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Abstract

The main theme of this thesis is the application of a field theoretic duality to super-
conducting systems. In theoretical physics duality is such a concept by which one can
represent a system by two (or more) different set of field theoretic variables. One of these
dualities is the boson-vortex duality which maps vortices existing in a 341 dimensional
theory to strings and in 241 dimension it maps vortices to point particles (Particle-vortex
duality). In the existing literature this duality is applied to systems described by scalar
fields or systems with static spins. Here in this thesis we have applied this duality to
systems where both charged bosonic and fermionic fields are present. Such a model was
originally proposed by Friedberg and Lee as a model for high 7T, cuprate superconductors
and was later adopted in theoretic models of pseudogap, BCS-BEC crossover scenarios,
emergent supersymmetry in condensed matter systems, etc.

We have used a model similar to Friedberg-Lee model but relativistic in nature. These
bosonic and fermionic fields in our model have a global U(1) charge and therefore interact
with electromagnetic gauge field. Through our investigation into these systems we have
found a few interesting features of such models. The boson-vortex duality, when applied
to 3+1 dimensional Abelian Higgs model (AHM), leads to a dual theory where vortices
are represented by 3+1 dimensional strings and these strings interact via a 2-form gauge
field. We have applied this duality to the boson fermion mixture model and have shown
that the fermions in the dual theory couple to 2-form gauge potential and thus interact
with the dual strings via the exchange of this 2-form gauge potential. We have named this
interaction emergent electron-vortex interaction. In this thesis we have mainly analyzed
some consequences of such an interaction.

One of the main consequences of this electron-vortex interaction is the attachment of
vortices to electrons. The main reason for such an attachment in 3+1 dimensional theory
is the electron’s non-zero spin magnetic moment. For this reason we have called this
phenomenon spin-flux attachment. We have also presented some theoretical arguments
for the pair formation of these vortex attached fermions. It was argued that two such
vortex attached fermions, when coming closer to each other, may become connected to
each other by two vortex lines. One can also calculate the interaction potential and show
that it increases linearly with the distance between two electrons when the exchange
momentum is large compared to the mass of the 2-form field. This linear potential also
suggests that the electrons are connected by vortices or effective strings. However, when
the two length scales of the theory- the inverse scalar mass and the inverse photon mass-
becomes comparable, the mechanism described above fails. We have found arguments for
fermion pairing in this case as well. The dual theory of vortex lines can be generalized in
terms of a string field theory. In the false vacuum of the string field the mass of the 2-form
vanishes. In such a situation the electron-electron effective potential becomes linear in
the interparticle distance which leads to stable pairs of fermions.

Another consequence of this flux attachment phenomenon is the statistical transmu-
tation of the flux attached fermions. To show this we have reduced the 3+1 dimensional
dual theory to 241 dimensions by assuming that all the particles and their interaction are
confined to a 241 dimensional plane. We have further shown that reduced 2+1 dimen-
sional theory may lead to the same flux attachment equation obtained previously but now
the coupling constants are modified by a new factor. It is shown that due to this flux at-
tachment equation when two non-relativistic vortex attached particles are moved around
each other an Aharonov-Bohm phase is induced in their wave function which depends



on the new constant factor introduced in the process of dimensional reduction. If this
factor varies arbitrarily this phase can also vary and become different from 0 or 7. This
arbitrariness of this phase factor may be an indication of the statistical transmutation of
such flux attached particles.

In this way, our investigation, via the application of boson-vortex duality, has brought
out some unobserved features of the boson-fermion system which may draw the attention
of the scientific community.
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Chapter 1

Introduction

From very early days of quantum mechanics, scientists are successfully applying quantum
principles to many body systems to understand their macroscopic properties observed in
different experiments. Such explorations started from explaining spectra of atoms and
molecules and latter extended to the study of materials in different phases and also to the
exploration of subatomic world. Based on the length scale which needs to be probed (or
equivalently energy range of the probing agent) many body physics can be roughly divided
into two broad categories. One is the physics of solids, fluids (gas or liquid) in which the
constituent particles (atoms or molecules or electrons) have very restricted motion and is
called condensed matter physics (or low energy physics). In this case collective behaviour
of electrons in the background of periodic array of atoms or molecules become important.
Another is the physics of elementary particles which governs the behaviour of the nucleus
and its constituent particles. At this energy range particles are essentially relativistic and
thus capable of producing many other particles of different types. However, the physics of
plasma in stars, quark-gluon plasma realized in particle accelerators, cosmic ray shower
would also fall into this category. The physics of such systems is in general referred to as
high energy physics.

To deal with the physics of manybody systems, quantum principles, which were ini-
tially proposed for one body physics, were extended to many body field theories where
the technology of second quantization becomes essential. In a second quantized theory
the many body states are the vectors of Fock space which is the space of states charac-
terized by the occupation numbers. Thus such construction would allow states with zero
occupancy to infinitely high occupancy. The operators in such a construction are repre-
sented in terms of creation or annihilation operators which can act on the states of Fock
space. Although the technique of second quantization were used both in non-relativistic
or relativistic many body theories their subsequent developement took different paths
because in the latter case relativistic symmetries are essential whereas in the former case
relativistic symmetry is absent. Despite of this difference these two fields keep influencing
each other and we shall see in latter discussions how ideas developed in one case becomes
essential in explaining various features in the other case.

Historically it was Albert Einstein who, immediately after the developement of the
idea of quantum nature of light, applied the idea of photon to lattice vibrations. His
idea of modeling a solid as a gas of phonons was later extended by Debye to explain the
specific heat of solids. Thus phonon was the first ever postulated collective excitation
of a solid. Later on such ideas were extended for various phases of matter like magnons
in ferromagnets, plasmons in charged plasma, polarons in a ionic matter, composite



fermions in fractional quantum Hall state, Bogoliubov quasi-particles in superconductors
etc. Apart from them there are collective excitations called solitons which are being
discovered in different systems of current interest. Example of them include vortices
in type-1I superconductors, magnetic skyrmions in different magnetic systems, magnetic
monopoles in spin ice etc.

The idea of spontaneous breakdown of a global symmetry was developed in the con-
text of ferromagnetism where below Curie temperature the phase of the spins in a large
region takes a unique value and hence break rotational symmetry (SO(3)). Following
the behaviour of m meson Nambu first postulated that = meson could be the soft modes
(Goldstone modes) associated with the spontaneous breakdown of some underlying sym-
metry and gave some idea of what the underlying symmetry could be. [1]

The ideas of renormalization group (RG group), which were developed to describe the
singular behaviour different physical quantities near the phase transition point (Critical
phenomenon), were later proved to be useful in developement of the idea of asymptotic
freedom which is essential in QQCD physics. These ideas were also useful in development
of the ideas of unification of forces.

The technology of diagramatic perturbation theory and Green’s function which were
initially developed in the context of relativistic field theories (elementary particle physics
and nuclear physics) were adopted in modern condensed matter contexts as well. In
particular they are used in fermi liquid theory and in the subsequent developement of BCS
theory of superconductivity. The effective description of superconductivity in terms of
Ginzberg-Landau theory can be thought of as the material realization of Higgs mechanism
by which photon gets mass.

Recently such interdisciplinary research has got a boost as new phases of matter are
being discovered in low temperature experiments. A bunch of new ideas started to grow
in the early 80’s when physics of lower dimensional systems were being probed in ex-
periments. In particular the discovery of integer quantum Hall effect (IQHE) [2] and
subsequent discovery of fractional quantum Hall effect(FQHE) [3] found in two dimen-
sional electron gas (2DEG) under high magnetic field and low temperature marks a new
era for quantum condensed matter physics. Although the phenomenology of IQHE can
be explained from the Landau level physics for non-interacting electrons, explanation
of FQHE would require consideration of inter-electron interaction. In particular it was
shown by various authors that the effective theory, which can explain the plateaus in the
resistivity curve, incorporate a new breed of quasi particles called anyons (or composite
fermions [4]. These anyons was first thought to exist in planar theories by Leinass and
Myrheim [5]. Immediately after their work Wilczek showed that composites of electrons
and vortex like extended objects can obey fractional statistics and named them anyons [6].
Anyons are incorporated into the effective description of FQHE via a gauge theory known
as Chern-Simons(CS) theory. This Chern-Simons theory and various other theories that
we are going to discuss are classified as topological field theories(TQFT). These TQFTs
appear in effective description of different phases of matter and thus establishes a con-
nection to relativistic field theories with low energy condensed matter systems.

Another important discovery of that decade is that of cuprate superconductors which
shows a transition temperature as high as Nitrogen liquefaction temperature and is thus
very important for practical purposes as well. Experiments suggests that electrons in CuO
plane in cuprates are responsible for superconductivity. This led to the developement of
the semionic theory [7] for cuprates which again incorporates the idea of anyons and
hence Chern-Simons gauge theory. However this and various other theoretical attempts



have failed to give a complete varifiable theory for the rich phenomenology of cuprates. In
spite of this failure such theoretical research has given rise to concepts like spin liquids [§],
non-fermi liquids [9], strange metals [10] etc which demand to be independent subjects
of research on their own right.

Theoretical research on quantum hall effects and related phenomenon have given rise
to a new subject called topological phases of matter [11,12] which is at the heart of
modern developments of condensed matter research. The central theme of this topic is
the classification of states of matter by the topology of the eigenstates of the Hamilto-
nian governing the dynamics of electrons in the the system in consideration. A famous
example of such topological matter is topological insulators which are characterized by
the gapped spectrum in the bulk and gapless edge states which carry the current. For a
d-dimensional insulator these gapless states can be described by d — 1 dimensional mass
less Dirac equation [12]. This again draws connection of topological matter to relativistic
physics. Furthermore, the electromagnetic response of such materials can be summarized
by a TQFT which is called an “axion term” which gives rise to a Chern Simons term in
the edge. Other examples would be Dirac/Weyl semimetals which are characterized by
appearance of massless Dirac/Weyl particles close to Dirac/Weyl node of the Hamilto-
nian [13]. Such materials can be useful for table top experiments for various phenomenon
predicted to exist in relativistic physics. As example, particles like spin-3/2 fermions or
Rarita-Schwinger fermions [14] which are not found in natural world, but predicted in
the context of elementary particle physics, are also shown to exist theoretically in certain
similar materials at low energy [15-17]. Similarly, Majorana fermions which were never
found naturally were predicted to exist at the vortex core in a p-wave superconductors
placed in proximity to a TT [18]. These particles are also shown to be useful for topolog-
ically protected quantum computation [19,20] and it have got huge attention from both
theoretical and experimental condensed matter community.

Apart from the theory of topological condensed matter, the principles of topology are
also important in definition of topological solitons which plays an important role in non-
perturbative sectors of particle physics (e.g. QCD) as well as in low temperature phases
of condensed matter physics. Topological solitons are solutions of classical field theories
with specific asymptotic conditions on the fields which constrain the fields to be non-zero
very close to the origin which in turn localizes the solutions. Thus these solutions acts as
localized objects or particles. Among various topological soliton solutions the first ever
experimentally detected soliton was a vortex in type-1I superconductor and they are also
the central theme of this thesis. Vortex in any fluid is characterized by non zero vorticity
which gives a measure of rotation of the fluid and is defined as the curl of velocity vector.
The properties of topological vortices is that their vorticity is quantized i.e. an integer
multiple of vorticity quantum 27. This integer is called a winding number and comes
from the homotopic mapping involved in their definition [21]. This non-zero winding
number expresses the fact that the vortices are topologically stable and hence dissipation
of a vortex from a non-zero winding say n = 1 to n = 0 needs infinite energy and is not
allowed. We shall discuss the role of topology in the definition of the vortices in the next
part of this chapter. At this point we would like to mention that apart from vortices
there are other solitons like magnetic monopoles in spin ice material [22], skyrmions in
magnetic materials [23] which are observed in experiments [24,25] and plays important
roles in explaining phenomenological features of such systems.

In our work we shall be interested in systems where fermions are also present in
addition to vortices in a background scalar (Bosonic) matter. The vortex solutions also



involve a particular configuration of the electromagnetic field due to which a non zero
magnetic flux is trapped inside the vortex configuration. Now, if we keep charged fermions
in the system where vortex configuration already exists, the fermions would couple to the
electromagnetic field produced by vortices. In such a case one may write down the Dirac
equation coupled to electromagnetic field A, of vortices like the following

(iv'0, —m —ey"A,) Y =0, (1.1)

c |7
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er \ 2er

that in a system where both fermions and vortex are present an interaction among those
is inevitable. Studies of such systems was also considered by other authors in which they
have considered Dirac equation in the electromagnetic vector potential produced by vor-
tices and tried to solve them. Such solutions indicate presence of zero modes of fermionic
field trapped inside vortex core [26,27]. In particular similar studies where zero modes
describe Majorana fermions [28] have gained considerable high attention due to their
possible application in quantum computation as we mentioned earlier. However, such
studies consider vortices as static configuration of scalar field as well as electromagnetic
field and hence neglect their dynamics. We shall consider this question in our thesis and
try incorporate their dynamics and their interaction by invoking the idea of duality into
our work.

The subject of duality is itself a leading research topic in high energy physics as well
as in condensed matter theory. Dual transformation allows one to describe a system
in different field variables which define two theories whose parameters (temperature,
couplings etc.) are related. Among different broad classes of dualities strong-weak duality
is of particular interest which maps a strongly interacting system to a weakly interacting
one and thus makes it possible to apply perturbation techniques. In the context of
high energy physics (HEP) such dualities become essential to analyse non-perturbative
properties of non-Abelian gauge theories [29-31], while in the context of condensed matter
strong-weak dualities are applied to strongly correlated systems like spin liquids, strange
metal phase of Cuprate superconductor, Mott insulators, Luttinger liquids etc [32,33].
Thus dualities have become a common language to both community.

The duality in which we are interested in is called boson-vortex duality or a particle
vortex duality. It was shown previously that when applied to a 2 dimensional spin system,
this duality maps the vortices, that may appear in the system, to point particles whose
current is the vorticity in the original theory and they interact via a new emergent gauge
field. We shall review this duality in quite details. As we shall see this gauge interaction
gives rise to a logerithmic potential between the point vortices which suggests that the
vortices are confined. There exists a phase transition from this confined phase to a
deconfined phase where isolated vortices are allowed to appear. This phase transition
is known as BKT transition and is fundamentally different from other known phase
transitions studied in the literature. Experimental realisation of this predictions was
awarded with Nobel prize in recent past. However, higher dimensional generalisation of
this duality is of interest to HEP community as well because such a higher dimensional
duality maps the 3+1 dimensional vortices to effective strings in the dual theory. Thus
the dual theory is an effective string theory where strings interact via a 2-form gauge
field. The dynamics of these effective strings, expressed by Nambu-Goto term, also
gives the dynamics of the vortex lines in the original system. Thus it is evident that
the 341 dimensional duality would help us include the dynamics of vortices in terms of

which is produced by a vortex. Thus it is quite expected



effective strings into our study of interaction of fermions with vortices. However, the
construction of the duality in our case would differ from the standard cases because we
include fermions into the system. As we shall see the dual Lagrangian in our case contains
an electron-vortex gauge interaction as well as vortex-vortex gauge interaction. We shall
focus on the this electron-vortex interaction throughout this thesis and shall explore it’s
various consequences. In particular, we shall see how such an interaction may lead to an
electron-vortex attachment which in turn leads to pairing of fermions. Such a novel type
of pairing may be realized in some appropriate system. In a lower dimensional system
such an attachment mimics the flux attachment scenario arising out of the Chern-Simons
gauge theory coupled to matter and thus lead to formation of anyons. This indicates a
posssible deeper connection of these systems to fractional quantum Hall systems. This
also motivates us for a further investigation into the question whether the dual theory
can lead us to Hall effect for fermions in presence of a large number of vortices or vortex
lattice.

In our work we assume presence of background superconductivity and formation of
vortices in it, so it will be useful to discuss superconductivity as well as the topological
vortex solution in the effective theories of superconductivity. We shall also review the
boson-vortex duality in different systems of different dimensions briefly. In particular,
we shall focus on its application to superconducting systems and FQHE. In such systems
topological fields theories play a central role and often appear in the dual theory. For
this reason we shall try to review some properties and application of topological terms in
different condensed matter systems. We have also mentioned that anyons do appear in
our work via electron-vortex attachment. The context of anyons is a proper example of
the concept of statistical transmutation. Statistical transmutation, in particular bosoni-
sation is also a topic of current research interest. For this we shall review the method of
bosonization by pairing fermionic operators in 1 dimension and via flux attachment in 2
dimensional systems. This short review will help us go through the physics and methods
that we shall encounter latter in this thesis.

1.1 Superconductivity and appearance of vortices:

The phenomenon of superconductivity was discovered by Kamerlingh Onnes in 1911 while
studying the transport properties of Mercury (Hg) at low temperature. It was found in
the experiment that below 4.2 K (liquefaction temperature of Helium) the resistivity of Hg
sharply drops to zero. In general in metals resistivity arises due to scattering of electrons
from the vibrating ionic background, scattering from other electrons, as well as scattering
from impurities. The resistivity due to scattering from vibrating lattice ions (electron-
phonon scattering) varies with temperature as oc 7°, while it gets a contribution from
electron-electron scattering which has a temperature dependence oc 7°. Also the impurity
scattering gives a constant contribution. Thus the expectation based on such ideas was
that as temperature goes down to zero resistivity also drops to zero in a continuous
fashion. Thus a sudden drop in resistivity at non zero temperature was surprising.
Another more surprising feature of superconductivity was discovered in 1933 by W.
Meissner and R. Ochsenfeld. They showed that below the transition temperature (7¢)
the magnetic flux gets completely expelled from the bulk of the superconducting material
and thus the material becomes completely diamagnetic: y = g]\/[ = —i. This effect is

4
known as Meissner-Ochsenfeld effect or popularly as Meissner effect. A phenomenological



theory of electromagnetic properties of superconductors was first proposed by H. London
and F. London. The key point that arises from their theory is the coherence or rigidity
in the superconducting state which means that the wavefunction of electron does not
change even when magnetic field is present. Let us briefly explain this before proceeding
towards the microscopic description.

