,t)

)1 Zn (
F(p)
Vv NO ”

(7.12)
where np(p) = 0(kr — |p|) and N = 3~ np(p). The equation (7.12) inserted into equation
(7.7) leads to an identity together with equation (7.11) provided the following identification is
made, e*®) ¢=i€@) = 8,/ » Which can be justified as follows. Imagine, for example, £(p) # £(p')
when p # p’ to be a real quantity that tends to infinity for all p. This means that we can

write

&) — lim 0@
A—00

where ¢(p) is a finite function of p. Thus we can also write

P o~ _ iy OO0 _ iy N
A—00 A—00

where 6 = ¢(p) — ¢(p') and thus when p = p’ then = 0. Now we define the following.

A6
1 e iNO" 70!
1 i
« _iNO » A0 f € do 0 7& 0
(& = 9_%
0=0
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NOW .
Af

1 L 1 , . g sin (AE2
A_e / 61)\9 o = VN <€M(9+%) _ ez)\(Of%)> _ ema Si )

A6
-5

Now when we use the limit A\ — oo, the numerator is bounded but the denominator diverges
and hence for 6 # 0 (and A6 # 0), which implies p # p/, we have the following.
ccei)\{%v =0

lim
A—00

Hence the assertion that e®®e=#€() = ¢, .

Theorem: The conjecture in equation (7.12) obeys fermion commutation rules in equation

(7.6) in conjunction with equation (7.10) and e%(®) e~i€() = Op '+

The proof of the above theorem is given in Appendix D. The central NCBT relation between
the slow part of the Fermi field and current/densities viz. equation (7.5) may be obtained
from the conjecture in equation (7.12) using harmonic analysis of the density operator, which

goes as follows.
p(x,0,t) = po + ps(@,0, 1) + 7% pi(z,0,t) + e >0 pi(z,0,1) (7.13)

Here p; is the slow part and py is the oscillating part of the density. According to Haldane’s

harmonic analysis [4], the fast part can be expressed in terms of the slow part as follows.
pi(x,0,t) ~ 2 o PavrtNdy (7.14)

Using Haldane’s harmonic analysis in equation (7.13) and inserting to the conjecture in equa-
tion (7.12) and extracting the slow part, one can obtain the expression of the field operator
used in standard bosonization, given by equation (7.3). On the other hand, NCBT uses a
non-standard harmonic analysis which is ideally suited to study systems with a cluster of

impurities [90]. Non-standard harmonic analysis means the replacement,

Py (z,0,t) ~ 20 2 o (ps (y,0:8)+Aps (—y,0t))dy (7.15)

Using this non-standard harmonic analysis in equation (7.13) and inserting it to the conjec-
ture in equation (7.12) and extracting the slow part, one can obtain the expression of the field
operator used in non chiral bosonization, given by equation (7.5). Note that the variable A in
equation (7.15) can take values only 0 or 1, as also discussed in the last section and the the

non-standard harmonic analysis reduces to the standard one when A = 0.
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Field-Current /Density commutators: Lastly, the identities in equation (7.16) below are
obeyed regardless of whether these commutators are evaluated in the usual Fermi language or
using the conjecture equation (7.12) and the canonical commutators equation (7.10). However,

division by px(x) should be permissible to prove the same.

il t), pu(a’ 8)] = 0 8(a — 2') wn(a, t);

/ 1 , / / , (7.16)
(@, t), i@, )] = 5- (00 (z = 2) (Ol 1)) = 0ua(0y 6(z — 2))tu(, 1))

It must be stressed that the addition of the extra term ps(—y,o0,t) in equation (7.5) of the
NCBT scheme does not violate any of the commutation rules above because of the constant
‘274’ in it and the integration of the density is just a natural number. It is also to be noted
that there are some additional global quantities that are needed to be incorporated into the
C-numbers in equation (7.5) to make sure the up-spin field anti-commutes with the down
spin field, the left leg of the ladder anti-commutes with the right leg (in case of a one step

fermionic ladder) and so on. They are described in an earlier work [140].

7.2.2 Limiting case checks

Another necessary criterion to be obeyed by the correlation functions are the limiting case
checks. For the homogeneous case, there is just one limiting case, viz., switching off mutual
interactions between the particles. Under this condition the LL. Green functions must reduce
to the free particle Green functions. In absence of interactions, the holon velocity becomes
equal to the Fermi velocity (v, — vr) and thus the Green functions in equation (A.2) takes

the form of that of a free particle.

1

(x1 — 29 —vp(ty — t2))
1

(—xl + X9 — UF(tl — t2>)

<T Yr(@1, 0,0k (s, 0, t2)> ~

<T Ur (1,0, )Pk (22, 0, t2)> ~

On the other hand, for the strongly inhomogeneous systems, the Green functions obtained

using NCBT can be subjected to various limiting cases as follows.

No interaction. By switching off the inter-particle interactions between particles (vy = 0),
one obtains the Green functions for free fermions plus impurities which can also be obtained
using Fermi algebra. In such a case, the holon velocity is equal to the Fermi velocity (v, — vp)
and equation (B.2) and equation (B.3) will take the form of single particle Green functions

of such inhomogeneous systems.

No impurity. In absence of any impurity, there is no reflection (|R| = 0) and there is no

concept of opposite sides of the origin as it is a homogeneous case. There will be no reflection
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terms such as (@ZJRi/}D and <¢L¢L> in this case. The only non-zero terms are the transmission

propagators <¢R@ZJ};> and <¢L@/JE) whose exponents takes the following form:

(on +vr)? o (vh—vp)?

P = ;
SUpUE SUpvE

; X =1 =0

Using the above, one obtains the precise Green functions of the standard homogeneous Lut-

tinger liquid as given in equation (A.2).

No tunneling. For an infinite barrier (|R| = 1), there is no need to consider the two points
to be on the opposite sides of the impurity. While the Green functions for points on the same
side of the origin as given in equation (B.2) takes the form that of a half line as given in
equation (A.7). Also in this case, the full Green function vanishes when one of the points is

at the location of the infinite barrier.

Far from impurity. Lastly it can be observed that when both the points are situated far
away from the impurity and on the same side of it, then the transmission propagators (1 R?/)}-%>
and <¢L¢E> become immune to the presence of impurities and takes the form of the homo-
geneous case (equation (A.2)). But the reflection terms viz. (e} and (k) continue to
be affected by the presence of the impurity since in these cases the region where the impurity

is present needs to be traversed (in order for reflection to take place).

7.2.3 Point splitting constraint

It is mandatory that the field operators as in equation (7.3) and equation (7.5) do not violate
the point splitting constraints, which is a crucial self-consistency check. Point splitting con-
straint is the assertion that the NCBT Green functions are consistent with current algebra.
The use of the non-local expression for the field gives back the currents and densities which
were used to exponentiate the commutation rules and write down the non-local expression in

the first place.

hg% (¢l($a g, th(fE +a,o, t)_ < ¢I(xa g, t)d’u(if +a,o, t) >)

1 z , / (7.17)
= —(v ps(x,0,t) —/ dy Oppips(y ,0,1))

2v sgn(z)oo
Here the subscript v represents a right mover or a left mover and takes values 1 and —1
respectively. It may be seen below that it leads to constraints on the form for the product of
the coeflicient C, , in equation (7.5) and its complex conjugate which is to be regarded as
one single object rather than a product of two complex numbers as the non-local expression
for the field is merely a mnemonic - not be be taken literally. After some straightforward
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algebra which is given briefly below, the following constraints emerge from equation (7.17)

(here O, (z,0) = 32 sy 0(72)Cry(9)),

3 T l[QV(x,a;)\/),le,(a:+a,0';/\)]
ili% Z < C)\,W(x,a)C,\,,,(a: +a,0) > ez
AN €{0,1}

v (eQu(r,O;A/)*Qu(aera,o;)\)_ < Q@) =Qu(z+aoi) >)

1 z I /
= 2—(1/ ps(z,o,t) — / Ay Oypips(y ,0,1))
v sgn(z)oo

where Q,(x,0;\) = —if,(x,0,t) — 2miv) fszn(x)oo ps(—y,o,t) dy.

When A and A" are unequal,

< O} (,0)Co(x,0) >lim ez(@@oD:=Qulztac0)]

a—0

—< C}(@,0)C1y(z,0) > lim e3(@@o0).~Qu(ztac)

a—0
where [Q,(7,0;\), —Q,(z +a,0;\)] = —7 vi — 27v\if(2x + a) + 27v\i0(2z + a).
When they are equal however, the following results emerge,

im Y <Cf,@0)0n(@+a,0)> e (a) 0,Qu(w,05))

ae{0,1}
1 z ’ !
oo prlmat) = [ Bty 0.)
sgn(z)oo

Note that 0,Q.(x,0; \) = —i0,0,(x,0,t) — 2mivAps(—z, 0,t) hence,

im Y <O, (@,0)0n(+a,0) > 2" (=a) (~2rivAp,(~2,0,1)) = 0
a— ’
Ae{0,1}

This means,

e%w v

<t Co ) > = —
0,1/(1;70-) 0, (SL’—FCL U) Qi

. a " .
Since v = £1 , hence e2™ = ¢ v and we can write

1
<} Cop(r+a,0)>=—
o (2,0)Cop(7 +a,0) 5o

and also,

< C’Ly(:c, 0)Ci(z+a,0) >=0

These may be compactly written as follows. Define

<Cf

/ /
%

(a:/,al)C’M,(:v,a) >— Co(N, Va0 ), v, x,0)
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so the final point splitting constraints take the following form,

Co(0,v,2,0;0, v, + a,0) = —
2ma
Co(l,v,x,0;0,v,2 4+ a,0) = Ca(0,v,2,0; 1, v, + a,0) (7.18)

Co(l,v,x,0;1,v,x +a,0) =0

This is the reason why, in the evaluation of the two-point function, the possibility of both
A=\ =1 was never considered (the corresponding C’s are zero). Thus the NCBT formulas

for the Green functions obey the point splitting constraints (so does standard bosonization).

7.3 Perturbative comparison

The Green functions of a homogeneous Luttinger liquid obtained using g-ology method (given
in Appendix A) can be verified by a comparison with those obtained using standard fermionic
perturbation. For this, the Green functions are expanded in powers of the interaction param-
eter vy (see equation (7.2)). Note that the holon velocity v, is related to the Fermi velocity
and the interaction parameter vy by the relation v, = vg \/W/(T(UF) . On the other hand,
the zeroth and the first order terms of the perturbation series can be calculated as follows
(Notation: X; = (x;,0;,t;)).

The two point functions in presence of interactions can be written in terms of the non-
interacting ones as follows.
(TS 4, (X1)9, (X2))o

(Tehn, (X)W, (X)) = 75, (7.19)

Here T represents the time ordering and the action S can be written as follows.
S = et/ HI®E — 1 _ z’/HI(t)dt +ons (7.20)

Hence the zeroth order term is simply (T, (X1)w),(X3))o and the first order perturbation

term can be written as follows.
ST, (X000, (X)) = =i [ (THA0)0, (X2)0], () ot (7.21)
From equation (7.1) the interacting part of the Hamiltonian can be written as
1 o0 &© / / ’
H; = 5/ dx/ de v(z —a) p(x)p(z) (7.22)

Hence the terms in the perturbation series up to the first order can be written as follows.