As explained above, superconductors possess two fundamental features: 1) perfect
conductivity 2) Meissner effect. Let us try to see whether the first feature lead to the
second. Hence we start by assuming the material to be a perfect conductor i.e. electrons
accelerate freely under the application of electric field. So we can write

—

mr = —ck. (1.2)

Now if the density of the superconducting electrons is ng the current density is given
by: Js = —nger. Using this, equation (1.2) becomes

nge>

J o= E 1.3
-« (13)

Now using Maxwell’s second and fourth equations subsequently we get

0B 1 (0B

2 i - i
Vv (at) A2 (875)’ (1.4)

mc2

where we defined the penetration depth as A =

. If one tries to solve Eq. (1.4)
4nge?
in one dimension one gets the following solution

OB (8B .
=0

This indicates that the rate of change magnetic field decays exponentially and becomes
zero within the bulk of the material. Thus magnetic field inside the bulk remains constant
in time and not zero. Thus this equation does not give us Meissner effect. Therefore only
the assumption of perfect conductivity does not lead to Meissner effect. Thus to explain
the Meissner effect one need to eliminate the time derivative arbitrarily from the Eq. (1.4)
and arrive at the phenomenological equation proposed by London brothers

1 o
V?B = =5 (1.6)

Now using Ampere’s law with the above equation one can reach to the famous London

equation
nee’ -

J=——""A4A (1.7)

mc

For such a solution of Eq. (1.6) one need to take Coulomb gauge V- A = 0. However
the London equation can be justified using quantum mechanical arguments as proposed
by F. London. In the ground state of the system the quantum expectation value of
momentum of the system becomes zero i.e.

([ pl¢) = 0. (1.8)



Now if the wave function is assumed to be rigid enough that it does not change even
under application of the applied magnetic field then we have

L oe
wl (5= SA) 1v) = 0. (1.9)
This suggests that (1| 7]i) = eA. So if the current is defined as J = e (V| p )
m
then the above equation leads us to

- nge? -

J=-"1 (1.10)
me

which we recognize as the London equation. Thus the London equation and Hence the
Meissner effect follows from the rigidity of the ground state wave function as stated above.
Apart from the two fundamental properties of superconductors described above, many
other important characteristics of such systems emerge out of other experiments. The
electronic specific heat measurement shows a exponential decay near T' = 0K suggesting
a gap in the energy spectrum of single particle excitations. Another important property
that was established by experiments was the dependence of the transition temperature
on mass of the isotope of the metal. This suggests that electron-phonon interaction is re-
sponsible for the phenomenon of superconductivity, as was also suggested independently
by Frohlich [34]. One now need a microscopic theory that captures all these phenomeno-
logical features in one frame work. Many famous physicists including Feynman, Einstein,
Bohr, Heisenberg, Born attempted but could not figure out the physical picture.

It was Frohlich’s theory, based on perturbation theoretic approach, that first gives
correct isotopic mass dependence for the critical field Hy at T'= 0K. However it predicts
no separate phase with the above mentioned characteristics of superconductors. Many
subsequent attempts by Bardeen, Pines, Nakajima etc could not give the correct theory
untill the work of Bardeen-Cooper-Schrieffer [35] came in 1957. What they showed is
that the electron-phonon interaction Hamiltonian gives rise to an attractive part when
the energy difference of the two electronic states, involved in the scattering, is Ae < hw, w
being frequency of phonons exchanged in this process. This part of the electron phonon
interaction leads to a phenomenon known as Cooper instability which leads to a new
ground state below Fermi surface. Let us try to briefly state the idea of Cooper instability
before moving to the microscopic BCS theory.

The essential physics of BCS theory can be discussed with ina much simpler quantum
mechanical prolem involving two electrons interacting via a potential V(7} — 7). One
can write the Schrodinger equation of this problem in terms of relative displacement

S 1
= 1] — T3, the centre of mass coordinate R = 5(?71 + 75), and reduced mass of electrons

,]:'
iw=m/2 as
h? .
=524 V()| 600 = Bo), (1.11)
where we have eliminated the centre of mass coordinate dependence of ¢ by writing

o . h2 KQ

(7, R) = ¥(7)e™® and have written £ —
m .
centre of mass of the system. Here we shall consider the case in which £ = FE, or

K = 0 i.e. the electrons have equal and opposite momentum. We shall now write down
the momentum space version of the above Schrodinger equation by using the Fourier

= F, K being the momentum of the
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transform of the wave function of the two electron system ¢ (7) as

»(7) —/ &k 1[1(%)6“2"? (1.12)
) (2n)3 ' '
Thus we get the following equation

Ak =- [ éﬁ";’g ‘;El’j :IZ;)A(E’), (1.13)

where ¢, is the momentum of a individual Bloch state. Also we have redefined the wave
function of the system of two electron as: A(k) = (E—2¢;)1 (k). As mentioned above, the
crucial point of BCS theory was that the potential due to electron-phonon interaction is
attractive only for a thin shell in momentum space above fermi sphere i.e. V(l; —K ) =-W
for €, — ep < hwp, where wp is the highest possible frequency of phonon modes, called
the Debye frequency. Under such assumption we can approximate the density of states
of electrons by the density of states on the fermi sphere(p(er)) and then for a constant

A we can get from the Eq. (1.13)

A = Viplep)an [T _de
= Vopler) /sF 2 — E°

We now define the bound state energy to be E, = 2ex— F and also take the assumption
that F, << wp. With all these we obtain as a solution of above integral equation

(1.14)

By = 2wpe Torem | (1.15)

Thus we see that there will be a bound state of electrons regardless of smallness of the
interaction potential. Such pairs are called a Cooper pair. Thus in the presence of a small
attractive interaction electrons near Fermi surface form bound pairs and their energy
become lower than the energy of the individual electrons on Fermi surface. Therefore
a large no of such pairs form a new ground state. The instability of fermions on Fermi
surface towards forming a bound pair is called Cooper instability. The new ground
state of Cooper pairs becomes superconducting. As we have already discussed one of
the main properties of such a ground state is the presence of a gap in the spectrum of
single particle excitation. Below we shall briefly describe how such a conclusion can be
drawn using mean field approach to microscopic BCS theory. The effective Hamiltonian
of electronic excitations interacting via an attractive phonon mediated potential is given

by
1
H = Z fECLO.CkU + N Z ‘/lﬂ,k/CLTCikic—k’l,ck’Ta (116)
ko kK

where cLU creates an electron at a momentum £ and spin o. Also we have written

§p = €;—p in the kinetic term including chemical potential. The second term describes the
four Fermi interaction arising from electron-phonon interaction. To proceed we remember
that the ground state is occupied by a large number of such Cooper pairs. For such a
state one can safely replace the number operator of the cooper pair Ne = C;LTCE k) C— kL Cht
by it’s quantum expectation value

CJILTCT—IQC*kickT — N(]. (117)
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However the same will be obtained if one replaces the creation operator by a classical

number b = c_gjcpp — \/FO. This is called the mean field approximation which in this
case means that the probablity of having Cooper pairs in this ground state is non-zero.
In the mean field approximation we shall include fluctuation by assuming the difference
C_k Crt — (C_g Cry) to be very small. Thus the second term in the above Hamiltonian can
be written as

(chreliyeoppen) = (el i) emem + el (comery) = (cyely ) eomem).  (118)

1
Now defining the gap function as Ay = N Z Vi (c—pr cp) we can rewrite the BCS
k/

Hamiltonian under this mean field approximation as
H = Zflgc};ockg -+ Z (AkCLTCT,ki + A;;C,]QC]ﬁ) + Z Ak<C;2TCJLk¢> (119)
ko k k

To understand the nature of the excitation above BCS ground state we shall diago-
nalize the above Hamiltonian by the means of Bogoliubov transformation

Cht = UgVkt + Uk’VT—kJ,a

T

; . (1.20)
C gy = WY~k — Uk Vk?

where the new operators v, (7)) create (annihilate) new particles which are linear
superposition of electronic and hole excitations of the background Fermi liquid. In the
diagonalization process one puts the above transformations into the BCS Hamiltonian
and equate the off-diagonal terms in the =, basis to zero. This leads to the following
diagonalized Hamiltonian

HDiag = Z Ekfyligfykg + EO;
k

Eg = Z (fk — Ek + Ak<CLTCT_k¢>> .
k

(1.21)

Here Ej is the ground state energy and Ei(= /& + |Ag/|?) is the energy eigen value
of the quasi excitations, called Bogoliubons, with momentum k. Thus we see that even at

the Fermi level where &, = 0, the spectrum of the particles is gapped and the size of the
gap is given by |Ag|. This is the reason we call this function Ay the gap function. One
can show, using BCS theory, that this gap function obeys the following self consistency
equation called the gap equation

Vi k'Ak/ Ey
= —— . 1.22
w T e () (1.2)

Very close to transition temperature Ay — 0. Using this into the gap equation one
can easily show that that the transition temperature is given by
evE th 1

T = 27736 YOPF (123)

and that it follows the universal rule:

~ 1.76. This was a result which approx-
B
imately true in most of the metalic supercocnductors discovered at that time. We can
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also see that the transition temperature is proportional to Debye frequency(wp). Now as
1
Wwp X W’ M being the mass of background lattice ions one can see that the transition

temperature predicted by BCS theory obeys the correct isotopic law indicated by experi-
ments. BCS theory also successfully explain the behaviour of electronic specific heat and
also gives rise to Meissner effect. Thus microscopic BCS description gives a complete
picture for the metallic superconductors.

1.1.1 From BCS theory to Ginzburg-Landau Description:

Prior to the appearance of the microscopic BCS description for superconductors a phe-
nomenological model was constucted by V. Ginzburg and L. Landau which captured the
essential features of superconductivity. Latter L.P. Gor’kov showed how such an effec-
tive description follows from the microscopic BCS theory. In this section we shall try
to describe how the Ginzburg-Landau (GL) theory of superconductivity can be derived
from the microscopic theory proposed by Bardeen, Cooper and Schrieffer in path integral
formalism. The microscopic BCS theory is described by the following action

Spos= [ dr [ @ [d, (0 +ieo + o (iV +ed)’ = u) oy — gddypiss] (120

where 7 = it is the imaginary time and the inverse termperature (5 is defined as the
periodicity of the compact imaginary time axis. 1, represent the fermionic variables
with spin ¢ and ¢ and A are the scalar and vector potential respectively. The last term
is the four fermion interaction term with the potential V' (k) ~ g, a constant. To derive
GL mean field theory from this microscopic interacting theory we need to introduce a
decoupling field A by the Hubbard-Stratonovich decoupling scheme. This method of
decoupling (or linearizing) will be used more often in this thesis and thus it is a good
place to set an example for it. We shall first decouple the four-fermion interaction term
into two terms containing two fermion operators and the decoupling field by introducing
the following Gaussian integral.

1 / - B 1 - o 1

— | ZADAexp [—/ dT/d3T‘ (A— gy Q,D) (A — /g )1 =1, (1.25)

N ; NG Vary NG Vi
N being a constant. As the Gaussian integral contributes a contant, this should not
change the generating functional and therefore by introducing it into generating functional
we get

Z-— / DEDYDADA

exp [— /OB dT/d3r <w0 (87 +ieg + 21n (26 + eff)z — u) Vo + ;\A]Q — Appp) — AWM)]
(1.26)
In this way dealing with the interaction term becomes more easy. The decoupling
field A represents pairs of operators of fermionic fields with opposite spin @Z_JT@Z_J | or the
conjugated operator. For the convenience of our calculation, we shall first convert this
decoupled theory into momentum space. In momentum space the form of the generating
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functional is
z - / .%Z.@w@A@A

exp [ Z ‘ 3LA <¢T( ) (—iwn, + Ep)ép,p’@bT(pl) - 7/_%(17) (fwn + Ep)épm’wi(p/)

1 / o 1 AV AN 1* / /
L R vﬁMnmm@WMﬂﬂ,

BL BL
(1.27)
2
where we have written p = (p,w,) and €, = 2p — i Now to arrange the term in a more
m
compact way we write the action in Nambu-Gorkov basis ¥ = (%, (0 ¢> <zT> nd
I

thus get

Z = / DYDY DADA exp [ — Z ﬁlLd (;A(p)A(p’)ép,p/ - ‘If(p)gp;/\ﬂ(p')ﬂ , (1.28)

where we have written

1
(iwn, — €)0p 7A(p,p’)
o VoL (1.20)
BLEN ———Ap,p)  (iwn + €)6,,

VAL

To determine the effective action in terms of the decoupling field or the mean field we
now need to integrate out the fermionic field from the above generating functional. We
write the relevant part of the generating functional and evaluate it as:

/ [ dpdipy, exp l— > 51Ld (\Tf(p)gp,;/\ll (p’))] = det (G, ) = emn(g;;’) (1.30)

Thus the effective action that we get in this procedure is

Swir = G (Z ~Ap ) —Trin (G, (1.31)

p:p’ 9

One can try to determine the equation of motion of the decoupling field A from the

above theory as
0SEff

0A

It can be verified that the above variation of the action will produce the equation
below for A = Ay, a constant

= 0. (1.32)

1 A

§5L3 - BLS 2 Z )\27 /\p = \/m (133)

one can recognize this equation of motion of the effective theory as the famous gap
equation of BCS mean field theory(with A being the gap), once we perform the sum over
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Matsubara frequency w,. This equation thus shows that the effective theory carries the
essential features of BCS mean field theory. One can also show with the help of this
equation that close to the transition temperature 7., the mean field or the gap function
takes the form A o \/T.(T. — T'). So close to the transition temperature 7" — T, the mean
field becomes small and thus one may expand the the effective action in a perturbation
series in powers of A. As we shall see, this series will give us the Ginzburg-Landau mean
field theory.

To proceed towards this goal we start from Eq. (1.31). We now break the inverse
propagator as G 1 = go‘l + A, where go—l is the diagonal part of G7!, and A is the off
diagonal part containing A, A.

1
. 0 =A(p,p'
Gl = ((w}n — €)0pp 0 ) ’ A= ] VBL3 r.7)
5

Wy, + €)0p /
0 (i + €) mﬁ(pm) 0
(1.34)

Then, due to smallness of A one can do the following expansion of the second term
in the effective action

Trln (g;;,) = Trln (ggl (1 + QOA)) =Tr {ln Gyt +n (1 + QOA)] (1.35)

Now we break the term In (1 + QOA> into the logerithmic series of matrices :

R o A n+1
In (1+GoA) = Z(—1)”(g§+)1

n=0

(1.36)

Using this expansion we can write the action as

B o QOA n+1
Sppy = — (Z 1A(p)A(p’)5p7p/) _TringG; ! — Z(—D"() (1.37)

d
BL i 9 = n+1

As the matrix A is an off-diagonal matrix, n = even terms i.e. where (QOA> have
odd powers, will have zero trace. So the expansion contains only terms with even powers
of (QOA). Therefore the effective action will be

A\ 2N
1 1- . B o Tr (GyA
Seff = W (Z ~A(p)A(p )5p,p’) —TringG, t— Z (20n) (1.38)

pp 9 n=0

Let us now consider the second term in the series

Tr <QOA>2
2
Here the trace, represented by “Tr” means the trace in momentum as well as the trace
of the matrices, where as we shall denote “tr” as the Dirac trace (or the matrix trace).
Thus one may write the above term as

(1.39)

ST (G0A)" = 53 (ol (GoAdoA) ) (1.40)

p
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To evaluate the trace further we introduce complete set of basis states in momentum
space Y _ [p') (p'| between the operators and that would result in the following expression

/

p

1 ~ A
52t (GonBp.aG04Da.) (1.41)
p,q

We also note that Gy is diagonal in both momentum space as well as in Nambu-Gor’kov
spinor basis and due to that the above expression would become

1 " «
9 dotr (gOpAp,ng qu,p)
P.a

2BL3 0 GonAlp + 4)G5,Alp + q)
252[9019 (P+q) Goy Alp+9) + Gol, Alp + q) Gy A (p+Q)},
p,q

where we use the notation G’ ,» represent the Green’s function for the particles and gé{q
represent the Green’s function for the holes. One can exchange the labels p,q for the
second term in the last equation and find the two terms to be identical. Also one can
obtain the Green’s function of holes from that of particles by time reversal operation:
gg{] — —gr _p- Applying these we get
! Z [gop P+a) G Alp+q) + GoL Alp+ q) G, A (p+q)]
e (1.43)
==Y 195,00 +9) 9, Alp+q)].

P.q

Now with a change of variable k£ = p + ¢ we finally have

5T (G0 = =X [6F, G, 450 A08)] L

P,k

Therefore, upto the square order the effective action will become

1 1 1 _
Sprr = e ij l ~ 3 ijgé’p g(i,_k] A(E) A(E). (1.45)

9

For A(k) AO, a constant, over momentum space,one can put the coefficient of AyA,

i.e. Z 5——2901,%;, k] to zero. i.e.

Ek: lg B2 > GG k} = 0. (1.46)

This equation gives us the expression of transition temperature which is the same as that
of BCS mean field theory. Therefore the coefficient of |A|* must switch sign across the
transition temperature 7' = T.. If we denote this coefficient of A(k) A(k) term as a then
one can claim that near the transition temperature

a=> B — 61L3 >G5, g{fp_k] o (T —T). (1.47)
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Therefore, from the Eq. (1.45) one can infer that below certain temperature 7' = T,
the action becomes negative and therefore unstable. So, to make the theory stable one
needs to consider higher terms in the expansion. Thus, near the transition the action can
be written as an expansion in terms of even powers of the mean field or gap function A
as

1 1 -
Sppp = ﬁ/de?’r [2a<T)|A|2 I INCE, (1.48)

The term lﬁAP appears as soon as we consider the mean field or gap function A as
function of momentum k. This is the Landau-Ginzberg mean field theory of supercon-
ductors. Thus we see that starting from the microscopic BCS theory of superconductivity
and considering loop correction due to non-relativistic elctrons we land up on the BCS
mean field theory in terms of mean field A, which represent the Cooper pair wave func-
tion or the order parameter of the theory. In general this Cooper pair wave function can
depend on k in different interesting ways according to different possible angular moemen-
tum and spin states of the constituent electrons. In the simplest possible case when the
Cooper pairs have zero angular momentum and zero spin, Cooper pair wave function A is
described by a single scalar function which depends only on |l§ | and therefore is isotropic
in momentum space and the pairing is called a “s-wave” pairing.