TH-2101_146121021
- 124



(T, (X1)0o}, (X2))" = (T, (X1)9], (X2))o

(T, (000l () =5 [dr [y [ dy' vl = )T puly ol s (X001, (X))
(7.23)

Here v(y — ') = vod(y — ') is the short ranged mutual interaction term, the v’s represent

either a right mover (v; = 1) or a left mover (v; = —1) and p, = ¢;¢R+¢}¢L is the slow part

of the density function. The symbol (..)o on the RHS indicates single particle functions. Using

equation (7.23), the Green functions of a homogeneous LL up to the first order in interaction

parameter can be obtained as follows:

i 1 ity — )

G b o) = o
RR(T1, T2t —t) = oo (21 — ®2) — vp(t1 — t2) - 172 (2, — @2) — vp(t — t2))% *

This is precisely the same as that obtained by expanding equation (A.2) obtained using

standard bosonization in powers of vy and keeping up to the first order.

The Green functions obtained from NCBT technique (given in Appendix B) are claimed to
be the most singular part of the full Green function [90]. Similar to the case above, the Green
functions of strongly inhomogeneous systems (with reflection amplitude R and transmission
amplitude T) are calculated perturbatively using equation (7.23), while treating the source
of inhomogeneities exactly. After retaining the most singular terms in the first order (the
zeroth order is a single term), the following results are obtained (the R and T on the RHS

are reflection and transmission amplitudes respectively).

Ggrr : 1,22 >0

il 1 . i(t, — to)
27 (,CEl — 232) — ’UF(tl — tz) 471'2((331 — .CEQ) — ’UF(tl — t2))2

Grr(r1, 22,81 — t3) = Vg

GRL : 21,29 >0

iR 1 \ iRt — 1)
21 (231 + ZEQ) — UF(tl — tg) 471'2((561 + JJQ) — Up(tl — tg))Q

Gri(z1, 22, t1 — 1) = Vo

Grr: 11 >0,29<0

iT 1 . iT(t — t)
2T (ZL’l — 5(72) — UF(tl — tg) 47T2((l'1 — ZL‘Q) — UF(tl — t2))2

Grr(71, 29,1 — t2) = Vo

These are precisely the same as those obtained by expanding equation (B.2) and equation
(B.3) obtained using NCBT in powers of vy and retaining up to the first order and also
discarding the less singular terms at this order. The notion of “the most singular part” of
an expression may be made sense of in the following manner. Think of these as function of

the time difference 7 = ¢t — ¢’ (which they are). In the formulas that are encountered while
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expanding in powers of the coupling, there are going to be terms of the form (e.g.)

AT B

(t1—a)?  (1—a)(T —az)

The first term is regarded as more singular than the second (if a; # as) since the former is
a second order pole whereas the latter when partial fraction expanded are a sum of two first
order poles. In the perturbative expansion of the single-particle Green function, pretending
that Wick’s theorem applies at the level of the density fluctuations is tantamount to retaining

second order poles and discarding poles of a lower order.

7.4 Schwinger-Dyson equation

The Schwinger-Dyson equation relates the two-point Green functions to certain four-point

functions as follows:

Glol(w st 1) = G) (x,alst = 1) =i ) / 4 / dty G, (v, w1t = 1)
Vi (7.24)

X /dy U(Z‘l - y) <T p(y,tl)@byl (xla g, t1)¢l’(x/’ g, t/) > full

where p(y,t1) = p(y,T,t1) + p(y,{,t1) is the total density (sum of up spin and down spin
density) and v(y—1’) is the mutual interaction. After operating the equation by (i0;+ivvg0,)
and (—i0y — i/'vp0dy) we get (only for z, 2" # 0 and x # +2’ and ¢t # t')

(10, + ivvpdy)GL o (w2t — 1) = / dy v(z —y) <T ply, ) (z,0,000], (2,0, 1) >

(—i0y — iu'vpﬁm/)Gl]:}ff,l(x,x';t —t) = /dy vz’ —y) <Tp(y,t" ), (z,0, t)zbi, (2, 0,t) > full
(7.25)
The next task is to examine whether the Green functions obtained using g-ology and those

obtained using NCBT obey the above set of equations.

7.4.1 Homogeneous case

The Green functions for homogeneous LL can be calculated using the standard bosonization

technique (equation (7.3)) where the local phase is given by equation (7.4) as follows.

T Y
HV(:E70-7 t) = 7T/ dy (V ps(yaga t) - / dy, avpt ps(y70a t))

gn(z)oo sgn(y)oo

(7.26)
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Using standard bosonization one can write

Yy (x,0,t) — @ty -y, (z',0,t) — e (@ot') (7.27)
Now,
.oer—1
lim = p.
e—0 €

Hence the four point function in equation (7.25) can be written as

; ePw:t) _ 1 0 0 ot
< p(y,t) Yo (x,0,t) P (2 o,t") >= lin% < ———— = ¢ifvl@at) pmiby @t
e— €

10y (z,0,t) efiaux(m’,a,t’) 10y (z,0,t) efieu/(m’,a,t’) >

= lim1 < et ¢
e—0 €

— €

Choose,
A= ep(y,t) ; B=1ib,(x,0,t); C=—if, (2, 0,t)
Using Baker-Campbell-Hausdorff formula,

< eAeBeC s oA 3B 3C7 (<AB> <BC>  <AC>

Now e25°¢3¢” ¢<BC> is the Green functions < t,(z, 0, t) Yl (2, 0,') > and 24’ can be ignored

as € is tending to zero. Hence we can write,

<oy, 1) bu(w,0,) ¥l (', 0,t) >

e {eaep(y,t) 0, (@ t)> p<—ico(yd) B(a o> _ 1
e—0

<y (z,0,t) V(2 0,t) >

€

:hr% {l—l- <iep(y,t)0,(z,ot) > — <iep(yt)d (' ot)> —1}
€E—>

" <, (x,0,t) z/zl,(x’,a, t) >

6

< p(y, )0, (z,0,t) > — < i p(y,t)0,(z',0,t) >} <z, 0,t) V(2 o, ) >

Using equation (7.26),
< p(yv t) 1@,(%‘, g, t) "pi/ (xlv g, t/)

:< < iy / dz pn(y,t)pn(z,t) —im / dz 8th/ o, t)dz" >
sgn(z)oo sgn(x sgn(y)oo

’ /

— <im/ / dz pn(y,t)pn(z,t') —im / dz &JFtr/ on(y, )pn(2' t)dZ >
sgn(z’)oo sgn(z’)oo sgn(y)oo

< Yy (z,0,t) 1/}1/(33’,0, t') >
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Using the density density correlation functions from equation (A.5), the following form of the

Schwinger Dyson equation is obtained.

(i0; + ivpdy) < T VYr(z, o, t)Ph(2', o, t') >

7 vh(vh — ’UF) Uh(UF + 'Uh) o /
— <T t t) >

47_‘_1}}% <_,Uh(t_t/) —:L‘—f—ZL‘/ ,Uh(t_t/) —I’—I—l‘/ wR(x70-7 )¢R<$7U7 )
(7.28)

:’UO

Substituting the two point function from equation (A.2),

—i( P(vy, — vr) n Qv + ) )
vp(t—t)—x+a vt —t)+x—a

i ( vp(vp — vp) ~ up(vr+ ) )
4ol C—up(t—t)—x+a’ vt —t)—z+a

Upon inserting the explicit expressions of the anomalous exponents from Eq (A.3) into the
above equation, one obtains an identity. Thus the correlation functions obtained by g-ology
methods satisfy the exact Schwinger Dyson equation, which is a non-perturbative validation

of the same.

7.4.2 Inhomogeneous case

The Green functions of a Luttinger liquid with a cluster of impurities around a point can be
calculated using the powerful Non chiral bosonization technique (equation (7.5)) where the

familiar local phase undergoes modification and is given by the following (A = 0, 1).

T

Y
@V(xa 0,1, )‘) — 7'('/ dy <V ps(ya g, t) - / dy/ 811Ft Ps(%@ t))

sgn(z)oo sgn(y)oo

o 27r1/)\/ dy p(—y,o,t) (7.29)

gn(x)oo

Similar to the homogeneous case, the four point functions on the RHS of equation (7.25) can

be derived as follows.

T

< P(y,t) ¢l/(x>0’7 t) ¢1,($/,O, t/) >= ( <amy / () dz Ph(yat)f)h(zat)
sgn(z)oo

—im / dz ath/ on(y, t)pn(Z' t)dz + 21/)\/ dz pn(y,t)pp(—z,t) >
sgn(z)oo sgn(y)oo sgn(z)oo

—<imd [ demtmet) —in [ o [ e el
sgn(z’)oo sgn(z')oo sgn(y)oo

/

+ 2V/)‘// dz ph(y,t)ph(_Z,t,) > ) < ¢u($70a t) wl’(x,ao—a t/) >

gn(z')oo

Using the density density correlation functions from equation (B.7) and then inserting the

above four point function into the RHS of equation (7.25), the necessary Schwinger Dyson
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equations are obtained. We take into account three cases, viz. RR same side (of the origin),
RL same side and RR opposite sides. The remaining three cases: LL same side, LR same
side and LL opposite sides are very similar to the former three cases respectively. The choice
of A\, X' is discussed in an earlier work [90] and also explicitly given in Table 7.1 for the cases

discussed.

TABLE 7.1: Choice of A\, X for different cases of Green functions.

Green’s function part A N

RR sameside 0 0

RL1 sameside 1 0

RL> sameside 0 1

RR;1 oppositesides 1 0

RR2 oppositesides 0 1

7.4.2.1 RR same side

Equation of motion: (here Z;, = w)
: h = v,=[R[(vh—vF)

(i0) + ivpdy) < T Yr(z, 0, )52, 0, 1)) >

~ ) (— 20pZy, (vp(z + ') + vi(t —t)) vp(vp — V)
ks O47rv,21 (+a +op(t—t))@+a +uo,(t' —t)  —wvp(t—t)—z+a2 (7.30)
2
Z
wlor £ o) | Wedhy oy oo b, o, t) >

ot —t) —z+a s

Substituting the two point function from equation (B.2),

—z'< P(vp — vr) 4 Q(vr + vp) X(vp —vp) X(vr+ton) 'ylvF>
vp(t—t)—xz+a  op(t—t)+ax—a  —vpt—-t)+r+2 v(t—t)+ax+a x
i 20pZp, (vr(z + &) + Vi (' — 1)) vp(vp, — vp)
:U047rv}% (= (x4+2" +ut =)@+ +o,(t' —t) —vp(t—1t)—x+2
B vp(vp + vp) U%Zh)

vp(t —t') — x4 2 x

Upon inserting the explicit expressions of the anomalous exponents from equations (B.4) and

(B.5) into the above equation, one obtains an identity.