In this simplest case one can generalize the above Ginzburg-Landau mean field de-
scription to the Higgs model with global U(1) symmetry. This is called Abelian Higgs
model (AHM) and can be expressed by the following lagrangian

L= 1P + DD, VIG'0), Dyb = (Bt ied,) 0 (1.49)
Here ¢ is the complex scalar field representing Cooper pairs (or A in mean field ver-
sion) and being charged it couples minimally to electromagnetic gauge field A,. The
potential contains terms similar to the quadratic and quartic terms in Ginzburg-Landau
theory. Although this model is a toy model of superconductors near transition tem-
perature, it has huge applications in qualitative understanding of different concepts and
phenomenas both in condensed matter and high energy contexts. In particular the physics
of vortices can be understood using this model and we are going to discuss this in the
next section. We shall use an extended version of this model in our work and therefore
discussion of this connection will be useful in understanding our work better.

1.1.2 Nielsen-Olesen Vortex solution:

We have seen in the above discussion that an effective description in terms of the order
parameter or gap function emerges out of the microscopic BCS theory. The equation of
motion of such an effective theory may give rise to solutions which are localized in space
i.e. their total energy is contained almost in a narrow region in space, the solution would
decay down to zero above a characteristic scale. Such a solution of classical field theories
are called “Solitons”. Here in our case we seek a similar solution which are called vortices.
In ordinary terms, vorticity of a fluid means the curl of the velocity vector of the fluid
i.e. it characterizes the rotational motion of a fluid. In this case the charged superfluid
possess a rotational motion and the vorticity would be quantized in units of a vorticity
quantum 27. The integer multiple of 27 is of topological origin and is called a winding
number. Below we shall discuss the vortex solution and its topological aspects in the
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context of Abelian Higgs model introduced in the previous discussions. So we start from
the Lagrangian of the Abelian Higgs model

L= —iFWF’“’ + D*¢' Do+ V(9'9). (1.50)

Following the work by H.B. Nielsen and P. Olesen we take the form of the potential
A
to be V(¢) = m?*|¢|* — Z|¢|4' With this form of the potential one can derive the equation

of motion of the complex scalar field ¢ and electromagnetic gauge field which are of the
form

(8, +ieA,)’d = —mPp + Ap* ¢,

O, F* = ie (¢* 0,0 — ¢0,0%) + > A, 0" .

To begin with we assume that the the scalar field has gone through a spontaneous

symmetry breaking and its amplitude part |¢| is fixed at vacuum expectation value (vev)
of the scalar field. Now to get a solution corresponding to vortex configuration we impose
the following boundary condition. We assume that at spatial infinity the fields take the
following form

(1.51)

¢ = ¢oe™, b0 = (0]|¢]10) . (1.52)
This means that far from the core the field ¢ reaches to its vev, while the phase
X (= nf) is mapped to a circle at spatial infinity with winding n. This map is responsible
for this solution being topological because this a mapping of the circular vacuum manifold
|p|> = ¢§ to a circle in spatial infinity. This mapping belongs to first fundamental
homotopy group with m(s;) = Z, which is additive group of integers. One can now
calculate the energy of the configuration with the above mentioned assymptotic behaviour
and show that it diverges.
To make the solutions regular one need to assume that the kinetic term of the scalar
field will reduce asymptotically to zero at spatial infinity. Thus we have

(0, +ieA,)p = 0. (1.53)

Putting the asymptotic condition for the scalar field we get from the above equation:
A, = ——0,0. This condition is particularly important as it leads to flux quantization. It

can be readily shown by calculating the flux contained with in a loop at spatial infinity

2
o = j{Ade“ == ]{Qﬂdx“ L (1.54)

e e
This is the topological charge of vortices and as we can see it is quantized in the units
s
of ——. With the help of these asymptotic behaviour one can determine approximate
e
solutions of the equations of motions. For that we first take the static case with the gauge
choice Ay = 0. We assume cylindrical symmetry with the axis along the Z axis. Under
such assumption one may take the form of the vector potential as follows
X Z

Alr) = —Ar), (1.55)

where r is the radial coordinate in a cylindrical coordinate system. We now notice that
the flux through a region of radius r is ® = 277 A(r). One can write down the magnetic

field as
_1d

1 _lde
rdr

T ordr’

B

(rA(r)) (1.56)
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In cylindrically symmetric case the equation of motions can be rewritten as

_1d <r$|¢|> + Ki - eA(r)>2 —m? + A|¢|2] 6] =0,

rdr

- (”(mg))) ol (2a-5) <o,

rdr

(1.57)

To obtain an approximate solution we put |¢| >~ ¢ in the second equation of Eq. (1.57)
which is valid for the asymptotic conditions. One can obtain an exact solution under such
assumptions given by

1 c 1 T
Alr)=—+ =K oo — 4| m———e eI, 1.58
(T) er + 2 1(€|¢‘r) —r— er 2€|¢|T6 ( )

Thus using the above mentioned expression of magnetic field B we obtain

c |mlo| _
B =, o —{] eI 1.59
e 267“6 ( )

1
So we see that there is a characteristic length scale A = ——. This length scale

elg|’

measures the region over which the magnetic field differ significantly from zero. One can
2

m
determine the value of |¢|* in the symmetry broken phase to be ¢y = B Now one can

ask the question that how the scalar field varies inside the normal region of a vortex. To
determine that we assume ¢ = ¢g + p, p being the fluctuation from the vacuum value.
One can now put this ansatz into the first equation of Eq. (1.57) and determine that

p eV (1.60)

1
Thus there is another characteristic scale & = \/_TQﬁ beyond which the scalar reaches
0

to its vev. Thus we see that the solution with these two characteristic length scales define
a tube like object in 3+1 dimensional theory. The two length scales give an internal
structure to the vortices. But in the special case where £ ~ A the solution becomes a
flux tube with the core width £ ~ A. In the London limit where A\ — oo the width of the
tube reduces to zero and the solution becomes a string with no internal structure.

Vortices are of special interest to us as in our work we shall be mostly concerned
in a phase of superconductors where appearance of vortices is allowed. In a type II
superconductor there is a phase called mixed phase in which vortices are seen to form.
Vortices and their dynamics are very important in phenomenological aspects of different
superconductors as they can give rise to different phases of the system like Abrikoshov
vortex lattice phase, vortex liquid phase, etc. The concept of topological vortices are also
useful in case of spin systems like 2 dimensional XY model, in the definition of composite
fermions in quantum Hall systems, in the definition of anyons etc. We shall see in the
next section that using the idea of multivaluedness of the phase of the scalar field in
presence of vortex one may redefine the action of the scalar (or spin systems) such that
the new action expresses vortices and their interaction explicitly. Such transformation of
the original action (or Hamiltonian) is called dualization.
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1.2 Dualities in Field Theory:

Dualities provide a powerful tool to understand phenomena which are not tractable by
perturbation techniques. Dualities usually relate strongly coupled sector in one theory
to the weakly coupled sector in another theory, in particle physics, string theory, statis-
tical physics and also condensed matter physics. One class of duality transformations in
quantum field theory involves exchanging a differential p-form A, in D-dimensions with a
D—p—2-form Ap_,_» by the Hodge duality of their exterior derivatives, dA, = *dAp_, o .
For free fields in topologically trivial spacetimes, both are equivalent descriptions, but
interactions or topological obstructions can break this duality. Dualities in interacting
theories, when they can be constructed, can lead to deep mathematical and physical
insights. In two and three dimensions, (anti)self-dual configurations of gauge fields inter-
acting with scalars correspond to solitons. In four dimensions, where the dual of a 1-form
is also a 1-form, the (anti)self-dual configurations of Yang-Mills gauge fields minimize
the action of instantons. A particularly interesting duality in four dimensions is that be-
tween a scalar and a two-form, which persists when there is a gauge field coupled to the
scalar. The scalar field is now compact and the dual two-form appears in a topological
B A F interaction with the gauge field. If there is no other field in the theory, this is a
duality between the strongly coupled Abelian Higgs model(AHM) and topological mass
generation mechanism in four dimensions.

1.2.1 Duality in lattice models:

Similar dualities also exist in various spin models of condensed matter and statistical
physics. Let us start our discussion from the X-Y duality or charge-vortex duality and
show how it can be extended to AHM from which our work will start. We shall illustrate
some of its application in the context of condensed matter as well.

There exists a duality which maps the partition function of a disordered lattice bosons
at T' = 0 to another model which is isomorphic to a anisotropic lattice superconductor
with vortex like excitations. This duality is called boson-vortex duality and applicable
to a number of possible ground states of a boson system. Example of such duality are
correspondence between a density wave boson insulator and Abrikoshov flux lattice phase,
correspondence between superfluid phase of the boson system and non-superconducting
phase of flux line liquid etc. Here we shall review the correspondence between X-Y model
in 2d and 3d and coulomb gas of vortices in respective dimension.

X-Y Duality in 2d:

Let us consider a two dimensional square lattice and on each lattice point there is a spin
S, = € —1 < # < m. The spins interact through a nearest neighbour coupling as
expressed by the following partition function [36]

Z = /Hd@n exp (—6 Z S, - S,,,> = /Hdé’n exp (—BZCOS (Onsp — Qn)> . (1.61)
n (r,r') n ny

To derive the dual theory we first write down Eq. (1.61) using Fourier expansion

exp (—fcos (A,0,)) = i I, . (B)e”““’”A“e", (1.62)

kyn=—00
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where Iy, . are modified Bessel functions. Also we have introduced a new variable k, ,,
which can vary over all set of integers on each link. Putting this into the expression of
Eq. (1.61) we get

z2=1] / Doel-Fes @) = N [ I, (B) / DBt (1.63)
ny

Ky, j=—o00 np

As a next step we can shift the lattice derivative A, from 6,, to the new variables &, ,, by
using sum by parts. If now one performs the integrals over 6,,s we shall get

o0

z=]] / DoePeosButn)) = N~ T 1, (B) ][] 6 (Z A“kum) . (1.64)

kyn=—00 Np

The delta function for each n gives rise to the constraint Z Ak, = 0 at each lattice

n
point which suggests divergencelessness of k,, at each lattice site. This constraint can
be satisfied if we write £, ,, in the following way

Kpn =3 €y, (1.65)

where the new integer valued variable ¢,, can varie over all integers. Thus performing the
sums over the delta function we can get the following generating functional.

zZ=]] i exp {ln (1(6)(ZV EwAu%)ﬂ . (1.66)

np ¢p=—00

Thus we can see that the initial theory of Eq. (1.61) is mapped to the theory of
Eq. (1.66) which is written in terms of a new integer valued field ¢,, at each lattice site n.
Now one can analyse different phases of this dual theory. For the high temperature regime
one can show that the partition function takes the following form by writing modified
Bessel function in integral form

.,y . [(Hf)a[(zu e Bun)’| 488 | (5, nwdutn)” 1] 4876 | (5, euv Avin) 4] +] .

(1.67)

We can see clearly from the above equation that for § << 1, when the original
variables are disordered, the integer valued variables ¢, can take configurations where
variation of ¢ is nearly zero i.e ¢,, becomes nearly same at all lattice sites. As (3 is increased
the system becomes more and more disordered in ¢ i.e. higher energy configurations of
the integer valued parameter ¢,, becomes more likely with |A ¢, | taking larger and larger
values.

To analyse low temperature limit of the theory in dual description one usually writes
Eq. (1.61) in terms of Villain approximation ' as follows. In the limit 3 >> 1 the
only important configuration in the partition function will be those for which cos(A,6,)
is close to 1, which means A0, is close to zero. Thus one can keep only quadratic
term in expansion of cos(A,6,). But we know for A,0, = 27m (m being an integer),
cos(A,0,) = 1 so for generalization we need to take contribution of all integers. For that

1See Appendix .1 for details.
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we can introduce an auxiliary integer valued vector field J,,, associated with lattice links
and we write

Z~ eV i /DQ exp <_§ > (A6, — 27TJW)2> . (1.68)

N Jp y=—00 np

This approximate description of the 2 dimensional X-Y model can now be taken to
a dual picture in the following way. We proceed by linearizing the squared term in the
exponent of Eq. (1.68) by intoducing a new integer valued vector field as shown below

Z =28 )N]] i /D@/Dku exp (Z —215]{33” + ik, (ALG, — 27rJW)> .

N =—00 i
(1.69)
Again, as in the previous analysis, one can shift the lattice derivative over the new
variable k, , by sum by parts. one can then perform the integral over each 0, to get the
following generating functional

Z = (4rBe* )N ] i 119 <Z A#kn#> /Dku exp <Z _215kin - QWikn,anu> .

ny Jn,,u,:—oo n ny
(1.70)

We can now satisfy this constraint by writing &, , = Z €,wAy ¢y, in terms of a new integer

v
valued scalar field ¢,. Integrating over the delta functions with the above mentioned
resolution of d-function constraint we get the following theory

Z = (4npe* )N HZ/W exp (Z ( ! (Augn)® + z'27r<bnmn>> , (1.71)

= o\ 25

where m,, = Z €Dy Jpy is a new integer valued field defined on each lattice site. These

variables can ll/)e interpreted as the vorticity of the angles #,, in the original X-Y model.
So the model expressed by Eq. (1.61) can be described in terms of the topological exci-
tations m,, and a spin wave expressed by the continuous variable ¢,,. We can in principle
integrate out ¢,, from the partition function and will be left with a Coulomb gas of vor-
tices interacting via a Coulomb like potential in 2d which is of logr type. Due to this
potential vortices can form bound pairs at low temperature and spin-spin correlation is
zero. But there exists a phase transition at some T' = T, such that at T > T, the free en-
ergy becomes minimum when isolated vortices are separated by arbitrarily large distance.
Thus a plasma of vortices form and spin-spin correlation becomes screened(~ e #"). This
class of phase transitions are famously known as BKT transition after the names of the
scientists Berezinskii, Kosterlitz, Thouless.

3d Boson-Vortex duality:

There exists a similar duality in 3d which maps a 3d X-Y model and a Coulomb gas of
vortex like excitations [37] which can further be mapped to a theory of superconductors.
The 3d X-Y model is exactly similar to that in 2d and is given by

Z = /eexp lﬁ%cos <0n+ﬂ — 0,1)] (1.72)
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Here the index p contains three dimensions and hence it is a 3d X-Y model. This, under
Villain approximation (8 >> 1), can be expressed as the following partition function

Z :exp{—F(T e = 0)}

dQn 1
= H/ exp [— T > (Opiy — On — 27rmw)21.

nu mn =

(1.73)

Through similar duality transformation shown in previous discussion one can map the
above approximate partition function into the following

Z= /HanuZeXp[—Z Froe + 270 2 n M ] (1.74)

Mnpy nvo

where we have defined
fm/a = (anJrDU - ana) - (anJr&u - CLm,>. (175)

Here a,,, is a new vector field which emerge in the process of dualization and f,,, is the
corresponding field strength as can be understood from Eq. (1.75). M, is an integer
valued vector field defined as a curl of m,,,. It is obvious from Eq. (1.74) that these
integer valued variables M, interact via a Coulomb potential. The physical interpreta-
tion of these variables can be extracted by calculating the current in presence of external
magnetic field. This can be done using Eq. (1.73) by coupling it to a magnetic vector
potential through the replacement (0,1, — 0,) = (6n4p — 6, — Byy,) and then applying
the definition

(o) = 5 (~1o0ZIB]) = . (Ors = B =) (1.76)

where B, ,, is the magnetic field at a lattice cite n. Thus we can see the curl of the above
current is proportional to M,, and hence M represents vorticity in the field variable 0,
of the original 3 dimensional X-Y model. Finally one can take the Eq. (1.74) further into
the following one

—hm/HdG/nu2 Ze p( 4ﬁ 22 nve 2t2[9n+a’_9n_/4n0'_27rmna]2> .

(1.77)
This action expresses a superconductor in presence of an electro-magnetic field A,,, =
2may,, and vortex like topological excitations expressed by M,,. Thus we see from the
above discussions that the boson-vortex duality maps the partition function of a 3d X-Y
model to a model of bosonic vortices interacting via the field A,. This model, known
as Abelian Higgs model, has two phases which corresponds to the two different phases
of X-Y model [38]. The first phase is a superconductor in which vortices condense and
the gauge field A, obtains a mass and excitations become gapped. This phase is dual
to the insulating phase of the X-Y model. Another phase is an insulating one in which
spectrum contains a gapless photon. This phase is dual to the superfluid phase of X-Y
model.
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1.2.2 Duality in continuum field theory:

We have given a very brief outline of boson-vortex duality in a 2 dimensional and 3
dimensional lattice X-Y models and has discussed some important physical implications
of them. One can also devolop similar duality in case of different non-relativistic and
relativistic? field theories in spatial continuum. The dual theories helps to understand
phenomenon of fractional quantum hall effect(FQHE) hierarchy for 2 dimensional electron
gas in high magnetic field and leads to an effective string theory starting from 341
dimensional Abelian Higgs model. Let us briefly describe the dual formulation in the
above mentioned cases.

Non-relativistic electron gas in 2 dimension:

Let us start first from a system of gas of electrons interacting via a Coulomb interaction
expressed by the following Hamiltonian

= [ @ Do)+ [ dadal 0 @)(e) - V(e — )@ ) - ), (178)

wherte 1) represents electrons confined in a 2d space. D = —id — €A is the covariant
derivative and V x A = B, B being the external magnetic field. V(Z— ") is the Coulomb
potential between electrons and p = (1(z)(x)) is the average density of electrons. It is
well known, in the context of FQHE, that there is a phenomenon of flux attachment in
which each electron attaches to k no of flux quanta or vortices. This attachment of flux
leads to a statistical transmutation making the flux attached particles bosonic(in general
it leads to anyons). Thus the system becomes a bosonic system and one can in principle
apply dual transformation to this system. This dual Lagrangian may have potential
application in explaining FQHE hierarchy. To realize flux attachment mathematically
one need to define a new field variable ¢ in terms of original fermionic variables ¢ as [39]

" — exp [—z’k [ 206 - i) o (1.79)

It can be shown that the correlation function between ¢ operator in the Laughlin
states decays algebraically with distance

Loz —2') = (|67 (2)9(2) V) ox |z — 2|72, (1.80)

where |¥) is the Laughlin state describing an incompressible quantum liquid at a filling
factor ® 1/k. This ¢ field represents bosons which form out of fermions created by ¢ and
k attached flux quantas. Noticing the fact that the density of the original fermions and
these new bosons are same (¢'(2)¢(2) = 1'(2)1(z)) one can invert the relation Eq. (1.79)
to obtain

Y = exp [—ik/dz’@(z — 2NoT(2)p(2)] o' (1.81)

With this relation one can covert the many body Hamiltonian in Eq. (1.78) in the following
form

= [@al(B+ o)l + 5 [ e (@ @)ofx) — )V — )6 ()o() - 7).
(1.82)

2See Appendics .3 for dualization in 2+1 dimensional relativistic model.
3The filling factor v is defined as ratio of total the number of particles and total number of flux
quantas.
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where we have used the following definition of the fictitious gauge field a; as

/

a; = k/d%’@f@(m — 2 p(a') = ke /d%'Mp(m'). (1.83)

This newly introduced vector field is called the “statistical vector potential”. This ex-
pression can be seen as the solutions of the following equation

5ijaiaj = kp: p= ¢T¢7 (184)

which expresses the fact that with each boson particle there are k attached fluxes. One can
also obtain, using the equation of continuity and the above “flux attachment” condition,
the following equation

Eijaoaj = k’Jl (185)

where J; is the particle current. These two equations Eq. (1.84) and Eq. (1.85) can be
obtained by plugging in a Chern-Simons term of the form €,,,a,0,a, for the statistical
gauge field.

45 (66— D))V (&~ ) (60— ) (&)~ T cuna,dua

k
(1.86)
Now we shall apply duality transformation to this bosonic Lagrangian. Here we shall
briefly out line the steps, which will be same for relativistic cases as well. First we decouple
the second term by using Hubbard-Stratonovich decoupling scheme by introducing a
gausssian integral over a new field called a decoupling field.

L= i¢<?+a0>¢+|<ﬁ+ﬁ>¢(x)

/Dﬁexp [— /dengZ;ﬁQ]. (1.87)

The Gaussian integral contributing a constant factor will not change the partition func-
tion. This new decoupling field, when suitably transformed, linearizes the second term
in the above lagrangian.

We have seen that in lattice field theories topological excitations enter the action
through the periodicity of the phase of the spin variables and this is implemented through
writing the action in Villain prescription. Here, to take into acount the presence of vortices
in the bosonic matter, we decompose the phase of scalar into two parts- one is the single
valued part (called spin wave) and another is the singular or multivalued part. Integrating
out the single valued part we shall get a functional delta function imposing the constraint
0,P, =0, Py = p. This constraint can be satisfied by writing P, = €,,,0,b5, where b, is
a new vector field. Now if we integrate over the auxiliary field P, we shall get the dual
Lagrangian as

— — 1 —
L = i, (o — €€,unuAr) + ——(9ib0)2 + = (V x bY? + — (Vp'/2)2
2p 4p 2m (1.88)
1 ~ / N[ K .
+ §(P = p)@)V(z —a')(p—p)(a) + §€w/)\buaub)\a

where the J,, represents the current of vortices in the dual theory which couples to the
dual gauge field b,,. It is defined as curl of gradient of the multivalued phase of the bosonic
field ¢. The equation Eq. (1.86) is same as that proposed by Zhang, Hansson and Kivelson
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in their paper [6,40] to describe FQHE. One can also show that the dual Lagrangian
Eq. (1.88) contains the features of FQHE namely one can show that at fractional filling

v = — external magnetic field is exactly cancelled by statistical magnetic filed and thus

mean number of vortices vanishes. Thus FQHE happens at vortex vacuum. In such a state
one can also calculate the induced current in presence of external electromagnetic field by
writing the effective Lagrangian in terms of electromagnetic gauge field A, = 04, + (A,)
((A,) is the external electromagnetic field) and then taking a derivative with respect to
2

e
(A,). Following this one can obtain o,, =0, o0,y ~ —.

K

1
If the filling fraction v # — a non zero density of vortices (p,) = Hy — £p is induced.

Here, due to the particle-vortex duality, we treat vortices as particles. So the particle
density would act as the effective magnetic field seen by the vortices. This can also be
understood from the first term of the Lagrangian of Eq. (1.88) and remembering that
p = €;0;b;. Thus the vortices can also form a Laughlin liquid themselves and can also
bose condense when the effective density of the vortices seen by the new bose particles
(vortices of the original bosonic fields) will effectively become zero. Let us assume that

w1 L
this happens at the filling fraction 7 = Po _ 2 for the boson particles in the dual theory.

P D
It is obvious that in this condensed phase the Hall conductivity for these dual bosons
2

e
will be o, = 2" In analogy to the original electron case one may understand that

in this case composite particles may form out of a dual boson and 2p of their vortices.

To implement this flux attachment to the vortices we add some additional terms as

11

22p

vortex in the dual theory. When (p,) = 2£ one can show that the magnetic field due to
P

€0y — 1Jy,a,, @, is the new statistical gauge field which attaches to each

statistical gauge field V xa= 2pp, cancells the magnetic field V xb= p. Thus dual
bosonic particles can condense in net zero magnetic field. The original filling fraction at
which this happens is

, (1.89)

2p

as the number of flux quanta per unit charge is This is the starting point

1
k+1/2p
of FQHE hierarchy scheme [41] through which different fractional filling at which FQH
plateaus are obtained. To make the process more explicit we write J,, = €,,,0,by into

above lagrangian and then integrating out both @ and b we have

m. - - 1, - = - o 1)
L= ?ﬁw x b)|? + (VX 0))V((V x b)) + <n + 2p> o CurAbuOuba. (1.90)

We can see that this Lagrangian of Eq. (1.90) is exactly same with Eq. (1.88) with no
1
external electromagnetic field and x replaced by k + 2 Finally, if the filling factor
P
1
does not satisfy the form v = ——— then there will agin be finite density of vortices in

2p
phase of dual bosonic particles. Then we need to reiterate the same procedure to reach

1 1
a Lagrangian of the same form with x + — replaced by Kk + —————— and one can see
2p 2p + 1/2p/
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a plateau at

1
v — (1.91)

K+
2+ 5.

In this way all fractional filling at which FQHE plateaues are seen can be obtained.

Abelian Higgs model and effective string theory in 341d:

Another very interesting application of the boson-vortex duality can be shown by apply-
ing it to 3+1d relativistic Abelian Higgs model. We have already seen that in 2d the
Hamiltonian describing a X-Y model is mapped to point vortex like excitation represented
by the integer valued vorticity vector fields on lattice links. In the case of 3+1d theory
of a charged scalar field minimally coupled to EM gauge field (AHM) can be mapped
to theory of vortices with gauge interaction described in terms of a two-form field. The
vortices here are extended tube like objects and the central points of the vortices form
a string like structure. So the vorticity can be mapped to the world sheet of this string.
There are many literature in which authors have tried to quantize this string theory [42].
Such description may be useful in describing QCD ground state [43]. Let us briefly out
line the duality below
One starts from the Abelian Higgs model expressed by the following

1 1
L=—FuF" + D" Db+ V(0'9), (1.92)

where terms carry their usual definition. One need to follow the same prescription as in
the 2 dimensional case. In the presence of a vortex like topological field configuration one
can decompose the phase of the bosonic field as x = x" + x°, where Y, is the single valued
part expressing irrotational current of the scalar field in symmetry broken phase and
is the multivalued part. As we already discussed in the definition of ANO vortices, this
multivaluedness comes due to the mapping the phase y of the scalar field to a spatial
loop at infinity. Therefore in this case and for a static vortex the multivalued phase field
can be expressed as a function of the the azimuthal angle ¢ like x = n¢. Thus the origin
of the coordinate system, with respect to which ¢ is defined, becomes the core of the
vortex. In the process of dualization this Y, is dualized to a new 2-form gauge field B,,,
and the electromagnetic gauge field A, is dualized to A" which is magnetic gauge field
(naturally couples to a magnetic charge).

Now one defines e’—:“”p’\au(?,,xs = Y as the vorticity which is the curl of gradient of
the multivalued phase field. For a straight string this gives a delta function §(p — po)
expressing the location of the vortex on a plane perpendicular to the vortex axis at p = pg

(0,0, — 0,0.)X* = 2nm6*(p — po). (1.93)
When this is written in a relativistic form we get
S — 27 /E Ao (2(6))6* (& — () (1.94)

This is just the world sheet spanned by a string having coordinate x = z(&, 7), where £
and 7 are the parameters parametrizing the world sheet. This world sheet couples to the
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2-form gauge field. The dual field theory of interacting strings thus obtained is given by

1 1 1
S = Sstring + /d4l’< — 1 MVF'LW + 5’028“f8'uf + TfQHVp)\H,,p,\ — ng/\Ep/\
(1.95)

ev
— ?5“””A81,BPAAH +V( f2)>,
where the Sgring represents the dynamics of the effective strings and is expressed as

11
Sstring = ,u/dQU\/§+ yr /d20 (0, In \/§)2 + ﬁ/dQJ\/ﬁ(f)&tw)Q (1.96)

which can be obtained by calculating the Jacobian of the transformation from the phase
variable y, to the string coordinate z(&,7) [42]. Here the first term is just like the
Nambu-Goto term of microscopic strings and g represents determinant of the induced
metric on world sheet: g = det|gap|, Oux,0px,. Also t,, represents extrinsic curvature of

€
the string and is given by: ¢,, = L"aaxuabz,,. Therefore we can see that an effective
g

theory of strings can appear from the theory of complex scalar field by the application of
duality. This poses an oportunity test predictions of such theories in low energy system
like superconductors near transition temperature where the GL mean field theory is valid.

Apart from the charge vortex duality, discussed in various contexts so far, there exists
other dualities devoloped in recent past. Historically first ever proposed dual relationship
was by Kramers and Wannier [44] in 1941 in the field of statistical physics. They had
shown that d = 2 Ising model at temperature 7' can be written as another Ising model
with inverse temperature 1/T. There exists dualities which maps a theory of fermions
into a theory of bosons called boson-fermion duality(or bosonization) and those mapping
a fermionic theory to another called fermion-fermion duality [45,46]. Recently these
dualities have been applied to understand the FQHE at half filled Landau level [47].
Finally we would like to mention another duality which is applied very much in certain
regions of condensed matter physics - it is the gauge/gravity duality or AdS/CFT duality.
Although it is discovered in the contexts of string theory it has found its relevence in the
contexts of strongly correlated electron systems like Mott insulators and non-Fermi liquid
behaviour observed in various systems including the pseudogap region of High T, cuprate
superconductors [33].

1.3 Topological Field Theories

With the newly started categorization of phases of matter with topological quantum
numbers, topological QFTs or TQF Ts have become important. Here we shall describe two
topological terms (gauge theories) in 2+1d and in 3+1d that are most useful in describing
behavious of different condensed matter systems. One of these are Chern-Simons term in
2+1d and another is BF term in both 24-1d and 3+1d. These are called topological terms
as they are written by contracting all space time indices with Levi-Civita tensor in that
manifold and has no metric dependence. Thus such terms depend only on the topology
(or global properties) of the manifold and not on the local geometry(through metric).
Another important property of such a system is that the Hamiltonian gets no contribution
from such a term. This suggests that the phase described by such theories contain no local
excitations. Such theories often summerize the response of the system under application
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of some external perturbation. As an example Chern-Simons term with proper coefficient
can give rise to fractional off diagonal conductivity seen in FQHE [40]. Another such

2es“”p’\FM,,F »» which gives the
T

electro-magnetic response of a 3+1d topological insulator [48,49]. We shall not discuss
about this term in any detail in the discussions below. Although BF term was historically
proposed in an alternative scenario to the mass generation of vector gauge fields via
Higgs, it can also be applied to a number of areas in condensed matter physics like theoy
of topological superconductivity [50] and josephson junction array [51], effective theory
of spin less p-wave superconductivity in 2d [52], hydrodynamic description of FQHE in
3d Weyl semimetals [53], hydrodynamic description of topological insulators [54,55] etc.
Let us now describe the two topological terms briefly.

term in 341d is the axion term or the 6 term given by :

1.3.1 Chern-Simons theory in 241d:

The Lagrangian of a pure Chern-Simons theory coupled to matter is given by [56]

L= ;eWAMaVAA — AT (1.97)

where A, is a Chern-Simons gauge field coupling to the matter current J*. We first note
the fact that the Chern-Simons term is in general not gauge invariant but only upto a
boundary term. It can also be shown using the equation of motion of the gauge field
that when J, = 0 the gauge field becomes a pure gauge i.e. A, = d,A which is not very
interesting. But the dynamics becomes interesting when we couple J,, with the CS gauge
field as we shall see below. We have already seen in Sec. 1.2.2 that the equation of motion
of CS field theory are given by

1 ..
EijEj = —J" (198)

1
aij&Aj =B=—- h\

Ap7
The first equation of Eq. (1.98) expresses the fact that the magnetic field is locally pro-
portional to charge density. Thus through Chern Simons term flux is being bound to the
charges, creating a charge-flux bound state. We shall show below how such a binding
of magnetic flux to charges leads to fractional statistics of the charge-flux bound states.
These particles obeying fractional statistics are called anyons. The second equation ex-
presses that a charge current flows in the direction transverse to electric field- a feature
which characterizes Hall effect. Both of these equation are of tremendous importance in
expalining the FQHE at different filling factors.

For a non-relativistic distribution of point charges we can write p(z) = e _ 0*(z —x;).

So the magnetic field of the Chern-Simons gauge potential is given by ¢;;0;4; = B(x) =
2252(35 — 2;). Thus for such a point charge distribution the magnetic field is only

e
nonzero at points where charges exist and the value of corresponding flux is & = —.

Thus each point particle will see another point particle as attached with a flux quantum

e
% So when two such point charges rotate adiabetically, around one another the wave

function of any of the particle changes by a Aharonov-Bohm phase elief Ads) _ o(ie?/2)
So if the particles are exchanged adiabetically the phase induced in ther wave function
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2
is 2rAf = — which can have any arbitraty value depending on the coefficient of Chern-
Simons term A. These point particles attached to flux quantum thus behave like anyons
having fractional statistics as discussed above.

1.3.2 BF theory:

There can exist another topological term in 241d which is called mixed Chern-Simons
term which involves two different gauge fields contracted with a Levi-Civita tensor which
looks like : 5“”’\AM8VB A- Such a term would naturally come when charge-vortex duality
transformations are performed in 2+1d theories. A similar term can be constructed in
3+1d where one of the two gauge fields would be a 2-form field and is expressed as
8MVPAB#UF »x, Where Fy is the field strength tensor for one-form field A,. This term is
called a topological BF term. Topological BF theory gives rise to to mass of the associated
gauge field A,. This mechanism can be understood by writing down the corresponding
generating functional

1 M 1
z= [DADB, exp (Z [t (—4F””Fw, + e, Fy + 12HWJLF““» (1.99)
The mass generation of the gauge field A, can be shown in two different ways. One
can determine the propagator or 2-point Green’s function corresponding to A, diagra-
matically [57] or using functional techniques. One can find out that the propagator has
devoloped a pole at p* = M? which suggests that the gauge field has become massive.

Another way is to integrate out gauge field B, by treating Zs“l’p’\FpA as a current

coupled to B,,. This will leave us with

. 4 1 1% MQ p/\1
Z~N [DAuexp z/da: ~ PP+ = FP=Fp ) ) (1.100)

2 1
where — F p)‘in)\ is the mass term for A, written in a gauge invariant form and N

is a field independent term which have no contribution to generating functional. This
can be easily understood by determining 2-point Green’s function of A, from equation
Eq. (1.100). Due to such property of mass generation, Abelian BF theories give rise to
the Meissner effect and the London equation can also derived treating J*” = P T Y
as the conserved supercurrent and for such properties they are considered as topological
theory of superconductivity. They are also used in many other condensed matter system
as was discussed above.