7.4.2.2 RL same side

Now for this case we have,

< T Pr(x, 0, )0) (2, 0,t") >=< T r(x, 0,000 (', 0,') >1 + < T Yr(x, 0,000} (', 0,1) >
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Equations of motion are:

(—i0p+ivpdy) < T gz, 0,000 (2, 0,') >1

( z'vFZh (—UF(.T/ + $) — U%(t/ - t)) ivF
= —
0 2mvi(—x — ' +op(t — ) (@ + 2 +op(t =) 2mop(—vp(t —t') + x4 )
WE i(vp, — vF) (7.31)
_l’_ —
2nop(vp(t —t') +x +2')  Arvp(vp(t —t') + o — ')
i(vp + vp) iU%Zh foo ’
- <T t t) >
Ao (vp(t — ') — x + o) 47rv}2193’) YR, 0, YL (7, 0,1) >
and
(i0i+ivpdy) < T gz, o, )] (¢, 0,t") >9
( VAN (’UF($/ + l‘) + U%(t/ — t)) R
=v
0 2mvi(—z — &' + ot — ) (@ + 2’ +op(t — ')  2mvp(vp(t —t') +x + ')
" W B i(vp + vp) (7.32)
2rop(vp(t —t) +x + ') Arop(vp(t — ') + . — o)
’i(Uh = UF) ’L'U%Zh T /
- <7 Lot o, t) >
Ao (vp(t = ') — x + a!) 47rv,211‘) YR, 0,0)y (7, 0,8) >3
Substituting the two point functions from equation (B.2),
i —S(vp +vp) S(vp — vp) B Y (vr —vp) _ Z(vrtum) ’YlvF)
vp(t—t)—z+a  v(t—t)+x—a —ut—-t)+r+a’ op(t—t)+x+a’ x
( ivah (—UF(.T, + 93) = Uz(tl - t)) iU%Zh ivp
= —
0 2mvi(—z — o' + ot — ) (@ + o' +op(t — t'))  4mviz!  2mup(—up(t — )+ +2')
I wr _ i(’()h —’UF) y i(Uh+UF)
2rvp(vp(t —t) +z+ ') dwop(vp(t —t) +x —2')  Adrop(vp(t —t) —z + ')
S(vp —vp) S(vr + vp) B Y (vp — vp) _ Z(vr +n) ’)/11}}7)
vt —t)—z+2 —uvpE—t)—z+z —op(t—t)+z+z vt—-t)+a+a x
( ivah (UF(.’BI + .77) o U}%(t/ — t)) iv%Zh i’UF
=
0 2m(—z — ' + ot —t))(+ 2’ +op(t — 1)) Amviz  2mwop(vp(t — ) + x4 a)
Wr i(vF—i—vh) i(vh —UF) )

* omup(op(t —t) + x4+ ') Amvp(op(t — ') + 2 — ')  dmop(vp(t — ) — z + o)

Upon inserting the explicit expressions of the anomalous exponents from equations (B.4) and

(B.5), both the above equations are satisfied.

7.4.2.3 RR opposite side

Now for this case we again have,

< T ¢Yr(z,0, t)wk(x', o, t') >=<T 9Yr(z,0, t)%rq(x', o, t') >1 + < T Yg(z, o, t)wk(x', o, t") >9
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Equations of motion are:

(—z’@t/—ivpﬁm/) <T wR(:L', g, t)i/)};i(.f/, o, t/) >1

( iUFZh (UF(J,‘—JJ,) —Uz(t—t/)) i(vh —UF)
= —
0 2o (—x + 2’ +op(t — ) (—x + 2 + (' —t))  Amwvp(vp(t —t') + 2 — )
B i(vp + vp) N ) (7.33)
drvp(vp(t =) —x +2')  2mop(—op(t' —t) + z + )
. . 2
aya ZUFZh + / ’
- <T t t) >
+ 2rop(vp( —t) + & + ') 47rv,21x’) VR(@, 0, )R, 0,) >1
and
(i0i+ivpdy) < T Yr(z, o, )Pk (' 0,) >y
( wpZy (vp(z —a') — vi(t —t)) wp
= — —
0 2o (—x 4+ o +op(t — ) (@ —a’ +op(t =) 2mvp(—vp(t —t') + x4+ 2)
iUF i(’l)h — UF) (734)
2nop(vp(t —t) +x+ ')  Arvp(vp(t — ') + o — ')
i(vp + vp) iU%Zh -~ /
— T t t
Arop(vp(t — ') —x + x') 47rv,%$) <T ¢r(,0,)¢p(a, 0,) >
Substituting the two point functions from equation (B.3),
A(vp —vy) B(vp +vp) C(vp +vp) D(vp —wvp) ’YlvF)
vt —=t)—ax+a’  —vp(t—t)—z+ax  —vpt—t)+tz+az  opt—t)+az+a’ x
] WwpZh, (vp(m —a') —vi(t - t')) 3 i Zy, - i(vp — vR)
™ 2o (—z + o' +op(t =) (—z+ &' +op(t' —t)) Admviz!  Awop(vp(t—t) + @ — ')
B i(ve + vp) i Wk n wrp )
drvp(vp(t —t) —z+ ') 2mvp(—vp(t —t) +x+2')  2mvp(vp(t —t) +x + )
A(vp —vp) B(vgp 4 vp) ~_ Clop+wn) D(vp — vp) vlvp)
vp(t—t)—x+a"  —v(t—t)—x+2 v(t—-t)+ax+2 —vt—t)+ax+2a x
— ol wpZy (vr(z —a') —vi(t —t')) i Zp, y wp
TN (a4 +on(t—t))(w — ' Fup(t—t)) | Amviz  2mon(—un(t—t) + x4+ )
vp i(vp — vF) i(vp + vn) )

C2mup(vn(t— )tz +a)  Amvp(vpE—t)+x—a')  Amvp(vn(t—t) —x + ')

Upon inserting the explicit expressions of the anomalous exponents from equations (B.4) and
(B.5), both the above equations are satisfied. Note that the term (—) in RR opposite sides

!

(equation (B.3)) belongs to the pre-factors which are treated as constants in both sides of the

Dyson equation. This is tantamount to the assertion that prefactors are not correctly given
by bosonization - only the exponents are. The prefactors in the present context are spatially
dependent and have been adjusted to recover certain limiting behavior - they are to be ignored
while one is examining the crucially important Luttinger exponents. A more convincing way
of saying this is - one only looks to equate the time derivative of the logarithms of the two

sides of the Schwinger-Dyson equations which forces these prefactors to drop out.
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There is one puzzling feature of the arguments that has been presented till now that requires
clarification. Instead of verifying the Schwinger-Dyson equation (SDE) for the Green function
(for RR opposite sides and RL same side) as a whole, we have first written the latter as a sum of
two pieces labeled as < ... >; and < ... > and verified the SDE that involves (z,t) derivatives
for the piece labeled < .... >5 and verified the SDE that involves (z/,t") derivatives for the
piece labeled < .... >;. This is the same as asserting that the (z,t) operator (i.e. i0; +ivvpd,)
acting on ¢ (@t hehaves as expected but not when it is acting on e (@D+2miv [* p(-u.t) dy,
That is, anomalous extensions of the bosonized fields, mandatory for strongly inhomogeneous
systems such as the ones being studied here, do not obey the free field equations. Note that
while equating two sides of these equations, the left hand side is purely a power law but for
RR opposite sides and RL same side the right hand side has a term of the same functional
form as the left hand side plus a term which has a similar but not identical functional form. At
the very least we may expect that the two terms whose functional forms match exactly should
be equal to each other. It is remarkable that this is indeed the case. Note that for RR and
LL same side, the two sides match perfectly without any need for further qualifications. This

is important for example to reproduce the dynamical density of states close to the impurity.

It is amply clear and quite remarkable that the explicit formulas for the exponents of the most
singular part of the asymptotic Green function of a Luttinger liquid in presence of barriers
and wells clustered around an origin as predicted by the non-chiral bosonization method is
consistent with the exact Schwinger-Dyson equation of motion for the Green functions. Not
only that, the Green functions of NCBT obey the Schwinger-Dyson equation if and only if the
anomalous exponents have the precise analytical forms given in equations (B.4) and (B.5).
This is a clear vindication of the non-standard harmonic analysis of the density fields and a
non-perturbative validation of the NCBT.

7.5 Functional bosonization

In functional bosonization [30, 158], one imagines a slowly varying time dependent external
potential of the form ) n e~"%e~wnty (g, w,) to be present along with the cluster of barriers
and wells. When u(q, w,) = 0 and mutual interaction between fermions are absent, the av-
erages are denoted by < .... >g¢op. It may be shown that the Green function of the system
(denoted by < T b, (x,t)¢!, (2, ') > ) with barriers and wells and including mutual inter-
action between fermions but without u , i.e. u(g, w,) = 0 may be obtained by first obtaining
the Green function with barriers and wells including » but without mutual interaction be-
tween fermions (denoted by < T' 4, (z, 1)y, (2/,#') >) and averaging this Green function over

u with a weight Wu| as given below,
< Ty (z, )Y, (2, 1) > pun= / Dlu) Wu] < T o, (z, t)!, (2", t) > (7.35)
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where the weight is,

ﬂzq,m w(g,wm)u(=g,—wm)

e?r v < TSy >scn
W[u] = ﬁz u(q,wm)u(—qg,—wm) (736)
fD[u] el —aom v < TSy >scn
and,
< TSy >scn=< 6_%2‘%’" u(g:wm)pg,m >sch (737)

The nonequilibrium free particle Green function may be related to the equilibrium free particle
Green function through the following relation,
- < TSU %(37» t)quji/ (xla t/) >SCh

< T oy (z, )], (2, 1) >= P T— (7.38)

This method, like the g-ology methods works well for systems with translational symmetry
and can be used to obtain the Green functions of such systems given in equation (A.2).
But when applied to systems with impurities, they gives rise to some anomalous terms of
the type log[(;- — % — (t —t'))] not seen either in conventional perturbation theory nor
in the Schwinger Dyson equation. Therefore Green functions obtained are inconsistent with
perturbation theory which makes the study of functional bosonization not suitable for strongly

inhomogeneous systems.

7.6 Density matrix renormalization group (DMRG)

Density matrix renormalization has been the method of choice for the numerical studies in
1D systems. When it comes to calculation of the correlation functions, there are some funda-
mental differences owing to the energy band structures of the systems. For gapped systems,
the correlation functions decay exponentially with the distance while correlation functions of
gapless models decay algebraically with distance [76]. DMRG is used to optimize the ansatz
wavefunctions called as Matrix Product States (MPS) and thus obtaining the correlation
functions. But matrix product states are proven useful only for describing the ground states
of gapped local Hamiltonians [77-79]. Every ground state of a gapped Hamiltonian in 1D can
be approximated by a tensor network state to arbitrary precision [80]. But M. Andersson et
al. investigated the convergence of DMRG for gapless systems in thermodynamic limit [81].
They concluded that when DMRG is used to study a gapless systems of free fermions it gives
the wrong particle-hole and density density correlation functions. The expected correlation

functions must decay algebraically but the ones obtained from DMRG decay exponentially.

The difficulty in studying gapless systems using DMRG is that convergence is tough to achieve.
Some remedies such as increasing the number of DMRG sweeps, working with finite sized
systems are adopted to mitigate the problems. However even if such problems are taken care

of, it is less likely that such numerical methods can capture the most singular part of the Green
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functions which NCBT claims to provide. Nevertheless, it will be a challenging problem for
researchers working in the field of DMRG and other numerical techniques to verify the results

of NCBT, which are already validated analytically using the Schwinger Dyson equation.