Gauge theory of Josephson junction:

The mixed Chern-Simons term or BF term in 2+1d also appears in the theoretical de-
scription of Josephson junction array. A Josephson junction is a system where two super-
conducting bulk are separated by a normal or insulating bulk called a “weak link”. This
system has a special property that if A¢ be the phase difference of the order parameter
between the two superconducting bulk then the current and voltage across the system
obeys the following peculiar characteristics

_ hdre

I = Lsin(A¢), V= .
sin(A¢) 2 dt

(1.101)
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Josephson junction arrays (JJA) are quadratic, two dimensional arrays of supercon-
ducting islands with spacing [ and nearest-neighbour Josephson coupling of strength E;.
The capacitance of each islands to ground is Cy and to nearest-neighbour is C. The
Hamiltonian describing such a system is given by [58]

=Y (50007) + 3 (36 (Vi = Vi + By (1= cos (N (G — 60)))) - (1102)

where n denotes the site of two dimensional array, V,, is the potential at the nth site and
¢n is the phase of order parameter at ¢th site. Here we shall try to show equivalence of
this model to a lattice version of mixed Chern-Simon theory (or a BF term in 2+1d).
For that we introduce a few notations and operators which are going to be useful in our
derivation [51]. We assume that the Euclidean lattice on which we are placing our system
have lattice spacing [, in 3 directions, in particular we consider {; = Il = [ in two spatial
directions and [y in the Euclideanized time direction. Lattice sites will be denoted by n.
The gauge fields will be associated to the links between two lattice sites n and n + i and
will be denoted for example by: A, ,, where fi is the unit vector along the direction pu.
The forward and backward derivative operators are defined as

L) — A — — 1.0
L. L,
We also introduce following finite difference operators
A, =ld,, A,=1.d,. (1.104)

With the background introduced above we try to rewrite the second term in this
Hamiltonian as

1
> 50 Vo = Vo)
n,pn

1
= 5 Vot (ApVa — AuViip)
e ) A (1.105)
- — Z §CVn+ﬂA#Aan+ﬁ
M

=-> lCvann,
o 2

where A% = A#A# is the Laplacian on lattice. So, we can write the Hamiltonian in the
following form

H=> ;Vn(Co — CA*)V, + E; (1= cos (N(¢nsj — ¢n))) - (1.106)
n,p

It can be shown that the charge accumulated at any point in the JJA can be described
by the following Poison’s equation [58]

(Co — CAYV, = Q,, (1.107)

where @), is an integer multiple of Cooper pair charges: ), = Nepy,, where pg, is an
integer defined on nth lattice point, N is is 2 for Cooper pairs. With Eq. (1.107) we can
rewrite the Josephson Junction Array Hamiltonian as

1 1
H = §§Qann+EJ(1 — 08 (N(Gnip — Dn))) - (1.108)
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In the limit Cy/C' << 1 we have a Coulomb gas of charges in 2d interacting by a
log(r) potential. In the following we shall consider the case for which Cy — 0. In this
limit we rewrite the Hamiltonian as

H = Z ;N2Ecp0n Pon + EJ (1 — COS (N(¢n+ﬂ - an))) . (1109)

1
(—A?%)

Now one can write down the generating functional for the Josephson Junction Array
as

z=1] Z /D¢exp (1.110)

n pon=

where the action S is given by

. 1
S = Z _ZNPOnAO(bn + Z §N2Ecp0n Pon + EJ (1 — COS (N(¢n+ﬂ - gbn))) . (1111)
n n,u

1
(=A%)
Here we have included the integration over Euclideanized time by extending the sum over
a 3d Euclidean lattice and to compensate for the dimension of the corresponding measure
we multiply each term by minimum lattice spacing along imaginary time direction /y. The
Hamiltonian of Eq. (1.109) is in conformity to the Hamiltonian of a 2 dimensional X-
Y model and thus we shall proceed in exactly similar manner shown in Sec. 1.2.1 to
bring vortices into the picture. Namely we first apply Villain transformation in the limit
loEJ >> 1.

oo 2
exp (loEy (1 — cos (NA,gy))) = > exp <l02EJN2 (Aiqbn + 3\7;1}7”) ) , o (1.112)

Un,i=—o0

where v, ; is a new integer valued vector field. When this approximation is put into the
generating functional we then have

2] S Z /ngexp (1.113)
N,i Un,i=—00 Pon=

where the action is given by:

‘ 1 1 lE
S = Z _ZNpOnAogbn + Z §N2Ecp0nmp0n + 02 !
n n,

2
N? <Ai¢n+ Zvn) . (1.114)

We now rewrite the partition function of Eq. (1.113) by linearizing the last term of
Eq. (1.114) by introducing a real valued vector field p,, ;

z2~]] Z Z /D(prZeXp s),

N,i VUp,i=—00 Pon=—00

, 1 1 Pri . 2
S = Z _ZNPOnA0¢n + Z §N2Ecp0n(_7A2)pOn + Z 2[0EJ - Z Zan,i (Al¢n + an,i> .
n n,Hu 1,n

’ (1.115)
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To treat p, o in the same footing of p,; we must make p, o to be a real valued field.
This can be done by introducing a new integer valued field v, o and by using the Poison’s
summation formula

o0

> exp (20, 0pno) = Z 3 (pno—n),neZ. (1.116)

Un,0=—00 n=-—00

With this new variable we have

2] S | DDy exp(~5),

Ty Uy, =—00

(1.117)

2
pni .
S = Z N2Ecp0n( A2)p0n + Z QZoEJ - Z Zan,,u ( u@bn Un ,u)

©on

At this point, let us write the vector field v,, as a sum of a lognitudinal part and a
transverse part:

Unp = Dy + Apa + > 2unAthn (1.118)

VA
where first two terms represent the longitudinal part (or irrotational part) and the last
term represent the transverse part (or the solinoidal part). We note the fact that the
vector field v, , is an integer valued field. As we define 9, , to be a real valued field and
my, to be an integer valued field we needed to add a real valued vector A,a to make the
sum an integer. Also let us define ¢, , = Z €y, Which must be an integer valued

VA
field. Now one can easily see that the field ¢, , is constrained by the relation:
> Aoy =0. (1.119)
o

Also we can write the term an uA, ¢y, in the action in Eq. (1.117) as Z AupnPn
n,n w,n

and therefore integration over fields ¢,,, defined on each lattice points on a 3d Euclidean
lattice, give us delta functions: 0 Z A,pr,,,) which implement the constraint for each n:

S Aupny =0. (1.120)
o

These two constraints expressed by Eq. (1.119) and Eq. (1.120) can be solved by
writing ¢, , and p, , in terms of a integer valued vector field a,, , and a real valued vector
field b, ,, as:

q M:ZZ':MVAAVGHJ\? CLGZ,
|79\

pn,,u = Z g,uz//\Aubn,/\, beR.
(79N

(1.121)

Thus substituting these equations into our generating functional we get finally

Z H Z / Da, Db, Dp,, exp(—5S),
2

S = Z NQEchn ) A Pon T Z — 2mi Z 5Auubn+ﬁ,)\Auan,u + Z 27”@71@11,#7
( A ) 2l0EJ AV, n,u
(1.122)
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where the last term is added by using Poisson’s summation formula for making a,, a
real valued field. The last equation is the action we wanted to obtain which contains
the required lattice version of mixed Chern-Simons term expressed by the third term in
the action. In this representation st,\Aybn, A represents the conserved three-current
VA
of charges, While Z eunlyay y represents the conserved 3-current of vortices. Thus the
(70N
mixed CS term expresses a coupling between charges and vortices.

Spin-gauge theory:

In 2+1d the gauge fields involved in a mixed Chern-Simons term couples to particle like
matter current through minimal coupling scheme. In 3-+1d, although electromagnetic
vector field A, couples to a conserved particle current, B, couples naturally only to
extended objects like strings (or vorticity). We have already encountered such facts in
Eq. (1.95). But one can also ask if there can be any coupling between B,,, and particle
like matter current, in particular to a fermionic current. While constructing any such
term we have to keep in mind that action of B, field has a different type of gauge
symmetry, namely the vector gauge symmetry given by: B,, — B,, + 0,A, — 0,A,,
where A, is a vector field. Thus the term in which fermions couples to 2-form field must
be invariant under such a gauge transformation. Also there is the fact that the 2-form
field naturally couples to extended objects like 1d strings, so the fermionic current which
couples to this 2-form field must have non locality built into it. Considering all such
issues a coupling between 2-form field and fermionic matter was proposed in [59] which
was symmetric under P and T transformation and is given by the following term

St = / d'z (ng””fﬂéap (mw)) (1.123)

It was also shown in that paper that such a term generates a BF term when radia-
tive corrections due to fermionic loops are considered. As was shown previously a BF
theory, thus induced in the action, may generates mass for the associated gauge field
and hence corresponds to some superconducting phase. Also it was later shown in [60] if
one calculate potential between two fermions which are nearly static one gets a linearly
rising potential V(r) ~ r confining two fermions into a pair. Such a potential is often
encountered in theories of quark confinement and thus is very important in that context.
It is also possible that such pairs are realized in low energy condensed matter systems
like some unconventional superconductivity. As the theory is defined to be a non-local
theory, one can expect to find a local theory which in some low energy phase will give rise
to this non local coupling. Thus this new term may have important application to low
energy phase of QCD and to unconventional superconductivity. In this thesis we shall
mostly be concerned about finding out the local theory from which this term emerges
and finding out it’s implications for low energy phenomenology.

1.4 Statistical transmutation in condensed matter:

One of the most important concepts in modern condensed matter physics and also one
of the major concern of our thesis is statistical transmutation of particles. The funda-
mental degrees of freedom in condensed matter systems are electrons which are fermionic
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in nature i.e. they obey Fermi-Dirac distributions. All of atomic physics and many-
body quantum theories like Hartree-Fock and density functional theory(DFT) are built
on Pauli’s exclusion principle which is deeply associated with the fermionic nature of
electronic excitations. But there exists low energy physical systems which can not be de-
scribed in terms of these electronic degrees of freedom but rather some collective degrees
of freedom composed of electrons. Below we are going to dicuss two examples of such
statistical transmutation realized in physical systems like superconductors and fractional
quantum hall effect.

1.4.1 Bosonization through fermion pairing:

Examples of such systems are superconductivity appearing in metals at very low temper-
ature where the collective behaviour of the system can be explained in terms of Cooper
pairs, which approximately can be treated as spin-0 bosons (represented by scalar fields)
in the case where total spin and orbital angular momentum of the cooper pairs are taken
to be zero. Thus in such systems there exists a statistical transmutation from fermions
to spin-0 bosons®. Such statistical transmutation from fermionic to bosonic statistics
are referred to as bosonization in most literature. One can also obtain a bosonic the-
ory out of a underlying fermionic theory by decoupling in a particular channel through
Hubbard-Stratonovich transformation- one can be the Cooper channel where the bosonic
field represent a pair of electrons with opposite spin, another can be density channel
in which bosonic field represent charge density wave [62]. Below we shall discuss a di-
rect method of bosonization starting from a theory of interacting fermions in 1 dimension
where the bosons will represent fermionic density excitations. We start with the following
Hamiltonian

2
H=Ya] (2]{1:% — EF> ax+ 57 Z V(g)al_ qak,+qak/ak (1.124)
k Ly iirgzo

Physical systems which can be modeled by such Hamiltonian are the low energy
bands of a carbon nanotube, quasi one dimensional semiconducting wires, edge modes
in a quantum Hall system, stripe phases in high temperature superconductors etc. One
dimensional systems possess many peculiar properties which are not shared by higher
dimensional systems. As an example, in one dimension electrons are constrained to stay
along a line, in presence of inter electron interaction, they must push each other to
minimize the energy of the configuration. Such interactions result in formation of density
waves as we shall see below. In higher dimensions however, electrons can avoid each other
by moving away from one another in the available space. This can also be understood
by noticing the configuration of Fermi sphere in one dimension. In one dimension, the
Fermi sphere is the interval —kr < k < kg, and the Fermi surface thus becomes two
discrete points kr, —kpr. In comparison, Fermi surfaces in higher dimensional material
systems are connected surfaces. For this, in one dimension there exists very few states
in which particles can shift in presence of interaction. We shall show below that such a
one dimensional electron gas is equivalent to a gas of bosons which represents the density
excitations in the original electron systems.

As we have already discussed the relevant excitations will be those which are excited
above the Fermi momentum kp, —kp. For this one may expand the energy spectrum

“However, there can be transmuatation from purely fermionic theory to spin-1 bosonic theory. See
for example the work by Fradkin and Schaposnik. [61]
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around the fermi points as

2 2
B gtk

1.125
2m ( )

kp
5 — Fp ~vpp, vp=—.
m m
As all the states for which p = k — krp < 0 are filled up the corresponding terms in
Hamiltonian will not contribute to the ground state. Hence the non interacting Hamil-
tonian can be written ignoring those terms as

Hy=> vpp [akFerakFer + aT_KF_pa,kF,p] : (1.126)
)

i
kr+p

right moving particle and aikpfp = azp which creates a left moving one. Writing the non
interacting Hamiltonian in terms of these new notations we have

We rewrite the creation and annihilation operator as a = a}ip which creates a

Hy=)> vpp {aipasp] : (1.127)

5P
where s = R, L represents the right or left moving particles. The sum over p is
restricted by a cut off momentum A. From now on we shall only consider quantum
states over the Fermi points and so all the momentum variable that we would use in the
subsequent discussions will be taken above Fermi points. This makes Fermi momentum
the new origin of one dimensional momentum space. Next we define density operator as

p= Zaikerask. (1.128)
k

We shall try to determine the commutation relation of such density operators below
which will again be used in the definition of effective bosonic commutaion ralations. Thus
we write

[Bsas Pl = D[l kgsnalsprsgasi — aliyy s walgasnl: (1.129)
kK

We now use fermionic anti-commutation relation {a’ s} = 05 0p 1 10 the above
sk ) )
equation and get

[ﬁsq, ﬁs’q’] = 5513/ Z[alkﬂas/k_q - CLz/ k/+q,a5/ k’—q’]- (1.130)
k

As we can understand that the other two terms like ai, k +qal, kg Os ks - that would
arise while using the fermionic anti-commutation relation would become zero as we take
expectation of the commutator in the ground state. For this we have dropped those
two terms. In practice we use such commutation relation in determination of various
physical quantities where expectation values of the physical quantities are determined in
a particular ground state. Noticing this fact we want to simplify the right hand side of
the Eq. (1.130) by taking average in the ground state of the system |Q2) and then we get

[Psqy Pstqr] = Os, Z <Q’[aik+qas k—q — alk+q+q’a’3k]|Q>
k

(1.131)
= oSy 3 QU ey — )|
k
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where ng, = aikgsk is the diagonal part of the density operator which appears due to
taking expectation value in the ground state. If the sum over momentum £ extends over
all values of momentum the above sum will become zero. This is not the case here as the
momentum has a cutoff A. To evaluate this sum correctly we remember the fact that we
have set the Fermi momentum to be zero. Thus all the states for which £ < 0 are filled
up and above that level states are empty. We choose s = R and redefine the momentum
variable for the first sum to be t = k + ¢q. Thus we get

[ﬁRqa ﬁRq’} = 5q,—q’l Z <Q|nRt|Q> + Z <Q|nRt|Q>
—A+q¢<t<0 t>0

(1.132)
- <Q|an|Q>—Z<Q|an|Q>].

—A<k<0 k>0

We note that the second and fourth terms will becomes zero because ng—g|§2) = 0
while the first and third term will contribute and we shall get

ORgs P L 0, ’ dk ’ dk
[Prg: PRy = oY /A+q _[A
Similar expression can be derived for the left movers (s = L) as well. So in general
we can write

qL
- —%(5(17_(1/. (1133)

. qL

[hsq> Psrgr] = _5q7—q’5578’g‘ (1.134)
Now we shall try to rewrite the initial Hamiltonian Eq. (1.124) in terms of these newly
introduced density operators p. First we focus on the interaction term

1
Hin = 3L > V(q)a,i,qazurqak/ak
koK g
1.135
1 (1.135)

= — 2V(q ~ O)ﬁsqﬁs —q T 2V(q ~ QkF)ﬁsqﬁgfq 5
2L 2

where in the last step we have used the commutation relations derived above. Writing
2V (q ~ 0) = g4 and 2V (q ~ 2kp) = g2 we rewrite the interaction Hamiltonian as

1 A A
Hint - i Z lg4psqps —q + g2psqp,§—q‘| ) (].].36)

5q
where we have denoted the alternative chirality of s by 5. Now we shall define creation
and annihilation operators for collective bosonic excitations using the fermionic density
operators as follows:
bg = Mg/ Lq; bi; = NgPL—q (1.137)
by =NgPr g  by=ngPry (1.138)

With these definition one can rewrite the interacting part of the Hamiltonian as follows

Hi =S %[gwqbg + gablgbg + gabgb_q + gabl bl (1.139)
q

We also need to write the non-interacting part of the original system in terms of those
bosonic operators. We shall take a indirect route for obtaining a kinetic term for the
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bosonic Hamiltonian. As in the second quantized description, properties of an operator
is fixed by commutation relations. We shall try to look for an operator Hy which obeys
the same commutation relations with bosonic operators as the original non-interacting
Hamiltonian Hy. One can easily verify that [Hy, ps,] = qurosps,. One can also show that
the same relation is obeyed by the operator

27TUF

Hy= =253 Pras—g = Y qvr [bgb} + b (1.140)
qs q

Thus we obtain the total Hamiltonian in terms of bosonic creation and annihilation
operators as

H = Z q [29;_ + UF:| bqb; + |:2gjr + UF] bT_qb_q + Qqub_q + ngT—qbz; (1141)
q

Thus we see that a one dimensional electron gas can be expressed as a gas of bosonic
cvollective particles whose dynamics is given by the above Hamiltonian. This is an exam-
ple of statistical transmutation or bosonization. In the next section we shall discuss sta-
tistical transmutation in one higher spatial dimensions by a completely different method.
The importance of writing the original systems in terms of these effective bosonic par-
ticles can be realized once we write the above Hamiltonian in the Nambu-Gor’kov basis

b 2 ). In this basis the Hamiltonian reads
—q

H= 2 g |- (1.142)

Diagonalizing this Hamiltonian one gets the following free theory of bosons

= o {(2mve + 92— g3 (1143)

H= qubi);gq, Up
q
Thus we have successfully converted the interacting theory of electrons to a non
interacting theory of bosons which now can be analysed very easily and the behaviour of
the system in the low energy limit can be predicted.

1.4.2 Bosonization by flux attachment:

There can be a completely different type of bosonization than via fermion pairing- which
can be realized through flux attachment [39,40]. In this case one starts from a fermionic
system exposed to an external magnetic field. Transformation of fermionic wave functions
by a unitary operator, which includes a multivalued scalar, leads to a transformation of
the Hamiltonian of the system such that the transformed wave function behave like
bosonic wave function coupled to a gauge field. This new gauge field is the statistical
gauge field, which in second quantized theory depends on the density of the bosons.
Thus a set of fermions in an external magnetic field may be represented as a set of bosons
coupled minimally to a density dependent gauge field. This gauge field is actually the
Chern-Simon gauge field and through the Chern-Simons term its flux is attached to the
particles. We are going to explore a new way of attaching flux to particles having spin in
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one of our subsequent chapters in this thesis. Below we shall describe this scheme of flux
attachment in details which would be helpful for comparison with our latter discussions.

Let us start from a system of electrons confined to move on a 2 dimensional plane-
a two dimensional electron gas- exposed to external magnetic field perpendicular to the

surface. .
H=—Sp. - “A@ +ZeAO v+ Y Vi, (1.144)

2m 5 n<m

Q

where g(x) is the vector potential corresponding to external magnetic field which in

1
symmetric gauge takes the form: A; = 53%'%'- Ag is the external scalar potential
producing the electric field £, = —0,A and V() is the interaction potential energy

between two electrons separated by Z and in this problem it is the Coulomb potential. The
indices n,m = 1,2, ... represents electrons, 7,7 = 1,2 are spatial indices, and p = 0,1, 2
are space-time indices. We also assume that the external magnetic field is so strong
that electron magnetic moments are aligned along the magnetic field i.e. the system is
completely spin polarized. In such a situation only the spatial part of the wave function of
the many electron system would be important. So this spatial wave function ¥ (zq, xs, ..)
must be totally anti-symmetric according to Pauli’s exclusion principle. The Schrodinger
equation for this problem is given by

H\IJ(Il,l’Q,l'g,...) :E\IJ(Il,l'Q,ZL‘g,...). (1145)

This equation along with the anti-symmetry of many electron wave function defines
the quantum eigenvalue problem. In the following discussion we shal show that this
problem is equivalent to a problem of bosons coupled to a new gauge field a, termed
as statistical gauge field. The bosonic problem is defined by the following Schrédinger
equation

H/¢($1, Ta, ) = E’¢(x1, T2, T3, ),

1 L e 1.146
H = —N"[p, — —A(zn) — —d(xn)]* + ZGAO + Z Vi, — xm) ( )
2m n C n nm
The new gauge potential is given by
a nms 1.147
iz 27T 0 n;n Va ( )
where ¢y = %€ is the flux quantum, 6 is a parameter to be adjusted according to our

requirement and ., is the angle subtained by the vector connecting nth and mth particle
and a reference direction. The wave function ¢(zy,xs,...) is bosonic according to our
consideration and hence must be symmetric under exchange of particles. Let us now
transform the bosonic wave function as following

o(r1, x9..xy) = Up(x1, 29...xx); U = exp <—i9 > Oénm> (1.148)

n<m

To see what happens to the Schrodinger equation for bosonic particles given by Eq.
(1.146), we shall multiply both sides of this equation by the unitary operator U. Writing
¢ = Ut we find

UH'U ¢(21, x3,...) = E'dp(21, 29, 23, ...). (1.149)
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Thus we see that the Hamiltonian of the system changes to H — UH'U'. To see the

effect of this transformation we note that U (}Z - E%T(xi) - ec?(an)) Ul = (ﬁi - eﬁ(%)),
c c c

where we have used the fact that p; is a differential operator and also have used the

definition of the gauge field @. Using this observation we can easily see that

UHU' = — N [p, — A —1—2er Tn) + Y V(wy — ). (1.150)

n<m

Q

We see that right hand side of Eq. (1.150) is exactly same as the Hamiltonian of the
original problem of two dimensional electron gas. To check how the new many-particle
wave function ¢ behaves under the exchange of coordinates of two particles let us exchange
1th and jth corordinate. Under the operation we find

0
o(x1,...25..2,..N) = €xp <—27T(0412 + o3+ g+ )) o(x1,..xj..2..xy)  (1.151)

As ¢ is symmetric under coordinate exchange we have: ¢(z1,..x;..7;...x5) = ¢(x1, ..2;..2;..TN).
But we note that according to the definition of the angle ;; we must have aj; = ™ + o;.
Using these facts we see that

~ . 0
é(z1, ...xj..x..xn) = exp(—if) exp (—zﬁ(ozlg + oz + g+ )) o(21, .. 2.2 TN ).

(1.152)

Now we see that for § = (2n + 1)7 the multiparticle wave function ¢ changes sign

under particle exchange. So the wave function ¢ must be totally antisymmetric under

particle exchange as the original multielectron wavefunction. Thus this transformation
leads to a totally anti-symmetric wave function obeying the Schrodinger equation

2;2[ ——A ()] —l—Zer T +n;nv ] o(x1,...xn) = E'¢p(xq, ... xn).
(1.153)
The left hand side of Eq. (1.153), being equal to left hand side of Eq. (1.145), the
eigen energy spectrum of both equations must also be same i.e E = E’. Thus from the
above discussions, we can conclude that the bosonic problem defined by Eq. (1.146) is
completely equivalent to the original many-electron problem for § = (2n-+1)m. This is one
of the schemes of statistical transmutation which says that in 241 dimension a fermionic
problem is completely equivalent to a bosonic problem with a new gauge potential coupled
to it. The transformation involves a multivalued scalar a;; and hence is called a “singular
gauge transformation”. We have already discussed about the transformations for bosonic
field operators in second quantized formalism in Sec. 1.2.2 and have shown how such
transformation leads to a density dependent gauge field

Jf/

a; = k/d%’@f@(m — 2 p(2') = k:eij/dQ 'Mp( ). (1.154)

This gauge potential is equivalent to the one (i.e. @) discussed in this section when p
is written for a discrete mnay particle distribution. For this reason such a gauge field is
called a statistical gauge field. As we have discussed in Sec. 1.2.2, the dynamics of the
statistical field is governed by Chern-Simons term.
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Thus one can conclude that the theory of two dimensional electron gas coupled to an
external vector potential (magnetic field) is equivalent to a gas of bosons coupled to a
statistical gauge field (in addition to the external gauge field) obeying the equation of
motion of Chern-Simons gauge theory. As we have already saw, what Chern-Simons term
does is to attach odd number of flux quantums to each electron and convert them into
bosonic quasi-particles obeying bosonic commutation rule. Thus flux attachment becomes
the central idea for statistical transmutation in this theory. We shall explore more into
this idea of “flux attachnment” in this thesis and shall try to propose a mechanism for
flux attachment in the contecxt of dual boson-fermion model.
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1.4.3 Brief Outlines to the Thesis:

In this work we are going to apply the charge vortex duality to a system consisting of
charged bosons and fermions interacting via electromagnetic gauge field. Such a rela-
tivistic boson fermion mixture can be thought of as a relativistic generalization of the
Friedberg-Lee model of high temperature cuprate superconductors. Although first pro-
posed to explain qualitative features of high temperature superconductors, Friedberg-Lee
model was later adopted in various scenarios like BCS-BEC crossover, superconductor
to insulator transition etc. The only difference in our case is that we have neglected the
direct cubic coupling between fermions and bosons.

In Chap. 2 we show how the charge-vortex duality being applied to above mentioned
system leads to the electron-vortex interaction and how such an interaction affects charge-
charge interaction potential. Through application of duality we wanted to bring vortices
into the picture where fermions are also present. In this treatmnent we have assumed
that presence of fermions will not alter the Nielsen-Olesen vortex solutions much which is
implemented by taking the same decomposition of the phase in regular and singular parts
as in absence of the fermions. Thus dualization of the scalar field is done same as before,
but the fermions are going to be involved into dualizing the the Maxwell term. In doing
so we end up in a phase where vortices (or strings) interact with a non-local fermionic
current via 2-form field B,,,. This interaction differs from the Aharanov-Bohm interaction
between charge particles and vortices discussed in literature [63]. The 0ith component
of the non-local fermionic current actually expresses the spin moment density. Thus this
interaction in the static case corresponds to spin-string interaction. Exploration of this
interaction in the contexts of low energy systems of different dimensionality will be the
main motivation of the rest part of this thesis.

First we shall explore the consequences of such an interaction on charge charge in-
teraction potential by calculating fermionic loop correction of photon propagator. The
calculation is done using familiar functional techniques. This calculations give rise to a
B A F term with cutoff dependent coefficient. The cutoff momentum would be of the
order of inverse coherence length of superconductor: &, =1/ v \v. This BAF term along
with the gauge invariant mass term of 2-form field will give rise to a coulombic term with
a high dielectric constant in the charge-charge interaction potential. The reason for this
can be found out by comparing the quantum corrected effective theory with the disorder
field theory of Kleinert [64]. Thus vortex-electron interaction leads to an effective theory
similar to the disorder theory of Kleinert which may be quite important in the above
mentioned contexts.

In Chap. 3 we have shown that the electron-2-form interaction can lead to attachment
of spin current to vorticity in 3+1 dimension and tried to argue in various ways that such
attachment may lead to a configuration where two electrons are attached to each other by
means of two flux tubes. Due to the formation of such a configuration a linear potential
may act between electrons.

We had mentioned before that when the coupling between B,, and fermions was
proposed it was shown that the fermions interact via a linearly rising static potential.
As in the dual model such an interaction arises naturally from the dualization, one can
ask whether there exists any phase of the system where linearly rising potential can be
found between two static fermions. To answer this question we first note that electrons
attaches to vortices due to their non-zero spin magnetic moment. Due to such an attach-
ment dipole-dipole interaction between two electrons become screened at large distance.
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But when two such flux attached electrons approach each other and reach with in a dis-
tance 2§, ~ 1/ev (penetration depth) to each other their magnetic field lines starts to
interact because within penetration depth magnetic field is unscreened. In this situation,
as magnetic field inside a superconductor must pass through vortices, magnetic field lines
produced by spin magnetic moment colease to flux tubes and end up on another elec-
tron. Thus the above mentioned configuration may appoear and a thus a linear potential
between electrons acts. This intuitive picture can be supported by noting that the mo-
mentum corresponding the scale {, = 1/ev is ~ ev and thus this should be the minimum
exchange momentum of the electrons. If we now expand the propagator of the B, field
with the approximation &% > (ev)? one finds an interaction potential v(k) ~ 1/k* which
gives rise to a potential v(r) ~ r in the limit A — oo, e — 0.

The above argument apply only when & >> &, and thus would fail in the limiting
case & ~ &, i.e. when the vortices act as 1 dimensional strings. However in this limit
as well we have found arguments which lead to confining potential. Here we note that
the dual theory is in fact a theory of classical strings interacting via a massive 2-form
gauge field where strings are represented by world sheets swept by them. One can now
generalize the classical string action to field theoretic action of strings where we assign
a string field, defined on the space of curves or loops. In such a theory the mass of the
2-form can be explained if we assume that the strings are in a condensed phase where the
2-form become massive via a “stringy Higgs mechanism”. But such a string field theory
may also contain a normal state(or a “false vacuum”) where 2-form becomes massless.
In such a normal state the theory would be described by the dual action excluding the
mass term of 2-form field. Thus the dual theory in such a normal vacuum of string field
would give rise to electron-electron linear interaction potential.

In Chap. 4 we try to explore consequences of the electron-vortex interaction in the
context of physics of two spatial dimensions. A realistisc situation where our model may
be relevant is the interface between a superconductor and a topological insulator(TI) or
graphene or similar materials hosting a 2 dimensional electron gas. To proceed we have
dimensionally reduced the dual Lagrangian. The dimensionally reduced theory contains
vortices which are now point like objects and interact with a non-local fermion current
confined in two dimensional plane via a one-form field. To achieve flux attachment from
our theory we compare our theory with Zhang-Hansson-Kivelson theory of FQHE [6,65]
and define a new gauge field C), whose curl is the vorticity vector ¥, in the reduced theory.
We then obtain the effective theory of C), gauge field and show that equation of motion
of C, gives rise to the same flux attachment condition in some static approximation as
obtained before. Flux attachment is in general obtained from the Chern-Simons term as
we have seen before. As we obtain it here as well, it suggests that the flux-spin composites
in this case may obey fractional statistics. To show this we derive the non-relativistic
theory of fermions coupled to the gauge field C,,. When flux-spin composites are taken
around each other, the non-relativistic theory suggests that an Aharanov-Bohm phase
factor is induced in the wave function. This phase may become arbitrary when the factor
k=1/ \/f, where L is extension of the fields along z direction, takes arbitrary values.
This may alter the statistics of the flux attached electrons making them anyons. Thus
we show anyons can be realized in such a system.

We end our discussion by summarising all the results of our investigations shaortly
and mentioning possible direction of future research in Chap. 5.
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Chapter 2

Emergent Electron-Vortex
Interaction from Dualization

2.1 Introduction

Vortices and vortex lines appear as solutions in the field theoretic description of many
physical systems, from quantized vortices in superfluid Helium [66-69] and Bose-Einstein
condensates to Abrikosov lattices in type-II superconductors [70,71], all of which have
been observed. They also appear in field theories which describe high energy physics,
e.g. as cosmic strings which appear in many gauge theories including grand unified
theories [72-75], or as color flux tubes which are conjectured to appear in non-Abelian
gauge theories such as QCD, leading to color confinement [76-78]. Here we shall be
dealing only with vortices appearing in condensed matter systems. In particular we will
be interested in systems where charged fermions coexists with vortices, and therefore an
interaction of vortices with fermions can appear. As appearance of vortices is typically
seen in scalar matter (certain exceptions exist [79]), we will be looking into such systems
where a mixture of bosons and fermions would exist. Below we give certain famous
examples of such systems.

2.1.1 Boson Fermion model and its applications:

A mixture of interacting bosons and fermions at very low temperatures contains a rich
variety of physical phenomenon. In particular it becomes immensely important in the
context of high Ty cuprate superconductor as it is shown by various authors that dif-
ferent versions of such a model can qualitatively explain the rich phase diagram of such
superconductors.

The phenomenon of superconductivity at high temperature has remained mysterious
since its discovery in cuprates [80] -the Bardeen-Cooper-Schrieffer (BCS) description of
low-temperature superconductivity [35,81,82] can not explain it. The typical features of
a high temperature superconductor (HTS) are expressed through a phase diagram [83,84]
which looks like Fig. 2.1. In the absence of doping, the cuprate material remains anti-
ferromagnetic (AFM) and insulating. As doping is increased, anti-ferromagnetism does
not persist and at small doping concentration and below a temperature T* a gap opens
up in the electronic energy spectrum, which is called a pseudo gap [85-87]. As doping is
increased further, superconductivity (SC) starts to appear beyond this gap. The presence
of a pseudo gap above T, and very small coherence length (~ 10 A) [88] indicates the
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Figure 2.1: Phase Diagram Of A Hole Doped High T, Superconductor

formation of localized bosonic pairs of fermions (preformed pairs [83,89,90]) below T and
their condensation below T,.. Based on this idea of preformed pairs, a phenomenological
field-theoretic model of high temperature superconductivity was proposed by Friedberg
and Lee [91,92]. The model is expressed by the following Lagrangian

L=Ls+Ly+ L.+ Ly, where

L=~ {FuF*,
Lo= (B — 2eA D) [ — 210, 1)

L.=1"(i0; — eAy —m)1p — 21n| (ﬁ + ie/f) U2,
L1 = g2M)Y? (¢lyioy + e

In this field theory there are localized pairs, described by a bosonic field ¢ of charge
2e and mass M ~ 2m,, where m, is the mass of the electron. These bosons are unstable
and decompose into pairs of electrons with opposite spins and these electrons recombine
to form bosons. Thus in a large system there is always a macroscopic distribution of
bosons coexisting with fermions following their respective statistical distribution rules.
At temperature below T, these bosons condense, i.e. there is a large number of bosons
in the zero momentum state which coexist with fermions. This type of system with
bosons and fermions coexisting in thermal equilibrium is generically referred to as boson-
fermion (B-F) model. It was shown by the authors that below a critical temperature
Tc the long range order in such a system can always be described by zero momentum
bosonic amplitude B of the bosonic field. Also the the gap energy of the fermionic system
is related to B by A? = |gB|?, where g is the coupling constant for the coupling of
bosonic and fermionic fields. It is argued that as the transition from the normal phase to
superconducting phase happens through a bose condensation of charge 2e bosons (which
is of statistical origin), the transition temperature T, can be higher.

Appearance of pseudogap in some particular region of Fermi surface lead some authors
to postulate about a boson-fermion model for underdoped cuprates which is qualilatively
different from that discussed previously [93]. They assumed that this gap formation above
Tc is due to pairing of electrons in the cornoers of the Fermi surface into bosons which
later condense to form Bose-Einstein condensate. But only the condensation of bosonic
pairs would make the transition look like a BEC transition which has wide fluctuations
near T, while the experimental evidence says that the transition is more mean field
like with a small order parameter near T>. To overcome this discrepancy authors had
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assumed that the bose condensation of bosonic pairs happens in the background of a
fermi liquid. This assumption reconciles between the BEC picture and mean field like
nature of transition. Apart from these two earlier works several other works along the
same line of research exists [94-97].

This scenario of preformed pairs(and hence the boson-fermion model) is also discussed
in another broad class of theories called “BCS- Bose-Einstein condensate(BEC) crossover”
[98,99]. This picture of "BCS-BEC” cross over has been investigated for many years as
a possible explanation of “pseudogap” in the normal state of cuprate superconductors.
In the cold-atom systems this cross over scenario has been realized though experiments
by varying the strength of interaction by applying magnetic field in a controlled way (via
Feshbach resonances). In such scenarios one starts with a weakly interacting theory of
fermions which gives rise to BCS theory of superconductivity or theory of superfluidity.
The interaction strength is then varied and made arbitrarily strong. In the strong coupling
limit one would have tightly bound pairs of fermions which may act like bosonic molecules
(Cooper pairs). The condensation of such bosonic Cooper pairs then gives rise to BEC.
Thus there is a continuous evaluation from BCS in the weak coupling limit to BEC in
the strong coupling limit. In the intermediate zone the system is a mixture of fermions
and metastable pairs. In this way the boson-fermion model connects to this “BCS-BEC”
picture.

There is another slightly different appearance of this model found in the description of
different phases and phase transition of some systems of contemporary condensed matter
physics and can be expressed by the following action written in imaginary time formalism
as

S:/dd$d7<ﬁ,4+£¢+£e+£1>, where

1 v
LA = ZFHVFM 5

£ = (@ — i2eAud)) + | (8~ 2546) )| — %670~ Dol
Lo=1 {’YO (i0y — iev5A0) Y + vEy; (ai + ’ii’Ys)Ai) ¢] )
Lr =g (Re(9)dv + Im(¢)vivst) .