7.7 Summary

In this chapter, the correlation functions obtained using standard bosonization (g-ology) tech-
niques for homogeneous systems as well as those obtained using the recently developed non-
chiral bosonization technique (NCBT) for strongly inhomogeneous systems are validated.
Firstly, it has been shown that the correlation functions obey the necessary requirements like
current algebra, limiting cases and point splitting constraints. Secondly, a favorable com-
parison with the results of standard fermionic perturbation is shown. Thirdly, the Green
functions are inserted into the Schwinger-Dyson equation which is the equation of motion of
the Green functions resulting in an identity. This serves as a non-perturbative confirmation
of these ideas. Lastly, we have discussed that competing analytical approaches such as func-
tional bosonization and numerical ones such as DMRG etc. are not suitable for reproducing

the correlation functions obtained easily by NCBT.
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Chapter 8

Conclusions

The study of strongly correlated electrons in one dimension fascinates condensed matter
physicists due to the unusual nature of the mutual interactions. Well established theories
like the Fermi liquid theory or perturbative techniques fails to explain the interactions in
such systems where the excitations are of collective nature. The first soluble model in this
regard was proposed by Tomonaga [1] who expressed a fermionic Hamiltonian in terms of
bosonic operators using the assumption that particle hole excitations in 1D are bosonic in
nature. Later, Luttinger [2] proposed a similar model where he assumed two types of fermions
(one having energy spectrum € = kvp and the other € = —kvp : linear dispersion relations)
and each type being infinite in number. The key idea of these models is that interaction
Hamiltonian which is quartic in terms of fermionic operators becomes quadratic in terms of
bosonic operators and hence trivial to diagonalize. Mattis and Lieb [3] provided an exact
solution to this model after which substantial progress has been made in understanding the
properties of the 1D electron systems in the works of Dzyaloshinkii, Larkin, Efetov, etc.
(23, 26] and later Haldane in his famous work [4] developed the fundamentals of modern
bosonization. In the mean time, with the progress of nano-technology, physical realization of
1D systems was made possible and prominent examples in this regard were carbon nanotubes,
semiconducting quantum wire, ultra cold atoms and so on which have fantastic properties.
Hence the study of interactions in 1D systems became important both from the theoretical

and technological point of view.

The field theoretical approach to bosonization, also known as g-ology, has been widely adopted
as it was able to provide explicit expressions for the N-point functions of a homogeneous
Luttinger liquid [4] in presence of forward scattering interactions. However, this method
fails when the translational symmetry is broken by an impurity and has to rely on other
methods like renormalization group, etc. [9, 90], yet are unable to provide closed analytical
expressions of the Green functions of such systems. On the other hand, the study of impurities
in a quantum system constitutes a major theme in many body physics, and 1D system is no

exception [31]. Hence the present work introduces and promulgates a new way of doing

TH-2101_146121021
135



bosonization, which overcomes the shortcomings of the conventional bosonization techniques
and is ideally suited to study strongly inhomogeneous systems. This approach, which goes
by the name “Non Chiral Bosonization technique (NCBT)”, has been successfully applied to
yield the most singular part of the Green functions of different categories of systems like a
cluster of impurities around an origin [90], one step fermionic ladder [140], one and two slowly
moving impurities in a Luttinger liquid [154], etc. The formalism of NCBT is discussed in

the second chapter.

The third chapter describes the seminal work done using NCBT, which is metaphorically called
as ‘the quantum steeplechase’ [90]. The system includes a cluster of barriers or wells around a
fixed point, which can be as simple as a delta potential or quite complicated as an asymmetric
double delta potential. The system is subjected to the RPA (random phase approximation)
which linearizes the energy momentum dispersion relations near the Fermi surface which is
necessary to obtain analytical expressions of the correlation functions. The NCBT is then
used to obtain the most singular part of the Green functions of such systems, which exhibits
a power law with non trivial exponents. The results are obtained for the fermions with spin,
which exhibits spin charge separation. Moreover, the systematic procedure for going to the

spinless case is also elaborated.

The four point functions relevant to the study of Friedel oscillations are also calculated using
the non standard harmonic analysis of NCBT [98]. The two-point functions obtained using
the same method are used to calculate the dynamical density of states (DDOS), which exhibits
a power law in energy and closed analytical expressions for the DDOS exponent is calculated.
These results interpolates between the weak barrier and weak link cases which are typically
studied in the literature. The dependence of the DDOS on the nature of interactions and the
strength of the impurity clusters are highlighted. Finally the special case of the Luttinger

parameter g=1/2 is studied and compared with existing results [72].

In the fourth chapter, the transport properties like conductance and resonant tunneling are
discussed [127]. Conductance is studied both in the Kubo formalism, which relates it to
current-current correlations (four-point functions), as well as the outcome of a tunneling
phenomena (two-point functions). Using the correlation functions obtained using NCBT, the
Kubo conductance is obtained for arbitrary strengths of mutual interactions as well as that of
impurities. On the other hand, the tunneling conductance of a Luttinger liquid with infinite
bandwidth is obtained as a power law which throws light into the temperature dependence
of conductance. This endorses the well known results of Kane and Fisher [31], viz., ‘cutting
the chain’ and ‘healing the chain’. Besides, the tunneling conductance result obtained by
Matveev et al. [34] is also derived from the NCBT conductance for infinite bandwidth.
The finite bandwidth conductance is also calculated for the same class of systems and its
dependence on temperature has been elucidated [128]. A thorough comparison has been
done with the results of Matveev et al. which deals only with weakly interacting electrons.

But NCBT provides conductance for all values of interaction strength as well as sign. Novel
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Physics in the form of a weakly temperature dependent conductance is seen when the mutual
repulsion between fermions is large and the holon velocity bears a certain well-defined relation
to the bare transmission coefficient of the system. Deviations from the cutting the chain
phenomenon is observed for a weak scatterer when the strength of repulsion is strong, leading
to an unusual high conductance at lower temperatures, similar to breakdown current in a
diode. Upon inclusion of backward scattering, there occurs an interplay between the forward
and backward scattering such that the monotonic temperature dependence which dominates
for forward scattering starts showing non-monotonic behavior when backward scattering is
gradually increased. The condition of resonant tunneling is also obtained and the behavior of

the correlation function exponents near resonance is described.

The fifth chapter deals with a one step fermionic ladder - two parallel Luttinger Liquids (poles
of the ladder) placed such that there is a finite probability of electrons hopping between
the two poles at a pair of opposing points along each of the poles. The many-body Green
function for such a system is calculated in presence of forward scattering interactions using
NCBT. The Friedel oscillation terms are calculated for the system, which is a special case
of four point function. The tunneling conductance in this case is interesting as for a jet of
electrons inserted into one end of the ladder can be collected from the other three ends with
different probabilities. The dependence of conductance on the temperature and the nature of

interactions is described [140].

In the sixth chapter, a Luttinger liquid with one or two mobile impurities (heavy particles)
are considered. Using a combination of bosonization and perturbative approaches, the Green
functions of these systems are calculated in the RPA limit [154]. The force acting on the heavy
particle(s) is studied as a function of its terminal velocity, both in the linear and non-linear
regime. Linear mobility (which is valid for impurities moving much slower than a certain cross-
over speed) has a power-law temperature dependence whose exponent has a closed algebraic
expression in terms of the various parameters in the problem. This expression interpolates
between the ballistic regime of no-coupling with the fermions and the no-tunneling regime.
When the speed of the impurity is much larger than this cross-over speed, the applied force
depends non linearly on the speed and this too is a power-law with a closely related exponent.
The results are consistent with the work of Castro Neto et al. [144] which says that at very
low temperatures the mobility of an impenetrable heavy particle with mutually repelling
fermions diverges (motion is ballistic). Conversely at high temperatures, both [144] and this
work predicts a roughly temperature independent linear mobility so long as the impurity
is impenetrable by the mutually repelling fermions. The case of two mobile impurities is
also studied whose mobility exhibits peculiar resonances when their mutual separation is

appropriately chosen.

This seventh chapter discusses the necessary and sufficient cross-checks to validate the NCBT
[101]. Firstly the fermion commutation rules are checked for the field operator, followed by

all the limiting case checks. It is also checked that NCBT does not violate the point-splitting
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constraints. The Green functions obtained using NCBT are then expanded in powers of the
interaction parameter and retained up to the first order. The same quantities are obtained
using standard fermionic perturbation and compared favorably with those of NCBT, keeping
in mind that NCBT provides the most singular part of the full Green functions. Finally the
putative Green functions are inserted into the Schwinger-Dyson equation which is the equation
of motion of the Green functions. The explicit expressions of Green functions obtained using
NCBT indeed satisfy the Schwinger-Dyson equations which is a non-perturbative validation
of the same. The functional bosonization method gave rise to some anomalous terms when
applied to strongly inhomogeneous systems which are inconsistent with perturbation and

hence can’t be used to compare with the results of NCBT.

When it comes to a numerical validation, the obvious methods that springs to one’s mind are
DMRG [160], finite scaling, etc. But this is somewhat like asking a high-school pupil to prove
the analytical formulas for the solution of a quadratic equation by solving the latter numer-
ically. The pupil would rightly argue that it is much more convincing and easier to simply
insert the putative analytical solution back into the defining equation and show that the result
is an identity. This is precisely what Schwinger Dyson validation does. Moreover for gapless

systems like the ones under consideration in the work, DMRG has its own shortcomings.

Future direction

Non chiral bosonization is novel way of looking into bosonization and it differs both mathe-
matically and philosophically from the traditional methods. It facilitates the study of diverse
systems using bosonization. Besides the ones studied in the present work, one may think
of using similar ideas to deal with magnetic impurities like the Kondo model. Besides, the
NCBT can also be tested to deal with other static potentials like the potential step, linear
potential, harmonic oscillator, etc. The conductance of Luttinger liquids with impurities in
presence of a magnetic field can also be studied following Matveev et al. [34]. It would also be
interesting to explore whether it can be used to deal with disordered one dimensional systems

where Anderson localization occurs, systems with quenched disorder, etc.

It will be challenging task to see how NCBT can be used beyond the low energy limit, where
non-linearity becomes essential and one has to go beyond the Luttinger paradigm. Moreover,
it will be a challenging job to generalize these ideas to higher dimensions. It is also important

to study the same problems using numerical methods.
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Appendix A

Correlation functions using

conventional bosonization

The conventional bosonization method that goes by the name ‘g-ology’ can only yield the cor-

relation functions for the extreme cases of homogeneous LL (|R| = 0) and half line (|R| = 1).

Case I: Green functions for |R| = 0.

The full Green function is the sum of all the parts. The notion of weak equality is intro-
duced which is denoted by A[X1, X2] ~ B[X1, Xs] . This really means d;, Log[A[X1, Xa]] =
O, Log[B[X1, X»]] assuming that A and B do not vanish identically. Notation: X; = (x;, 04, ;)

and T12 = tl = t2.

(T w(X0)' () ) =(T Yr(X0)0h(Xe) ) + (T v(X1)w] (X))

(A1)
where
(T Yr(X)Ph(X)) ~ :
AUTRE2 (21 — 22 — vpTi2)P (=21 + 22 — Vp712)@ (21 — 22 — VPTI2)0P
i N 1 A2
(T pr(X1)8] (X)) T s - ey sy v
d

" p_ (ot ve)? . _ (o —vr)® (A3)

SUhUF ’ 8'UhUF
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On the other hand, the density-density correlation functions (DDCF) in presence of interac-

tions is given by

(T ps(x1,01,t1)ps(32, 02, 12)) = i((T pr(@1, 1) pn (22, t2)) + 0102(T pu(1, 1) palz2,t2)))
(A.4)
where pp(z,t) = ps(z,T,t) + ps(x, ], t) is the “holon” density, while the “spinon” density is
given by p,(z,t) = ps(x,1,t) — ps(x,{,1). Now,

<Tpa($1,t1)pa(fl?2,t2)> " Z (( - ) (A'5)

2mv, = \ (21 — @2+ vty — t2))?

where a = n (spinon) or h (holon).

Case II: Green functions for |R| = 1.

(T p(X0)u' (X2)) =(T vrOW)ERX2) ) + (T Yo(K)v] () + (T vr(X)e} (X2) + (T v (X1)wh(X2) )

(A.6)
where

1

(@1 — z2 —vp712) P (=21 + 22 — v T12)Q (21 + T2 — v T12) X (—@1 — T2 — VpT12) X (B1 — T2 — VEpTI2)0D
1

(1 — 22 — vpT12)Q(—21 + 22 — vp712) P (@1 + 2 — v T12) X (—21 — T2 — VR T12) X (21 + T2 — VETI2)05
1

(x1 — @2 — vpT12) X (=21 + T2 — v T12) X (@1 + @2 — VpTI2) P (—21 — 22 — Vi T12)@ (21 + T2 — VETI2)0D
1

(T — o2 — vpT12) X (=21 + @2 — VpT12) X (@1 + T2 — v T12)Q (=21 — 22 — VpT12) P (—21 — 22 — VETI2)0P

(T Yr(X1)wh(X2) >

T ¢ (X1)¥) (X2)

{ 2
<T R(X1)Y] (X2) >
( 0~

T r(X1) TPR(Xz

(A7)
and
(on +vr)? o (n—wp)® o (U —v})

P = =
8’UhUF ' SU}L’UF ’ 8’UhUF
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Appendix B

Correlation functions using NCBT

The full single particle Green function of a Luttinger liquid in presence of impurities of
arbitrary strength (0 < |R| < 1) has been recently derived using the NCBT [90]. The full
Green function is the sum of all the parts. The notion of weak equality is introduced which is
denoted by A[X1, Xa] ~ B[X1, Xo] . This really means 0y, Log[A[X1, Xs]] = 0, Log[B[X1, X2]]
assuming that A and B do not vanish identically. Notation: X; = (z;,0;,t;) and 715 = t; —ts.

(T vt (X2)) =(T vr(X1)¥h(X2) ) + (T vo (XYL (X2)) + (T vr(X0)w] (X2)) + (T $L(X1)v](X2))

(B.1)
Case I : z1 and z2 on the same side of the origin
(T ér(X1)0h(X2)) ~ “
B (¢1 — 22 —vpT12)F (=21 + 22 — vRT12)Q (21 + 22 — VRTI2) X (—@1 — T2 — VpT12) X (21 — 22 —VpTI2)00
4561172)’“
T o (X)Y! (Xa)) ~ (
< YL (X1)yp( 2)> (21 — 22 — vp712)Q(—21 + 22 — vp712) P (21 + 22 — VpT12) X (—21 — 22 — VR T12) X (=21 + T2 — VET12)0D
(2x1)1+“/2 (2w2)71

(T wr(X1)w] (X)) ~

2(x1 — z2 — vp712)% (—71 + @2 — vpT12) 5 (@1 4+ T2 — VR T12)Y (71 — @2 — v T12)Z (71 + T2 — VRTI2)00
(2z1)M (2$2)1+72
—z1 + z2 — vp712)% (21 + 22 — vpT12)Y (—w1 — T2 — VpT12)Z (@1 4 T2 — VETI2)0D
(211)14-“/2 (2m2)W1
2(z1 —z2 —vpm2)° (—21 + 22 —vpT12)° (21 + 22 —VpT12)Z (—21 — X2 — VR T12)Y (—T1 — T2 — VETI2)0
(2z1)M (2x2)1+72
2(z1 — w2 —vp712)% (21 + T2 — v T12)% (21 + T2 — VpTI2) P (—w1 — B2 — vpT12)Y (—w1 — w2 — VETI2)0

2(x1 —z2 — 'Uthg)S(

<T wL(Xl)w}Lg(Xz)> ~

+

(B.2)
Case II : z1 and x2 on opposite sides of the origin

(221) 172 (222)71 (21 + 22) "1 (21 + 22 + vE712)0°
—z1 + z2 — vpT12) B (21 + 22 — vpT12)C (—21 — 2 — vpTI2) P (21 — T2 — vpT12)00
(21)7 (222) 172 (21 + 22) " N2y + 22 — vET12)00
2(x1 — 22 —vpT12)A (=21 + 22 — VR T12) B (21 + 22 — VR T12)P (21 — 22 — VpT12)C (1 — T2 — VETI2)0D
(221) 1172 (222) 71 (21 + ®2) "N (@1 + 22 — vET12)0

<T wR(X1)¢J};(X2)> ~ 2(z1 — z2 — vp712)A(

+

(T wL(X)v}(X2)) ~

2(z1 — w2 —vpT12)B(—21 + 22 — VpT12)A(T1 + T2 — VRT12)P (71 — T2 — VR T12)C (21 + T2 — VETI2)0D
(21)71 (222) 772 (21 + 2) "1 (21 + 2 + vpT12)"P
2(z1 — w2 —vpT12)B(—21 + 22 — VpT12)A (%1 + T2 — VRT12)C (—21 — T2 — VRTI2)P(—21 + T2 — VFTI2)0®

(T vr(X0)Y] (X)) ~ 0
(T ¥r(x)h(Xa)) ~ 0

(B.3)
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where (|R|? is the reflection coefficient)

(’U]—L—’UF)2 |R‘2(vh—'l}p)('l}h+l)p) Vp — VR
SUpvR 8up (vp, — |R|? (v, — vF)) 4vy, (B.4)

The other exponents can be expressed in terms of the above exponents.

_1 . _Q1l_ 4. oy o
P—§+Q, S—C(2 C); Y—2+X oF
1
Z=X-0C; A=-+0Q—-X; B=Q—-X;
| 5 T ¢ @ (B.5)
D=-5+C; m=X;

Yo =—1+ X +2C;

On the other hand, the density density correlation functions (DDCF) in presence of interac-
tions is given by

(T ps(z1,01,t1)ps(2, 02, t2)) = i((T pr(@1,t1)pu(Ta, ta)) + 0102(T pn(1,t1)pn(T2,12)))

(B.6)
where py(z,t) = ps(x, T,t) + ps(x,],t) is the “holon” density while the “spinon” density is
given by pn(il?, t) & ps(xu Ta t) - p8<x7 \1/7 t)

(Tpa(@r,t1)pales t2)) = oo 3 (_( 1

272y, - X1 — T + vu,(t1 — t2))?

kil

YE gon(xzq)sgn(z
Vg g ( 1) g ( 2) 2) (B 7)
<1 = (Sa)hWLRQ) (|x1| + ‘.’E2| + I/Ua(tl i tg))

where a = n (spinon) or h (holon).
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Appendix C

DDCF in presence of interactions

The density density correlation functions (DDCF) in absence of mutual interactions is given

by equation (3.13) as follows.

20 (7951)0(7,%2)

) — vr(ts —t2)]?

g,/ (v,V)]
<T Ps($1, Jl’tl)ps(l‘% 027t2) 01 o2 Z Z VT’L’Z — v X2
’y ==+1 Vu—il

The space time DDCF is related to the momentum frequency DDCF as follows.
1 , R ,
< T ps(w1,t1501)ps(w2,ta;02) >0= Iz Z e 111 B2 o= wn(ti—t2) ps(q,n;01)ps(q , —n;02) >0
4.4 n

From this we can obtain the DDCF in momentum and frequency space as follows (here [ is

the inverse temperature which comes into the calculation because of converting summation

to integration which is allowed in the zero temperature limit: Z flzn) = ’B f f(2)dz where
2, = Z0EDY

. Ocr1,05 (QUFQ/)(2UFQ)|91,1(17 —1)[?|w,|(27)
R (7 Ry (LRS- R
601,02 2q2UF L
5wl + (que)* 0 (2m)

!

<T ps(qana Jl)ps(q )

—n; 02) >0

Now the generating function for an auxiliary field U in presence of mutual interactions between

particles given by v(z; — z3) can be written as

Z[U] — /D[p]eiseff,O[P]ez:q,n,g Pq,n,UUq,nvoe*ifo_m dt [ dzy [ dwo 3v(z1—z2)p(@1,tes)p(w2,t1;.) (CQ)
where S is the action of free fermions and

—1iqT w t
:I:latla' L E e " " Pq,n;.
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1 .
v(xy —x9) = 7 Z e—zQ(m—m)UQ
Q

p(r1,t1;.) = p(er, ti: 1) + p(z1,t15 )

Thus the generating function can be written as follows.
Z[U] — / D[p]eiseff,o[l)]ez%n,a pq,n,UUq,n,ae— qun %Pq,n;ﬂfq,fn;. (CS)
If one denotes the generating function in absence of interactions as Zj, then

Zo|U] = /D[P]eis‘effv(’[p]ezw,vp‘l’"v"U‘I’"v"

—eiSerrolol — /D[U’]@—Zq,n,apq,n,aU;,n,a ZO[U,]

Inserting in equation (C.3),

Bug

210) = [ Dlpl, [ DIU') ZofU) eBametoneCuns~incle Eun i rson.

Set,

1 1 1 1 / 1 . 1 /
Pgn,oc = §pq,n;- &y 50 gn s Ugne = QUq,n; + 5‘7 Wan s Uq,n,o = §Uq,n;~ + 50 Wq,n (C.4)

Using these relations the generating function can be written as

L

2101 = [ Dlg). [ D) ZoU') ¢t Banolornste ounCans=Tiio W1,

Bv
X e >an L PamiP—q,—ni.

where in the RPA sense (for the homogeneous system, this choice corresponds to RPA, for
the present steeplechase problem this choice corresponds to the most singular truncation of

the RPA generating function)

1 / ’
= U, U
ZO[U/] =e? Zq,q/,n;o<pq’n’0q/ﬁn>o ER Ly

where < pgnpy _, >o is equation (C.1) with 0y = 0y. It is to be noted that we have

neglected the higher moments of p in Z,[U’] beyond the quadratic. The reason for this is the
following. The connected parts of the odd moments p vanish identically (in the RPA limit)
and the fourth moment is much less singular than the second moment, etc. For example, the

connected 4-density function,

< Tp(z1)p(w2)p(x3)p(s) >
~ < TP(x)p* (29) >< TP(w2) ™ (23) >< T(23)Y" (w4) >< T(24)0" (1) >

+ permutations
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has only first order poles and no second order poles. The NCBT does not claim to provide the
asymptotic Green functions of strongly inhomogeneous interacting Fermi systems exactly but
it does claim to provide the most singular part of the asymptotic Green functions of strongly

inhomogeneous interacting Fermi systems exactly. Now,

/ ! /
/D /D % qq/,n;o'<pq’npq/,—n>0 %((Jq,n;.—’_‘7 Wq,n)(Uq/’in;‘—"_o' Wq,,fn)

/ B
el Zq n,o (Pgn;.to 0q,n)((Ug,n; ,n;.)+a (W%’"«_Wq,n))e_ Zq,n %Pq,n;ﬁfqﬁn;

/ ! ’

1 1y
- / D[U/] 62 Zq*qlv”<pq’npq,v*n>0 2(Uq’n;AUql»*n;.—"_Wq’an/’*n)

! ! ﬁ
/ D[p] 6% Zq,n(pq,ni-(U‘Z»”lé-_Uq,n;.)+UQ;R(WQ;77«_Wq,n))6_ Zq,n %Pq,n;ﬁ*qﬁm

/ ’

1 1
:/D[U/] ol Zq‘q/,n<pq,npq/’_n>o Wq,an/,in el Zq’q/,n<Pq,an/’_n>0 qu”?-Uq/,fn;

/ Bug
/D[p] 6%Zq,nPq,n;-(Uq,n;»*Uq,n;.)e an ;L Pq,n;.P—q,—n;

Also,
L /
P—qni. = m(Uq,n;. — Upn:.)

q,n;

Thus,

/ ’

1 1
:/D[U/] et Z%q',n<pq’"pq/ﬁn>0 Wq’"qu,fn e4zq,q/,n<pq’"pq',—n>0 Uq’";'Uq'ﬁm

/

1 L !
eZ Zq,n M(U—Qa—nk_qu,—n;.)(Uq/’l?-_Uq,n;)

After doing the integration using the saddle point method, we obtain the following form of

the partition function,

)2 (0 )2
Z[U] :ei Zq’q/yn<pq,npq/’7n>0 Wq,an/’_n ezqn SBug Ugn;.U—gq,—n; 7([’11]’%)“;5“@)
S L1y, Cor ey (20pq) 2081211 (=Dl G (C.5)
. a,m 8Bug L “g (1 (%ZTIW |9171(L_1)‘2(2ﬂ)(w%+(q/vh)2> (w3 +(qvp)?)
Here
PAY
— a2 q
Uh UF + T
Since we have,
Pani. = Panst + Panil 5 Tgn = Panit — Pyl (C.6)
Thus,
1 L (qun)* — (qur)?
— < Pgni Lo e > = A0,
4 Paq, ,.pq ,—n;. + q+q ,0 450(1 w% i (qvh)2
e (20r0) (201 (1, ~1) Pl | (27) (©7)
dvgv ’
28 (1= glaer (g (1, ~1)P(2m)) (w3 + (qvn)?) (w3 + (qun)?)
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1 (20rq ) (20Fq)

e R — d 1, —1)*w,|(2
1S (g + ) (o )7+ ) O DI
2
qupL
O L
T anB(w? + (o) "0 (©8)
<O—Q:n10q/,fn;.> = O

Finally, the full density density correlation functions in momentum frequency space can be

written as,

1 1
< Pan,oPyq —no' >= 1 < Pan;.Py —n;. > +4_10-0- < O¢gn04 —n > (09)

Doing an inverse Fourier transform of the above we get the DDCF in real space time.