This action is applicable to the context of semimetal-superconductor quantum phase
transition for graphene and surface states of topological insulators [100], transition into
the Kekul’e valence bond insulator in graphene and surface-hybridizing and time-reversal
symmetric insulator in thin topological insulators [101], emergent space-time supersym-
metry at disordered quantum critical points [102] etc.

Apart from those above mentioned contexts mixtures of bosons and fermions are
studied in many other contexts as well, both experimental and theoretical. Experimental
work on the properties of a mixture of Bose and Fermi gases include study of quantum
degeneracy [103-106] and interactions [107,108]. Boson-fermion mixtures of dilute atomic
and molecular gases at low temperatures are also studied theoretically in optical lattices
to study their quantum phases including superfluid-insulator transition [109-111]. Boson-
fermion systems also appear in studies of superconductor-insulator transitions [112,113],
of charged Bose liquids [114], etc.

(2.2)
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2.1.2 Overview of our work:

The boson-fermion model of Friedberg and Lee closely resembles the Abelian Higgs
model [115-118] as a field theory, including the appearance of vortices [92]. These vor-
tices carry quantized magnetic flux, as can be derived from the minimum energy con-
dition. The Abelian Higgs model in 341 dimensions contains vortex lines [119] which
are minimum energy solutions of the field equations with topologically nontrivial bound-
ary conditions. The interaction between these lines, or strings, is mediated by a 2-form
(2-index antisymmetric tensor) gauge potential B, called the Kalb-Ramond field [120].
In the symmetry broken phase and when vortex strings are present, the Abelian Higgs
model can be written in terms of the string world sheet and the 2-form gauge field B,
using dualization [121-125]. Our goal for this work is to do this with fermions, i.e., to
dualize the boson-fermion system in presence of vortices and reach what should be a
useful starting point for the interaction of vortex lines with unpaired charged fermions.

Of particular interest is the coupling between the 2-form gauge field B, and fermions.
In an earlier work it was proposed that the 2-form field couples nonlocally to a topologi-
cally conserved current of the electrons [59],

1 17
/ A2 By =", (2.3)

where JH = P20, (1y\1)) is the 4-dimensional “curl” of the conserved fermion current.

v

The nonlocal current EJ“ , more specifically its {0i} component, contains the spin

magnetic moment density as a contribution from the spin part. Then we can say that the

coupling By, —J% corresponds to a spin-spin interaction mediated via the 2-form gauge

field B. If we find this interaction here, we will be able to say that we have found a local
theory, namely that of the boson-fermion mixture, which has a description containing
this “spin-gauge interaction”. The electrons interact via photons as well, and quantum
corrections due to fermion loops give rise to an effective B A F' interaction. This term
is central to the topological mass mechanism in 3+1 dimensions [57], analogous to the
Chern-Simons term in 2+1 dimensions [126-128] which can also be generated by fermion
loops [129]. As we shall see that the induced B A F term, in presence of massive B, field
leads to modification of the inter electron interaction in such a way that at large distance
only a Coulomb term will contribute. We compare this with the destruction of Meissner
effect by defect condensation as shown by Kleinert [64].

It is known for quite some time that a system containing particles and string like
excitations may provide relalization of bosonic topological insulators (BTI) and the cor-
responding topological field theory contains B A F' term in their action [54,130]. As our
system contains vortex lines and fermions and their interactions and a B A F term is
induced due to quantum effects, it may also be a possible candidate for BT1. But we have
not investigated this direction any further here.

The outline of this chapter is as follows. In Sec. 2.2 we dualize the Abelian Higgs
model in the presence of vortex lines (strings) and charged fermions which couple through
electromagnetic interactions, culminating in a non-local dual Lagrangian involving strings
and the 2-form field which mediates interstring interactions. In Sec. 2.3 we derive the
effective action by taking into account 1-loop corrections due to fermion loops. This
generates a B A F' interaction, which affects the propagators of both B, and A,. Then
in Sec. 2.4 we calculate the static potential between nonrelativistic fermions taking into
account all the interactions as well as the 1-loop correction and end with some comments.
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2.2 Dual Lagrangian for Boson-Fermion system

We first determine the dual of the field theory describing a boson-fermion system in the
presence of vortices. Even though all particles in this system move non-relativistically,
we will work with a four dimensional relativistic field theory. This is because the field
theoretic duality we consider is most conveniently constructed in four dimensions and for
relativistic theories and also because we will be able to use several standard results from
usual quantum electrodynamics.

We start with the Abelian Higgs model where the gauge field A, is minimally cou-
pled to unpaired charged fermions in addition to the complex scalar Higgs field. The
Lagrangian of our system is thus

1 1 - _
L == Fuw "+ §D“¢TDu¢ + Y(iv"0, — m)y — V(¢'¢) — eA "y, (2.4)
where ¢ is a complex scalar field of charge g (2e if ¢ describes Cooper pairs), 1 is the
fermionic field with charge e, D,¢ = 0, + iqA,¢ and V(¢'¢) = i(qsw —v?)? is the

symmetry breaking potential.

As is well known, topologically stable structures like vortices or flux tubes can appear
in this theory because the circle on which ¢ lies at its minimum is mapped on a circle at
infinity. If there is a vortex in a plane, corresponding to a flux tube cutting through the
plane as we will consider, the phase of ¢ becomes multivalued as we go around a circle
at infinity. The vacuum condition D,¢ = 0 then leads to quantization of magnetic flux

in the vortex,
2nm

?{Audﬂ:” = —T s (25)
c
where C'is a circle at infinity and n is the winding number, i.e., the number of times the
phase of ¢ winds around the vortex. It is a topological quantum number and describes
s
the quantization of topological charge, while — is the quantum of magnetic flux passing

through the vortex. To consider vortices explicitly we express ¢ in polar form,

¢ = v fexp(ix). (2.6)

The function f vanishes along the core of the flux tube and reaches f = 1 far from the
core region'. The Lagrangian, including a gauge-fixing term, then takes the form

L= — 411 w4 ;vzﬁufﬁ“f + ;vzﬂ(@u)( +qA,) (0" x + qA")
— 215(8“/1’“‘)2 - i\(f2 — 1)+ (iv"9, — m)h — eAhyrab . (2.7)
We shall dualize the theory, starting from the partition function
z- / DADfDXDEDb exp (z / 'z .z) . (2.8)

The duality transformation takes us from the Higgs picture above, where the degrees of
freedom are adequately described by a charged Higgs minimally coupled to the electro-
magnetic gauge field, to an equivalent vortex picture in which vortices interact through

IThe zero of f on a plane is the location of a vortex. A locus of zeroes in space defines a vortex string
or a flux tube.
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the second rank antisymmetric tensor Kalb-Ramond field. To implement this we first lin-

1
earize the term 5"02 f Q(GMX + qA,)2 by introducing an auxiliary field through a Gaussian

integral into the partition function as

N/.@CH exp{ (—z’/d4x l\%p + jﬁf(aﬂx + qA”)] 2) } =1. (2.9)

Then we can write the partition function as

Z-— / DADFDNDDDHDC,,

: 1 , 1 c,cr
exp (z/d4:c( ~ 1 w MY+ SV O 2”1]2 (Oux + qAy)

- GO = V() 4 5070, — )y — eddrPe) ) (210)
As mentioned earlier, the phase y is multivalued around a vortex string and the value
of x changes by 2n7m as one goes around the vortex string n times, n being the winding
number. So we decompose y = x" + x°, where the superscript s indicates the singular
part of x describing a vortex configuration and r denotes the regular part which is single
valued and corresponds to fluctuations around a given vortex configuration. By doing an
integration by parts on the term C* f0,x" we can shift the partial derivative onto C* f
and then integrate over " producing a delta function. Thus we can write

zZ= / DADF DX DY DODCi8(9,(CM f))
exp (i/d% (—leF,“,F’“’ + ;v

L (0uA"2 — V(1) + (ir0, — m) — eAM@ww“w)) RNCRE)

oNel .
oz (0uX” + qAy)

2%

The delta function can be solved by introducing an antisymmetric tensor (2-form) poten-

1
tial B, and setting C* = ge‘“’p )‘&,B,,A , which allows us to write the partition function

as

z = / DAD DN Do DOD B,

1
4 = |2% ~.2 o vpA w
exp( /d < FWF + v<0, fo'f + 121}2f2H Hy,\ — 5(6 A )2
1 . _
- 55’“’”’\Bp,\8ué?yxs - gs"””’\ﬁpr,\Au —V(f*) + ¢ (iv"0, — m)p — eAH@DW“@D)).

(2.12)

Here we have defined H,,)» = 0,B,) + 0,8, + 0B, as the field strength of the 2-form
field. The curl of the velocity of the scalar field (or supercurrent) is called vorticity,
YPA = 5“””’\@81,)(5. Around a vortex this quantity is non-zero and in case of a straight
rod like array of vortices, i.e. a vortex line or a flux tube, along the Z-axis, it is given by

(0.0, — 0,0,)X° = 2nmd*(p). (2.13)
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This expresses the location of the vortices in the X — Y plane. By dualizing it we get
the world sheet of the vortex line in 3+1 dimensions,

SO = A 9,y
- / do,d(z — X). (2.14)

(X, X))
(s, 1)

is the surface element over the world sheet. Thus we write the partition function as

X" are the coordinates of the world sheet of the vortex line and do,, = drds

z= / DAD D DDDOD B,

1
H"" H,,\ — =B, X"

1 1
exp (i/d% (—FWF’“’ + 51)26uf8”f + 5

4 1202 f2

—gapr)\aquAAu _ 215(8”Au)2 . V(fQ) + @Z(W“(‘?M —m) — eAME’W@D)) )

(2.15)

Next we shall integrate out A, from the theory to remove the off diagonal term 5“”’“’\8VBP,\AM
and write the theory entirely in terms of B, gauge field. For that we rename the currents

gg“”p’\&,BP,\ = J¥ and eyy*yp = J¥ | separate out the terms which depend on A, from

the rest of the partition function and then integrate over A, ,
/ DA, exp (z / diz <—leFWFW 5 §(a AR £ AT+ Jf;)))
= AN exp ( — ;/d‘lxd‘ly((]ﬁ[ + ) A (Jr + Jj;)) : (2.16)
Here A, is the Green’s function corresponding to the operator
A =g"0—(1— 2)8”8”. (2.17)

In momentum space it is given by

g — (1 —&)Eh
k2 + e ’

We will suppress the +ie in what follows, but it is present in each of the propagators
appearing below. The integration over A, has produced a normalization factor .4 which
does not contribute to the rest of the partition function. We can thus write the action as

S = / d*x @v?au fOrf + H""H,,,\ — ;BMEM — V() +¢(iv"0, — m)1/1>

1202 f2
— ;/d4xd4y (J]’} + J{Z) (2)A, (2, y) (JI”{ + JQZ) (). (2.19)

We can further simplify the last term. Note that since J; is a (topologically) conserved
current, the second term in A, annihilates it, so we can write

1
§/d4xd4yJﬁ(x)AW(x y)J5(y /d4 ,,pA H””’\ (2.20)
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as well as
/d4xd4y i (@) A (2, y) I3 (y) /d4:c —eqB" em,p,\é?p wfy’\q/} (2.21)

Above we have used the notation ((J)~! which actually means the Green’s function for
the (O) operator. In order to understand the remaining part, which is quadratic in the
fermion current J{; , we note that it is exactly what we would get if we integrate over A,
ordinary quantum electrodynamics, i.e.

/.@A exp< /d4 ( Flu F™ + A, JH + 5(3 L AY) ))
= e (—5 [ dady @)Dl )W) (2.22)

where .4} is a normalization factor.
Thus after collecting all these terms, we can write the dual Lagrangian as

1 - - 1 1 - 1
L =— ZFWFW + (i, — m)p — eA Py — §qu“”€Wm8”i¢’y>‘w + 5028Mf8“f

L o (1 qv 1
T g <f2 * D) Hopr = 5 Bp 2" = V()

(2.23)
where we have suppressed gauge-fixing terms for A, or B, . Thus starting from a system
containing vortex strings and described by an Abelian Higgs model in the broken phase
in which charged fermions are also present, we have arrived at the dual Lagrangian of
Eq. (2.23) in which the Kalb-Ramond field B, [120] couples to a topologically conserved
non-local tensor current,

1
JH = 5ngWD—lapJA, (2.24)

with J* being the conserved electron current. The conserved charge density J* for this
current can be split into orbital and spin parts, with the spin contribution for nonrela-
tivistic electrons being the intrinsic spin density of the electron,

(550 g < P10 (2.25)

up to dimensionful constants, when the charge is time-independent and cannot accumu-
late. Thus in other words we have a gauge theory in which the gauge potential mediating
string-string interaction couples to the spin current of charged fermions [59].

The Lagrangian of Eq. (2.23) is invariant, not only with respect to the usual gauge
transformation A, — A, 4+ 0, for arbitrary real functions A, but also under the vector
(or extended or higher or Kalb-Ramond) gauge transformation B, — By, +0,A, —0,\, ,
provided

9,2" =0. (2.26)

This shows that vortex lines must either form closed loops or be infinitely long (or end at
the boundaries of the superconducting region) as the world-sheet current is conserved by
itself. This is of course expected as magnetic field lines must either close on themselves
or go out to infinity, since there are no magnetic monopoles.
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2.3 Induced B A F Term

In order to see the effect of the nonlocal coupling on the boson-fermion system, let us
calculate the quantum corrections at one fermion loop. We will do this by first setting
f — 1, which corresponds to the limit of the flux tubes being very thin. We also redefine

1
—B,, as B, for convenience of calculations.
v

The partition function then becomes

z - / DN DDVDOD B, DA,

exp (Z / d4x< B éllFl‘VFW + @(W“aﬂ —m)Y — eAAﬂZVuw

1 1 - 1 v
- 5e]\wﬂ”swmpEzpyw + EHWU + MPOYHYH" — 23,@”), (2.27)

where we have written M = quv. The nonlocal term involving M? 07! is a mass term for
B, and is sometimes called a Meissner term for that reason [131,132]. The nonlocal
interaction term between the B, -field and the fermion can be written as

1 1 - 1 - 1
/ d'v SeM B e =iy = / d'z JeMeupintv=0"B", (2.28)
as can be seen directly from where it first appeared in Eq. (2.21). For convenience of

calculations let us now define an “effective gauge field” Azﬂ as AZH = A,+MO'F, where

1
we have written F), = 56#,,,),\8”3’»‘. Quantum corrections to the action due to fermion
loops are calculated in the standard textbook method [133,134]: We expand ¢ = g+,

08 -
where 1)y is a solution of the equation of motion (W‘ = 0, similarly for ¢y, then
=10
integrate over 1,7 to first order in e? for one loop,
/.@ﬁ.@n exp (z / dz 7 (i’y“@u —m — e’y“AZH) 77)
v d4k 2 eff v1.2 v eff
~ exp [—2/ (2ﬂ)4H(k VAL (—F) (g“ k* — k'K )AV (k)| . (2.29)

Here AZH is defined as before, while II(p?) includes the effect of modes up to a cutoff A
and is given by?.

(k%) = ;ﬂ/olz(l —2) [ln <1+ 3 —ké\z(l _2)> T A2 ikuZ(l —z)] , (2.30)

for a cutoff A. The natural cutoff scale in the system of vortices and electrons is the
thickness of the vortex string (&, ~ 1/ \/Xv) This is typically comparable to the atomic
scale, so we set A < m? (also |k*] < m?) to find at the leading order
2 A4
(k) = & T (2.31)

T Urzmd

2Details of this calculation is given in Appendics-.2.
3This approximation may not be true for quasi electrons which can have very small mass as well. See
Sec. 2.5 for an elaborate discussions.
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ignoring terms of the order of v e

We can now write the Lagrangian

including the loop correction as

1 1 2 A4 1
Z = = PP 4 SHop (L MPOTH = 2Busrt = 2 (el

4 2472 m* \4" "

(2.32)
where we have suppressed terms involving 1. Recalling the definition of Azﬁ, we can
write ] ]

Fip B = Fuy P — My F* B 4 2 M Hyy 5 H" (2.33)
2 A4

after taking into account an integration by parts. Writing Z = CYPCi e we rewrite the
T2 m

Lagrangian as

1 , 1 M? 1 v
92”:—1(1+Z)FWF“ +EH oA <1+(1—Z)D> HVpA+ZZM€Wp>\FM B

v o _ 1 ) 1 -
- in,\EpA + Yo (iv"0,, — m)ho — e Aoy 1) — ieMB“ €prapi¢07/\1/fo :
(2.34)
If we now rescale A, — 1+ ZA, and also define the “renormalized charge” e% =
e?(14+ 2Z)"' ~e*(1 — Z), we obtain the Lagrangian in the form

2= g, Lo (L ME) g e B - VB,
__Z % _'_ﬁ 1+E Vp)\—i_i RE€uvp) _5 pPA

-~ ~ 1 3} 1 -
+ o (iv" 0, — m)ho — erAutboy'bo — §€RMRB“ €Wp,\3pii/1wA1/fo- (2.35)
2,2

(1+2)

gauge boson. Note that we can write Mr = qgrv since all electric charges should be

Here we have written M3 = M? (1 — Z) ~ as the “renormalized mass” of the

renormalized the same way, so that qr = 112 . There is also an induced B A F' term

with a coefficient which depends on the cutoff A.

The coefficient of the induced B A F' term is very small and depends on the cutoff,
which is in turn determined by the properties of the system. As we shall see now, this
term will increase the mass of the gauge fields A, or B, . By the mass of the gauge fields
we mean the pole of the propagator of the relevant field, which can be calculated either
by summing an infinite series or by taking only the part of the Lagrangian quadratic in
the fields and eliminating one gauge field in favor of the other. Let us use the second
method to find the poles in the propagators, starting with B,, . We separate out the
quadratic terms containing A, ,

1 1
2y = [ 94,0 (z [t (2,4#1(“”,4” + 4ZMRGWPAF“”B”’\)) , (2.36)

1
where K, is the invertible operator g,,0 — (1 — E)GM&,. We complete the square and

write

1 AIE: 1
ZA= (/ 24, expi/d4x 2A’#K‘“’AL) exp (i/d4x< 19 RHU'D)\DHUPA>> . (2.37)
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The integration over A;L provides a normalization factor while the second term gets added
1
to the Lagrangian. The mass term of B,,, becomes E(H—ZQ)M}Q{H””’\ O 'H,,» , resulting

in a shift of the coefficient of the Meissner term so that Mp = Mrv 1+ Z2 is the new
mass of B. Thus the mass of the interstring gauge potential B, increases because of
quantum effects due to fermion loops.