< T pslar,t1;0)ps(aa, ta;0 ) >=

2

vp I} 1 B 1
— o sen(e)sen(e) | o s T o T
h 27 [(t1 — ta) + IR 27 (1) — 1) — [l

1 e oDRes
23 (1 — e 0, _1)|2(2ﬂ.))

(vht+vr)vn

sgn(zq)sgn(zz) ( B 1 p L 1 '
_ 1 s 2 (27T —3 + 2) %|gl’1(17—1)|2(27r00)

v% + |21\+|I2|]2 o [(¢1 — t2) — val\+|1’2|]

X

o 1 o

(t1
U3 B 1 B 1
_ = | = — + 2 _
4mBu;, \ 27 [(t1 —ta) + lz1 rzl]g 2T [(t — t2) — |1 1’2|]2

Vh Vh

R I T B
AmBup \ 21 [(t) — o) + J%L]z 27 [(ty — tp) — Z2l]2

VF

(C.10)
From this we obtain the equation (3.17) of the main text as follows:
VR 1
T = J—
(T pn(w1,t1)pn(z2,t2)) on2uy uz£1 ( (@1 — 22 + vonlts — 1))
|R|? SE sgn(z1)sgn(z2) )
<1 _ (vn—vr) ‘R’2> (|x1‘ i |m2| + Vvh(tl - t2))2
Uh
1 L sgn(z1)sgn(z2) |R|? )
T n 7t n 7t =3 5 - —_
(T pn(z1,t1)pn(w2,t2)) 272 Z ( (1 — @0 +vop(t — t2))2  (Jo1] + |z2| + vop(ts — t2))2

The full density density correlation functions is given as follows.

(T pu(z1,t1) pn(T2, t2)) + 0102(T pu(x1,t1) pu(T2,t2)))
(C.11)

<T ps(gj17 01, tl)ps($27 09, 262)> -

R
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Appendix D

Fermi Bose Correspondence

The Fermi Bose correspondence is given by equation (7.12) of the main text as follows.

1
VN

Yp(x) = PLODBIN () ZnF(p) cik(p) imsgn(p) Jsgn(@yoe W Pr(Y) g—im () pe(z) (D.1)
p

where np(p) = 0(kr — |p|) and N° =3 np(p).

Theorem: The correspondence equation (D.1) is compatible with fermion commutation rules

equation (7.6) in conjunction with equation (7.10).

Proof: Observe,

bi(z) = e X< S dy pily) _—

VD

/ ) R 1 ’ . U iTsan / T y . -
(2 = el ik oo dy p(y) _— Z nr(p) o) i3I ) e oo W pk(y)e i (@) (@)

Z ne (p) eif(p) eiﬂ—s‘gn(p) ffgn(r)oo dy Pj (y)e_iﬂ—j (m) p] (l’)

/

/
T

S ) e €6 I Ly 8 ) i R [y

ul@) = Vo) e

This means,

1
VD

. ) 1 , o . / z, . /
i e [ dy p(y) L i€(p) imsan(e) oo W PEW) —imy(z") z
e’ sk mpznp(p) e~ e g e pi(z)

wﬂ($>¢kz(x/> = ™ X<y Sy mi(y)

p
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/ 1 ) 1 S
Vi(z)r(z) :\/m an(p) e’ (p) W %:TLF(])) &)

p

!/
. / T
eiwsgn(p) fsgn(z)oo dy pj(y)elﬂsfln(l? )fsgn(z’)oo dy pr(y) z7r Yk S0 dy pi(y)

o™ Xy Jo% Ay pi(y) \/ )+ 0(0)(pr(x") + 5j,k5($ — ') +6(0))

’
677,7?] (:E)*Zﬂk(aﬁ ) em Zl<k .0 ezﬂ'sgn(p ) 0;k0(x —x)

Also,

nF e nF c&(p)
e i) = ) 50 St

/

. '\ rx g T . 0o
6z7rsgn(P )fsgn(x/)oo dy Pk(y)emsgn(p) fsgn(m)oody pj(y)el’ﬂ' i [T dy pi(y)

T Lici [25 dy ol >\/(pk(x'>+5(o>>(pj<x>+6j,k6(:c—x’>+6(0))

. . / . . ’
6—z7rj(a:)—z7rk(ac ) eim i< Okl emrsgn(p) 0 k0(x—x )

Now,

(ps(@) +6(0)(pr(2)+8;40(z — 2) +8(0))

i

= (pi() +8(0))(pr(a") +8(0)) + djxd(x — ') (p;(2) + 6(0))
= (pr(a’) +8(0))(pj(x) + 840 (x — ') +6(0))
= (pr(a) +6(0))(pj(x) +8(0)) + 0j8(z — 2 ) (pr(x’) + 6(0))

Hence,

(p) ISP )fg dy pr(y)

gn(a’)oo

/ 1
{p(x), ()} —m%jnp(p)

o T5IUP) Jign@)o0 W 3 (W) i Ty f_ dy pi(y) im i S 2o dy 1(y)

V(or(a) + 50 (05(@) + 308w — ') + (0) e 757l

. . U / 3 . ’
(ewr Zl<k 351 ezwsgn(p ) 0;k0(x —x) X i Zl<j Ok 1 ezwsgn(p) 0 1k0(x—x ))
But,

. . / / . . /
(emzkk‘sﬂ emsgn(p) 05, k0(x —x) + emZKj Ok, emsgn(p) 0 k0(z—x )) -0

always. Hence,

{v;(x), Pr(z)} = 0

Now,
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vi(@)pl() =
. 0o 1 . . z .
i [T Ay piy) E i€(p) Limsgn(p) [Sgn(zyo0 W i (W) ,—imj () ,
€ < \/m TLF(p) € € I e’ Pj ($)

’

. / T
—z p’)e—wrsgn(p )fsgn(z/)oo dy pr(y) *Z”Zl<kf dy pi(y)

lTK‘k

X/ pr(z') e \/_an

Vi )y (2) =

/ 'wrk(.z‘ zf(p) —imsgn(p )fgn(ac Yoo dy pk(y) 77‘ﬂ—zl<k f_ dy pi(y)

pr(z")

W T2 20 dy pi(y)

Or,

i(@)gl(a) = e M@ e v 1) /N0 Y n(p) 5O D L W) [ ()

P —imsgn(p’ ) fgn(ayoo W PRW) —im 2y, [, dy pu(y) pima (')

p

I

e ®)

1/119( )djj )= e x)\/Pk i

/

€~i7rsgn(p')f . dy (pr () =05k0@=Y)) —im 3, [, dy (p1(9)~0;10(x)

sgn(z/ )oo

el i< S22 dy (pi(y)—0k,16( (@' - imsgn(p) [ (xyo0 WY (p5 (1) =05 ;6(z —y))

\/_ZTLF 6

\/ (p;(x) = 0 j0(a' = z))eimE)

! —im;(z) L N —ig(p) i / /
VL@ s (@) =D S nep)ne(p) e o (') — 800w — o)
p.p

/

\/Pj(af) — 0p,0(2" — $)efmgn(p,)f:9"<w'>°° W oY) gmim i p o0 dy ()

/

o™ Diei 2% dy p1y) imsgn(p) [gn (oo W PiWY) pimi(a)

. / / . . . /7
ez7rsgn(p ) 0;.10(x —x)emr Dk 6j’l€_”r 2y 5kyl€—z7rsgn(p) 0p,j0(x—x)

/ —imi(x 1 / —it()) i 7
() (x') = )W > np(p)np(p) e P o)/ pila)
P’

o™ X1 JZ% dy p1(Y) gimsgn(p) [Lgn )0 W Pi(Y)

!/

e_Zﬂ-Sgn(p )fgn(z )oo dy pk(y) 7“1- Zl<k f, dy pl(y) 7*71—]@(1‘ )

s
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After setting i) i) — 9, it is possible to conclude that,

{v;(2), ¥}(2)} = 0;u0(x — 2)
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Appendix E

Dynamical density of states

In elementary physics, the dynamical density of states (DDOS) at zero temperature relative

to the Fermi energy is defined through the correspondence,
1
D(w) = Vzkja(w — ex + Ep) (E.1)

D(w)dw is the number of states between w and w + dw per unit volume. In one dimension for

example, this yields the following result for w small compared to Fermi energy,

D(w) = — (E.2)

TVR
This is the standard result that the density of states near the Fermi energy is constant for a
Fermi liquid. This is also the case in higher dimensions. But for a Luttinger liquid, the DDOS
D(w) ~ w* where « is the density of states exponent. a depends on the forward scattering
interaction strength and vanishes when this is zero. To prove this, it is important to generalize
the idea of density of states to interacting many body systems. The generalization is given

below.

Do) = [ T o mn) (1), 61 (x, 0)))

oo 2T

Thus the density of states for translationally non-invariant systems becomes the local density
of states (for fermions with spin, it is calculated for one spin projection and the answer is
then doubled). The above local density of states has been successfully related to the single
particle Green function formulas for which have been derived earlier. From the main text it
may be concluded that (upon inserting the pre-factors back in) for points on the same side of
the cluster (choose right side) (sgn(t; —t2) = 0(t1 — t2) — 0(t2 — t1) where the Heaviside step
function is involved in the time ordering on the left hand side and Zj, is given in equation
(3.18) ),
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) - 2F '”’a Log(x1—xo+vve(t1—
(T wR(X1>wL<X2>> =L T T () Lavrsa i)

>v—t1 Zn Log(z14zatvvp(ti— t2))(i—ul) s Log(4w1az) Zh(%—vl)

e 8vh v v, erh vp

<T wL(Xl)wE(X2)> _ L B sy Tomnn (52 -1)? Log(—mitastvva(ti—ta)

2
e 8vh >v—t1 Zn Log(—m1—z2+vup(t1i— tz))( 1;1;)88122 Log(4x122) Zh(———)
(T er(X1)v}(X2))
_ (€L09(2$1)ﬁR eza n.h 8va Log(2z1) (Za (G—E)_ ) 8F Log(222) 2y, (U}L_l;i)+
eLog(2z2) { R evF ) Zh(*—%)eza —nh 5 Log(222)(Za (%7%),4)>
VEp Vg
E[ ————2—2L Wt —t
xp azn:h 80, z; Ua) +2) Log(x1 + z2 + vva(t) — t2))
OB S (Y 1)) Log(as -
r ¥ 4 g(x1 — z2 + vyt — t2))
8’Uh v==1 UF 3
(T r(X)eh(X2))
— <6L09(2x1)iR* eZa b 5 Log(221) (Za(vf“—f - ) (2x2)Z, (Ef%‘:)
471'
+eLog(2w2) R* sy Log(221) Zn(J— Zf)eza wh 5 Log(222)(Za (5;7%)74»
UF Vq
2z [ am m.? . el a -
P Z 80, > a) 20~ op L +2) Log(—x1 — x4 vva(t1 — t2))
a=n,h v==1
v v )
Y 8TF > [(v—h - 1)(J +1)] Log(—21 + x2 + vou(t1 — tQ))}
=y

These are sufficient to extract the local DDOS including terms that corresponding to Friedel

oscillations since in the present case,

Daw) = [~ 55 ™ (unle. 0,04 O) + ({oa(e.0). ). 0)1)
s [ AT e R (et w00} e (w0, (e, 0)))

In the present work one shall be content at evaluating the slow contributions to the local
DDOS. Far from the cluster of barriers and wells these formulas predict, Dy (w) ~ w® and
a = % = 2(K, + KLP — 2). This is the same density of states exponent one gets when

external potentials are absent which is the standard result predicted by Luttinger liquid the-

ory. Hence an important consistency check has been verified.

Now the important next step is to see how D,(w) depends on x. The parameter that deter-
mines this is the dimensionless quantity £ = 2“'“:‘ The limit that has already been studied
is Desq(w) = Doo(w). The other limit of interest is Do<e<1(w) i.e. close to the cluster of

barriers and wells. Set £ = 2°;—}|f‘, 2|z| = % From the above propagators it is straightforward
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to deduce,

2 2
’L)F+’L)h
dvpvy

+}

2
v
vh)izh(—Hﬁ)— N
h ~ W

D0<§<<1 (W) ~ <—

w

where a(0 < £ € 1) = ©n—vp)WrZnWeton)tonn=ve)) anq 7, is given by

TH-2101_146121021

dvpvy

un| R?
Vp — (Uh — UF)’RP

7y, =
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Appendix F

Conductance

In this section, the conductance of a quantum wire with no leads is obtained first using Kubo’s

formula and next using the idea that it is the outcome of a tunneling experiment.

Kubo formalism

The electric field is E(z,t) = % between —£ < z < £ and E(z,t) = 0 for |z| > £. Here V,
is the Voltage between two extreme points. Thus a d.c. situation is being considered right

from the start. This corresponds to a vector potential ( ¢ is the velocity of light),

|7 L L -
Al ) = o <.m<5 ;
0, otherwise.

This means (since j = js, the slow part) ,

L)2

1e
< j(z,0,t) >=—
i@, 0.1) Cz[

t
! /V !/ / /
dx / dt fg(ct’) < [j(z,0,t),j(x,0,t)] >LL (F.1)

L/2

Clean wire: |R| =0 but vy # 0

Using the Green function from equation (B.2) and setting |R| = 0, the current current com-
mutation relation can be calculated as,

< oy 0 t), G0y 0 ) 5= = S @) (8 — &' + von(t — ) + 00" 8( — @' + vor(t — )
v=+1
(F.2)
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Inserting equation (F.2) into equation (F.1), the following is obtained.

. _ie % d/ ¢ d/ Vg ’ —U% N o S ’ /
< j(z,0,t) >—;Z » x - t f(ct)(gﬂ_2 Z(2m) th’< (z—2" +vop(t—1t"))

v==+1

+o00'§(x — 2’ + vvp(t — ﬂ))))

Finally,
. € VUp
< t) >=—V,——
J(I’Uv ) 9(271_) up,
or,
I= (=0) < la,0,) >= Vyr
= —e .0 = _—
A 7(27) vy,

This gives the formula for the conductance (per spin) for a clean quantum wire with interac-
tions,
g

2 Up,

or in proper units,

e vy e up

" 2th on b o

A comparison with standard g-ology with the present chosen model gives the following iden-
tifications (equation (2.105) of Giamarchi [5]).

91,1 =91, =0

92,1 = 92| = 94,1 = G4, = Yo

9p =91 — 92, — 92,. =0 —v9 — vy = —209
9o =91 — 92| T 92.L. =0 —vg+1v9 =0
9a,p = Ga,| + 94,1 = 2ug

940 = 9a) — 94,L =0

2’00

Yp = g,,/(mp) = _E

Yo = ga/<7rUF) =0
Yap = Gap/ (TVR) = ga,p/(TVR) = 200/ (TVF)
Yio = ao/(TR) =0

tp =vr /(14 11,/2)? = (4/2)°

=vpy\/1 4 2v/(TvER) = vy,
P CET . B S
p L4 ya,p/2 — Yp/2 1+ 2v/(mvr)  wp

o = 05\ (14 44,0/2)? — (4r/2)? = v
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14 140 /2 + 10 /2
KU:\/ T Uno/2 Yo/

1+y4,0/2_y0/2 B

This gives,

ez vp €’

= =— K
G= h?}h h r

which is the standard result for a clean quantum wire.

The general case: |R| > 0 and vy # 0

Again, using the Green function from equation (B.2) for general value of |R|, the current

current commutation relation can be calculated as,
< [js(xa a, t),js(l’/, 0'17 t/)] >

UU2 v
:=—@m>ilhaMij(&wx—fy+%a—ﬂ»—;§zhamuuwfn+m@—ﬂ»>

2
U
8 h v==+1
/1,2

_ (zm)% Oppt! Z (5(1/(:1: —2') +op(t — ) — |RIPS(v(|z| + |2]) + vp(t — t’))>

v==+1

where,

|R|”

(1 _ (van—wp) |R|2>
Up,
Thus,

L/2
< j(z,0,t) zeZ/ dz’ / dta 2m)87r2

L/2

Zy =

XEZ( x—x)—ma—f»—%fZhw—wmuwfw—m@—f»)

r==+1

therefore,

, 2te
< j(z,o0,t) >= —V(2m)8 5 (1 — = Zh>

Up,

The conductance of a quantum wire without leads but in the presence of barriers and wells

éfFO‘E%)

Hence the general formula for the conductance of a quantum wire without leads but with

is,

electrons experiencing forward scattering short-range mutual interactions and in the presence
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of a finite number of barriers and wells clustered around an origin is (in proper units),

2

G=2" <1 _ o Zh) (F.3)

h Up, Up,

The above general formula agrees with the three well known limiting cases.
(i) when v, = vp, Landauer’s formula G = % |T'|? is recovered.
(ii) when |R| = 0, the formula G = % K, is also recovered.

(iii) when |R| = 1, G = 0 regardless of what vy, is.

Conductance from a tunneling experiment

If the conduction process is envisaged as a tunneling phenomenon as against the usual Kubo
formula based approach which involves relating conductance to current-current correlation,
a qualitatively different formula for the conductance is obtained. We regard the tunneling
conductance as being proportional to the absolute value of an effective tunneling amplitude
G ~ |T'|. This point of view is also the one advocated by Matveev et al. [34]. Now the
single particle Green functions of the system (switching off interaction in equation (B.2) and

equation (B.3)) are as follows.

(T b0 DL s o = 3 0(yx)0(v'2") gy (v, V') 50 (F.4)

e (ve —v'a') —vp(t—1t)

where g _/(v,v) are functions of the reflection (R) and the transmission (T) amplitudes of

the system and is given explicitly as follows.

o 51/ 1/25 1,72 T(SVI V2 R5V1 —v2 0 1 1/16 2,— V2
27T 1, V1,7 _'_( ) + 3 ) 15 2, <F5)

+ (T*(Sz/l,UQ + R*6V177V2)571,*V15’Y27V2i|

g’yl,’YQ(Vl? VQ) =

Using equation (F.4) and equation (F.5) the following is obtained

vp /OO dt < {¢,(z,0,t),¢)(2,0,0)} >= —(2mi) Z 0(v2)0(~ )9, (v, V)

> vy =%£1

Sup / T < {wy(—yg,a, t),wl(vg,a, 0)} >= —(2mi)g (v, )

—00

o L L )
;»UF/ At < (v, 0. 1), 6l 0,0)} >= —(2mi) T = T°

2
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Setting ¥ = 1 and taking the absolute value we have

o L L
or [ dt < {Ual(-5.0.0). 045000} > | = 7]

o0

Hence conductance can be written as

2

G lor [t < {un(=5.0.0,0h(5. 0.0} > | (F.6)

o

Choosing the tunneling conductance to be proportional to the magnitude of the transmission
amplitude allows perfect agreement with the RG equations of Matveev et al. [34] as we have
seen in the main text (|7'] is the magnitude of the transmission amplitude of free fermions

plus impurity).

Homogeneous case

Now using the equation (F.6) we calculate the tunneling conductance of a homogeneous
Luttinger liquid. For this the Green functions are taken from equation (B.2) and the reflection
coefficient |R| is set to zero (which is equivalent to the homogeneous case).

. (vy, —v )2 L2—(7) )2
<T¢R(_§7070)¢}a(§70’,t)> = 2L e~ 4 log[L—vrt] o=} log [L—vatl,~ “Hop v 108 22"
™
Hence,
L i L L Llog[Love(t—i)] —4 log [L—vn(t—ie)] — 2B log LL(”’”;'*“M‘
<{¢R(_§aa70)7¢R(§’Uat)}>:2-e 298 4 e 2 g L e YhUE Ly
i

) 4 ) _(p—vp)?
- QL e—% log [L—vp (t—&-ze)]ef% log [L—wn (t+i€)] , 7 " svpvp log
s

L2 — (v}, (t+i€))?
2

w

while integrating over ¢ the only regions that contribute are L — vpt ~ 0 and L — vt = 0.
When vy, # vp these two are different regions. Set L —vpt =y then L — vt = L — 5—1’;([, —y)
and L + vt = L+ Zj—;(L — ). The implication is, integration over ¢ is now integration over y
and this is important only when y is close to zero. Next set L —vj,t = v then L4+uv,t = 2L —vy'
and L —vpt = L — Z—Z“(L — ) and the integrals are important only when y' is close to zero.

This means,

vp /_O;dt (tn(—. 0,0, k(5 0.1}

2 7 2
L2 "h(L—y)
v

o0 1 . . v v _ (v —vp)?2 F
:/ dy L e—%log ly+vpie] e—%log ly—vrie] e*%k’g [L(lfﬁ)Jrﬁy]e 8L‘Uhy‘UF log L2 |
27
—o0
’ ’
oS} ; ’ . ’ . 1 v vp ! _ (vp—vp)? y (2L—y )
+Ui dy/ QL (67% log [y +vpie] _ 67% log [y 7’[);,/16]) e 2 log [L(l—%)+ﬁy ] e 8vpvp log LZ
h —00 U
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Only the dependence on L is of interest. Write y = L s and 3y = L s'. Hence,

_ (vp—vp)?

) L L lo %2
UF/ dt <{wR<_§70-7 0)7¢E(§,O—, t)}> ~ e Bupvp g‘Lw

This means the tunneling conductance of a clean (no barrier) quantum wire scales as,

2 2 L(Kp+2-2)
e _@pmvp)” | L L, \ %" Kp
Gclean ~ E e dvpvp Og‘Lu‘ ~ (f) (F?)
where L, = l;jB—FT is the length scale associated with temperature (or frequency since kgT is

interchangeable with w). It says that at low temperatures, the tunneling d.c. conductance of

a clean quantum wire with no leads but with interactions (v, # vr) diverges as a power law
i 1 1

with exponent (K, + e 2) > 0.

With the impurities

The homogeneous case is well handled by standard bosonization (g-ology) techniques. But
the addition of impurities of arbitrary strength makes this technique inadequate and it has
to rely on renormalization or other numerical techniques. But these techniques fall well short
of proving closed analytical expressions of the correlation function exponents which, as we
can already see, are crucial for the calculation of conductance exponents. On the other hand
NCBT provides closed analytical expressions for these exponents for the general case with the
barriers and wells. Consider the general Green function for the points on the opposite sides

(equation (B.3)).

< Topg(z, 0, )R (2, 0, t) >

1 1 1
_ (X+20C) log [27] . X log [22] —=z log [(z—a')—vp(t—t')] 3 log [(z+a')+vp (t—t')]
= e go1a(1,1) e %
2(x + ') ’
e~ (3+Q-X)log [(z—a")—vn(t—t")] ,=(Q=X) log [(x—a")+vp (t—t')]
e—Clog [(z+z")—ovp (t—t')] 6—(—%—&-0) log [(z+a")+vp (t—t)]
1 Xlog [27] (X 1 g -1 —a')—vp(t—t")] 31 N—vp(t—t'
4= Xlog[2a] (X +20)log[22] g-11(1,1) e72 og[(z—a")—vp (t—t")] , 3 log [(z+2") —vp (t—1')]
2(z + ') Y
o~ (31Q—X) log [(z—a')—vp, (t—t")] ,—(Q—X) log [(z—a’)+vp, (t—1')]
e~ (=310 log [(w+a")—vp, (t—1)] ,—C log [(w+a")+vp, (t—t")]
Hence (r = —% and 2’ = £ + e and 2 + 2" = € — 0 is small),

L L 1
< T@DR(g,O', t)@DL(—E,o" ()) >= 2_6 o(X+2C) log [L] , X log [L] 917_1(1’ 1) 6—%log[L—th]

eé log [5+vpt]e—(%+Q—X)log [L—uvnt] ,~(Q=X)log [L+uvpt] ,~Clog [s—vht}e—(—%—i—C) log [e+upt]
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1
+ o X 1og [L] ,(X+20) log [L] 917_1(17 1) 6—% log [L—vpt]
6% log [e—vpt]e—(%—f—Q—X) log [L—vht]e—(Q—X)log [L+vht}6—(—%+C) log [6—vht}e—Clog [e+upt]

Hence,
L L 1
< TwR(_E’ o, O)w;r%(g’ o, t) >:2_€ €(2X+20)10g L] 91,71(1, 1) efélog [Lfvpt]efélog [L—vpt]
o log [ervpt] 1 Tog [e+unt] ,—(Q—X) Tog [L2—(u1)?] ,—C'log [ —(u10)?]
+2l 6(2X—&-2C’)10g[L] 917_1(1’1> 6—%log[L—th]e—%log[L—vht]
€

o3 logle—vpt] 3 log[e—unt] .~ (Q=X) log [12—(vpt)?] ,—Clog [~ (u1)?]

Taking the limit € — 0,

L L VE + vy,
< Tr(Z . L (=2 6.0) >= L (1.1) e2X+20)l0g L]
wR( 9 , 0, )wR( 92 , 0, ) 9 /—Uth 91, 1( ) ) €

o~ 4108 [L—vpt] — 3 log [L—vf] ,—(Q—X)log [L2~(v1,6)*] ,—C'log [~ (11,1
Since G ~ |vg ffooo dt < {wR(—é,a, O),w};(%,a, t)} > | it is possible to read off the conduc-

tance exponent as follows,
I\ 4X2
G ~ <_> (F.8)

where Q = %1—1;?2 and X = gﬁﬁi’q;@g’:j:;))) as given in equation (3.22). It is easy to see

that for a vanishing barrier |R| — 0, the earlier result of the conductance of a clean quantum

wire is recovered.
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Appendix G

Mathematica commands to verify

Schwinger Dyson equations

For verifying any of the Schwinger Dyson equations given in section 7.4, define two variables,

say ‘LHS’ and ‘RHS’ and type both sides of the equation in Mathematica software as follows:
LHS = —i(p— =)
' ot —t)—x+a

Vg © vp(vn — VF)
RHS = — | ———W— 2+ ..
4mvd (vh(t—t’)—x—i-:c’ - )

Method I:

Define all the variables.

vp — vp)? 1
Q::—<h r) s P=—-40Q
SUpUE 2
and so on from the section 3.4.1 (Anomalous exponents) in the main text. Check
LHS — RHS
to get zero.
Method II:

Use the command
SolveAlways|[LHS == RHS, {z,2',t,t'}]

This leads to expressions for the anomalous exponents (denoted by upper case letters of the
alphabet) which can then be matched with those in the section 3.4.1 (Anomalous exponents)

in the main text.
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Appendix H

Derivation of the reflection and

transmission amplitudes

(a) Single delta-function Consider a single delta potential at the origin (Vpo(z)) and a

wave propagation towards the right. Then the wavfunction can be written as follows.

Aleik“” aF Ble_i’“c —L/2 <r<0

Vr(z) = .
@ 0<z<L/2

Now using the continuity condition of the wavefunction at the origin, integrating the Schrodinger
equation around the delta potential and performing box (of length L) renormalization of the

wavefunction, one can fix the three unknowns which are obtained to be the following:

1 1 imVo 1 1
Ar.= Vi B, =il =S(ps==—F c Ay =)= [ ———— H.1
1 \/;a 1 L( 1+%>, 2 L(l—i—%) ( )

Under the RPA limit, where m, k — oo but % = v is finite, we have the following.

iVo
1 1 p— 1 1
A== Bi=\/+ s FFEAR VA =/ = A H.2
R L(”%)’ 2 ﬁ(”%) -

Thus we have

T

(b) Symmetric double delta-function Consider two delta potentials at distance £a from

the origin (Vo(d(x — a) + 0(z + a))) and a wave propagation towards the right. Then the
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waviunction can be written as follows.

Aleikx -+ Ble_““c —L/2 <zr<-—a
Yr(r) = Aqeth® 4 Bye~ ke —a<xz<a
Ageth® a<xz<L/2

Now using the continuity condition of the wavefunction at the points =+a, integrating the
Schrodinger equation around the delta potentials and performing box (of length L) renor-

malization of the wavefunction, one can fix the five unknowns which are obtained to be the

following:
1
A1 — z
B — \/I—iz[élkr cos (2ka) + 2z sin (2ka)]
"V L 4k(k +iz) + 22(e%ka — 1)
’ \/I 2ki(—z + 2ki)
27V Lak(k + iz) + 22(e%ka — 1)
B, 4 \/T 2ik ze?ka
TV Lak(k +iz) + 22(e%ka — 1)
m Ak?
TN Lak(k + iz) + 22(etike — 1)
where,
L 2mVy o V2mE

R k]
Under the RPA limit, where m, k — oo but % = vp is finite. Also we take the limiting case
of a — 0 along with & — oo so that the factor 2ka = &, is a finite constant. Imposing these

limits to the above coefficients we obtain

AR, i
Ay ! e B el b2 cos &)
T_A - . 2 f ] 2 R_ A - y 2 ] ] 2 (H4)
Tl e ) ()

(c) Asymmetric double delta-function Proceeding similar as above we obtain the follow-

ing for two unequal delta potentials of strengths V; and V5, at position a and —a respectively.

ViV s 21 (V4 €0 +V267¢50
] > L . 2 ; )
(1 it 4 V%V2> + 132 020 (1 it 4 V5V2) + Y2 e2ito
F Gl Up VR Vg VR

(d) Symmetric triple delta-function Proceeding similar as above we obtain the following

for two equal delta potentials of strengths V; at position +a along with another delta potential
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of strength V at the origin.
1

T =
VoVy? VoV Ve i Vo Vi e’o VoV :igo VOV i 2
@_WT_%T_E+%*mE*77%E?ﬂ“HF+”W+“%

F Up F

VoV )
202l — 24
R=- =
Vo V2 Vo Vi V2 -t - Vi 23} Vo V2 . e Vo2 ; 2
(1 — ZTI — 2% — é + lﬁ =+ QZﬁ —+ ev2 QZTFl — ZelfoTF‘l —+ 2‘/0V1 + €Z§0V1

F Uk F
(H.6)

VoV . . VR . ,
o3t cos [€o] + 2i Vg%ﬁ sin [&o] + Zzé sin [&o] + Zy—g + 221‘)/—; cos [&o]

3
F

(e) Finite barrier tunneling

Consider a rectangular barrier of height V' extending from z = —a to x = a such that the

energy of the particle is less that then height of the barrier. The wavefunction is given as
follows.

A v cepBes i —L2<x<—a
Yr(x) = Age® + Boe M —a<zxr<a
A G a<z<L/2

Using continuity conditions of the wavefunction and its first derivative at points +a along

with renormalization will yield the following expressions of the coefficients.

A1: l

L
. \/T e—Qiak(64an_1)(k2+K2>
"YUV L —(k—ik)? + etk (k + i)?
1
L
1
L
1
L

—2er R (kb — i)

= —(k — ir)2 + ek (k + ir)?
- Qeiakt3ar (| 4 k)
—(k — iK)? + elak (k + iK)>2
4i€2a(—ik+n)k/€
BENT Zh— i T o (k- in)?
where,
- QmE‘.R:\QmOW—E)
ho h ’

Now take A = % to be fixed while taking the RPA limit where Ep = 3mu is the Fermi

energy. & = 2kpa is finite kp — oo and the width of the barrier a — 0. Under this limit we
obtain the following.

T—é— die= %0\ /N — 1
AL 4iv/A—Tcosh €y /(A — 1)] +2(2 — A)sinh [&y/ (A — 1)] ()
o B e~ 02\ sinh [€51/(A — 1)] '

A 4iv/ X —Tcosh [£94/(A — 1)] +2(2 — ) sinh [§/(X — 1)]
167
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(f) Finite well scattering

Consider a rectangular barrier of depth V' extending from x = —a to x = a with the energy

of the particle £ > 0. The wavefunction is given as follows.

Ale“’“‘ —+ Ble_““’" —L/2 <z < —a
Yr(z) = Aye®'® | Bye~ik'e —a<z<a
Aseth® a<x<L/2

Using continuity conditions of the wavefunction and its first derivative at points +a along

with renormalization will yield the following expressions of the coefficients.

Al =

€—2iak(e4iak’ . 1)(l€2 . ]{3/2)

_(k L k')2 o e4iak’(k _ k’)2
_Zefia(kfk’)k(k, + ]f/)

>
I
ST ST NI%VNIH

A= —(k + k)2 + ebiak (| — /)2
By = 26—ia(k—3k’)k,.<k, _ k‘/)

_(k T k')2 L 64'Lak’(k _ k’)2

_4672a(k7k’)k,k,/
A = —(k + k)2 + ehial (k — k/)2
where,
2mE v2m(V + E
k=— ;;k’=—(h )

Now take A = % to be fixed while taking the RPA limit where Ep = mu} is the Fermi
energy. & = 2kpa is finite kp — oo and the width of the well @ — 0. Under this limit we

obtain the following.

Az de~ %o\ /N 4+ 1

Al AVt Leos|Eo/ O+ )] — 2i(2 + M) sin [€o /(N + 1)]
By e~%02i\ sin [£9/ (A + 1)]

Al AVt Leos[éo/ O+ D) — 2i(2 + M) sin [€o/ (N + 1)]

R:
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