Let us now see what happens to the propagator of A, if we integrate out B,,, instead.
We start from

1 1
Zp = / 9B, exp (— i / d'z (4BWM‘“”’ABM — 4ZMRe“”pABWFpA> ) . (2.38)

where for convenience we have written
1
MHPA — (D + M}%) gl gl 4 (1 + MEO — > (g”[f’g””aga“ — g“[”g’\]”&,@”) . (2.39)
n
We can now perform the integral by completing the square and find

i 1 )
ZB = N, exp <—4/d4xd4y Z2M§FHVWFM ) . (240)

This is added to the action for A, , so that the quadratic term in the Lagrangian becomes

1 Z2M? 1
— P, (14 =5 | F™ — —(9,A")?. 2.41
A similar expression was found in three dimensions in the closely related context of the

disorder field [64] in a superconductor, but in the absence of charged fermions. The
propagator of the field A, is

a (9w P Mj pupy P(€=1) = MR (§(Z2° +1) — 1)
|04 p2 p2 _ Mﬁ(l +Z2) p4 ])2 _ M%(l +Z2) :

(2.42)

The second term in the Green’s function will disappear when a conserved current couples
to it, while the first term can be written as

1 g A g
G =— S e . 2.43
g <1+Z2p2+1+22p2—M§(1+Z2)> (2.43)

Unlike the usual mechanism of topological mass generation using a BAF interaction where
the massive B, field is ‘dual’ to the massive A, field in the sense that the propagating
degrees of freedom can be described equally well by either field, the boson-fermion system
shows a distinction between the two alternative descriptions in presence of vortices.

2.4 Force Law

Another window to the physics of the system is provided by the force law as experienced
by the charged fermions, which we proceed to derive now. We will find it by integrating
out both the gauge fields A, and B, and then taking the nonrelativistic limit for the
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fermionic currents. We start by integrating out B, from the Lagrangian of Eq. (2.35),
which includes corrections up to one fermion loop,

1
Zp = / 9B, exp(—z / d'x ( B, M"P B, QBWJ’“’>> , (2.44)

1
where we have written J,, = §Z]\4Rem,p,\j7’pA — VY, — eRMReWp,\E)p(Dfl)J’\, with the
fermion current being J* = ¥y, . Integrating over B, we get

i 1 , 1
Zp~exp / d*zd*y <—ZQMRFWD 2 FHv — 4ZeRM§AMmJM
1 1
22 M2y —— A 2y =% Y
TRMRDEE Y TV Orag
1 1

0,5\ + 20eg M ey, ———— 0, J) | .
nE g e T VRS S s Ty % A)

(2.45)

—20Z MpetP* A

The first two terms and fifth term in the integral contribute to the action of A, , which
is now integrated over to get the force law. The integral over A, now reads

2172
ZA:/@AMeXpi/d% [—iF <1+ Z°Mp )F“”—((‘?A)

O+ M2 26
enZ M2 1
_AM <6RJM+DWJM+UZMRD—|—M%KM s (246)

1
where we have written K" = 55““’) A8V2]p,\ . Integration over A, produces

Za ~ exp (—;/d‘lmdd‘yj“(x)(}'w(x - y)j”(y)> , (2.47)

2

R ) €RJ'M—|—

where G, is the Green’s function calculated in Eq. (2.42) and J# = {1 + —
O+ M2

1
vZM Rm[( H. To get the net interaction potential between fermions we now add
R

the third term of Eq. (2.45) to the above integral and convert the result to momentum
space. Finally we are left with the effective current-current interaction

2 4 2
R d’p 1 (1-2) 1 27 1
2 — — : 2.48
2 (27T)4J (=p) ( 1+ 22 p? — Mi(1+ Z?) + 1+ 22 p2 Ju(p) (2.48)

This represents, for the current of non-relativistic fermions, a Yukawa potential in the
leading order along with a very small Coulomb correction. The expression (2.46) also
includes the vortex-vortex and vortex-fermion interaction terms and combining them with
the relevant terms in Zg we get

1
4/ (2m)? Ei )2—M§(1+22)

X (p), (2.49)

which gives the interaction between two vortex lines and

wer(l — Z)Mp v pA d'p B 1
2 : / (27?)4EW( p>]92(p2 — M3(1+ ZQ))pPJ)\(p)v (2.50)
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which gives the vortex-fermion interaction. Since in the non-relativistic static limit we
. 1 )
can write 50’]k8jiJk ~ S, the spin magnetic moment density of a static electron, the

above expression gives an effective vortex-spin interaction.

2.5 Discussion

In this paper we analyzed the interaction of vortices in an Abelian Higgs model with
charged fermions. This may be thought of as a field theoretic description of a type II
superconductor with thin tubes of magnetic flux, in which unpaired electrons coexist
with the charged pairs and interact electromagnetically through their minimal coupling
with the photon. Dual formulation of the system using the four dimensional relativistic
theory leads to a nonlocal interaction term between the antisymmetric tensor field and
fermions, equivalent to a gauge field coupled to the spin density current of the fermions.
This provides a post-facto justification of working with a relativistic formulation in four
dimensions, for the spin of fermions appears naturally in it.

One motivation of this work was to see if the vortex-electron interaction could give rise,
in the dual picture, to the nonlocal coupling of the two-form field with electrons proposed
earlier in [59]. We found this, as an ‘emergent’ interaction involving the spin current of
the electrons that does not appear in the original way of writing the model but emerges
in the process of dualization. Often the dual picture of the Abelian Higgs model in the
context of a type II superconductor is studied as a nonrelativistic field theory (often in two
spatial dimensions), leading to the disorder field [64,135], analogous to the antisymmetric
tensor potential. We note however that since spin has to be introduced by hand in a non-
relativistic theory, this interaction with the spin current would not have emerged from
the non-relativistic field theory calculations usually done for superconductors.

We have also found, as had been shown earlier, that this interaction generates a BAF
term in one-loop effective action. This increases the mass of both gauge fields A, and
B, , which should decrease the penetration depth. Here we have encountered a Coulomb
term in the interaQCtiori potential between two charges, with a very high dielectric constant
ke~ (22)71 = 1; 5 A—4 . As we mentioned previously that the largest energy scale in the
type-I1 superconguc%r is is the width of the vortex or the coherence length of Cooper

e? A\t
2 mt
Thus we see that this effect appears purely due to presence of superconducting background
as vanishes in the limit of vanishing vev v — 0.

The quantum corrected effective theory obtained in our work can be compared with
the theory of disorder condensation discussed in [64]. The disorder field theory of super-
conductors in 241 dimension proposed by H. Kleinert is given by

pairs which is &, ~ v\v. Thus one may replace A by this scale and get k =

BHse = [ ' [Q;m (Vxa) —iga (Vx A)+ 0 (vxA) —ia-jov Bee )
A
(2.51)

where @ is the gauge field, mediating interaction between vortices which are represented
by 7Y, B is the equilibrium temperature, ¢ is the charge of the condensate field, m 4 is the
mass of the electromagnetic gauge field A. When tmperature is high (8 — 0) vortices
become prolific and in such a situation one may integrate out J like an ordinary gauge
theory and thus get a mass term of @ gauge field.
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BHgo = /d% l%q;i [(6 xd) + m352] —iga- (V x A) + g (V 1)21 (2.52)

If we now integrate out d@r from the theory the Hamiltonian becomes like
BHgc = 1/d39[; (VxA) 1+ _Mma (V x A) (2.53)
2 —V2+m?

The above equation can be compared with Eq. (2.41) which was obtained by calculat-
ing loop correction in our dual model. It was suggested by Kleinert that for the physics

of large distance one can expand ~ i in powers of V2 and therefore can see that
no mass term emerges and the interaction between static fermions become long range
Coulomb like interaction. Although Kleinert’s work concentrate on Euclidean 3 dimen-
sional manifold, we see that a similar effective field theoretic description has also occured
in our case just from fermionic loop corrections in the dual description. Due to this the
inter electron interaction potential is modified by a Coulombic term which survives at

large distance.
62 A4

Also the factor k! = 192 i
contant, may not be very small. This is because effective charge and mass of electrons in
material system are highly dependent on the band properties and therefore varies from
system to system. As an example, If we try to model the interface of superconductor-
topological insulator hybrid by a lower dimensional analog of this boson fermion model (as
the TT surface host Dirac electrons) we need to use mass of the surface electrons in a sim-
ilar calculation which is vanishingly small. Similar situation arise for a superconductor-
graphene interface as well. In general, mass and charge of electronic quasi particle may
differ by many orders from their vacuum value. Therefore in the cases when effective
electron mass m* ~ A ~ &, and in presence of unpaired fermions the Coulomb term may
dominate at large distance, otherwise the Meissner term would be the dominant term.

We have also found the general forms of vortex-vortex and fermion-vortex interactions
for this system. It should be possible to reduce our calculations to 241 dimensions
and find the effective vortex-fermion, fermion-fermion, and vortex-vortex interactions in
planar type II superconductors with unpaired electrons. It is also possible to consider
temperature dependence of the coupling constants and investigate critical phenomena in
the vortex-electron system in the dual picture presented in this paper. We leave these
for future work.

which seems to act as an inverse effective dielectric
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Chapter 3

Fermion- 2-form interaction and
fermion pairing

3.1 Introduction

The low energy, long wavelength properties of a condensed matter system can be captured
in an effective field theory, Ginzburg-Landau theory being the original example. Effective
field theories which describe topological states of quantum matter are topological field
theories, or more generally, quantum field theories which include topological interaction
terms. The application of topological quantum field theories to condensed matter systems
has, in recent years, greatly improved our understanding of both [6, 40, 55, 136-139].
Although the two-form gauge field is ubiquitous in these theories of topological matter,
the difficulties of coupling it to electrons has stood in the way of a deeper understanding
of the field and its applicability in condensed matter physics.

This is most easily seen from the point of view of gauge symmetries. Vector gauge
transformations, which can be called the fundamental or defining symmetry of the gauge
theory of two-form fields, generalize the gauge transformations of electromagnetism to
B — B+ dp, under which the field strength H = dB remains unchanged. But unlike
the U(1) symmetry of ordinary gauge theory, this appears to have no representation as
a local unitary transformation of fermions, and the interaction above does not remain
invariant under this transformation.

There is also a problem of nonlocality. Duality between B and vector fields, for
the example of the Abelian Higgs model, appears only through the field strength as
H = *(A+ d¢). So one might be encouraged to try an interaction with fermions in the
form H A *j where j could be either the usual fermionic current or the axial current.
But this is also not correct. The reason is that the duality relation, between B on one
hand and (A, ¢) on the other, is not local. Thus in presence of fermions, the actions
obtained by replacing one set of fields with the other are not equivalent and do not lead
to the same equations of motion. The nonlocality can be understood if we remember that
higher form gauge fields is that extended objects rather than point particles are essential
to their definition. For example, the two-form B couples to worldsheets of strings rather
than worldlines of particles, so one expects that the interaction between B and fermionic
fields representing point particles could involve nonlocality in some form.

Such an interaction was proposed in [59] between a two-form and a nonlocal pseu-
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dotensor current J related to the curl of the fermion current
J=m*d (37 ,) =m'd /d4y Glz,y) Jy (3.1)

where Jy, is the electron current, m is a mass scale appropriate to the problem where this
interaction might be relevant, and G(z,y) is the Green function of the wave equation,

OG(z,y) = 6*(z —y) . (3.2)

This current is identically conserved, d*J = 0. The velocity field of the Dirac fermion
is given by v' = i, so the conserved charges OJ% = —meijkﬁjvk can be identified
with the vorticity field of the fermion. There is another way of looking at the conserved
charges. In the absence of interactions, and in the non-relativistic limit in which the
lower components of the Dirac fermions may be neglected for energies small compared to
their mass, the static charge of the pseudovector current takes a simple form,

(J(”)NR x ; (vlo'y) . (3.3)

The quantity on the right hand side is the spin density of the electron field, or the
intrinsic magnetic moment density because it is multiplied by the electron charge. The
proportionality becomes equality if m is chosen to be the electron mass. Just as the
interaction between charges and currents is mediated by the 1-form gauge field A, the
interaction between magnetic moments and their currents is mediated by the 2-form
gauge field B.

We can write an action for the electrons and the gauge fields incorporating this inter-
action,

5 = /[ O (i@ + ed) & —mdy + gB A* J—lF/\*F+ SH A H (3.4)

This action is invariant under the vector gauge transformations B — B+ df. We should
think of this as a low energy effective action, valid for energy scales well below some cutoff
A . The number of degrees of freedom can be worked out by first making the action local
using Lagrange multipliers. The gauge field A has two degrees of freedom as usual, while
B carries only one, since By; are non-dynamical and the vector gauge symmetry takes
away two more degrees of freedom (not three, since § and § + dx are equivalent gauge
parameters). There are two additional degrees of freedom in the Lagrange multipliers
which stay around and may be thought of as auxiliary field degrees required for a local
formulation of the non-local spin gauge interaction [59]. By formally treating the nonlocal
interaction like any other coupling term, we can integrate out the fermions to find that
the one-loop action contains a B A F' interaction.

Such a term corresponds to topologically massive gauge theory, so the potential
between two sources interacting via the gauge field ought to be Yukawa in the non-
relativistic limit. But that is not what happens in this case. Calculated directly from the
action in Eq. (3.4), the potential has two components. One is an 7' Coulomb potential
which corresponds to a massless gauge field, and the other is a linear potential which is
attractive irrespective of the charges or spin alignment of the fermionic sources [60]. In
this chapter we argue that the action of Eq. (3.4) can arise in a system described by local
fields.



29

Since a linear potential is produced by a string, we start with a system which con-
tains string-like objects as well as fermions. As we will see below, the nonlocal interaction
appears naturally if we consider Abrikosov-Nielsen-Olesen (ANO) vortex strings in the
Abelian Higgs model interacting with charged fermions. Such models containing coexist-
ing bosonic and fermionic excitations are called boson-fermion models and are applicable
to a range of phenomenon in condensed matter physics as we have described in Chapter 2.
Below we give a very brief acount of our work.

In Sec. 3.2 we will show how the nonlocal interaction between fermions and the 2-form
gauge field B arises in the dual picture of ANO strings interacting with fermions via the
electromagnetic gauge field, however the action is not exactly what we are looking for.
In Sec. 3.3 we calculate the static potential between two fermions and find that it also is
not what we were hoping for, a mass term for the B field prevents the appearance of a
linear potential. However, we show in Sec. 3.4 in a phase where the B field is massless,
we recover Eq. (3.4) and thus the fermions are bound by a linear potential. We end with
a discussion on possible physical implications of our results.

3.2 ANO string, dual variables, and currents

In the dual formulation of ANO strings in the Abelian Higgs model, the phase of the
scalar field is written as the sum of singular and regular parts, then the singular field is
dualized to the worldsheet of the string and the regular field is dualized to a 2-form. We
have already shown the derivation of the dual theory in Chapter 2. Here we shall show a
different route of reaching to the same action starting from the relativistic boson-fermion
mixture model. As the dualization of the scalar field will be same here as well we shall
skip that part, but the method here differs from that in Chapter 2 in the derivation
of 2-form fermion non local coupling term. In Chapter 2 the 2-form- fermion non-local
coupling comes as we integrate out photon field from the theory and replace the fermion-
fermion interaction by QED. Here we shall dualize the electromagnetic part of the theory,
in particular the kinetic term of photon field will be targeted. As we shall see this route
of derivation will lead us to a dual photon or magnetic photon field which will be use full
in our subsequent understanding of the problem at hand.

We start from the action '

5= [d (—iFWF’“’ F DB + V(B + (i — e — m)zp) o 35)

where ® is a complex scalar with electric charge ¢ and v is a fermion with charge e. We
have not assumed any relation between the charge e of the fermion and the charge ¢ of
the scalar. The potential V (|®|*) has a degenerate minimum at ®*® = v? for some non-
vanishing v? , but the exact form of V is not important for our calculations. Vortex strings
or magnetic flux tubes form in this model when the global U(1) symmetry is broken in
the vacuum and the phase of ® , which lives on the vacuum manifold ®*® = v?, becomes
multivalued. The position of the ANO string is the locus of the zeroes of ®.
The corresponding partition function

Z = / DADODY* DYDY expiS (3.6)

"While it is more economical to use the form notation, the calculations in this section and the next
are more transparent in the index notation.



60

can be rewritten in presence of these vortex string configurations by using a polar decom-

position of the complex scalar in field space as ¢ = ﬁ pexp(if) . Then in the presence of

flux tubes, we can write = " 4+ 6° | wheref® corresponds to a given magnetic flux tube,
and 0" describes single valued fluctuations around this configuration. For a string with
winding number n , 8° changes by 27n for going around the string once, while p vanishes
along the core of the string. The ANO string world sheet Y is the collection of singular
points of 6,

oxXroxv
ab 4 o
S0 (= X(0), (3.7)

M 0ND,0 = Y (1) = 27m/d20 €

where we have included the vorticity quantum 27 and the winding number n in the
definition of the world sheet. The string carries quantized magnetic flux,

2nm

Aydat = —. 3.8
§ Audet == (33)

Now following the dualization procedure for the phase part of the scalar field, as was
described in Chap. 2, we land up at the following dual lagrangian.

/ DAD DO DGDODB,,

exp (i/d4x< — iFM,,F’“’ + ;vzaufa“f + 121f2HVp/\HV’O’\ — ge“”p’\Bp)ﬂuayxs (3.9)
1 - .

— %&tWM&,BP,\AM — i(aufl“)2 + V() + Y(iy"0, — m)p — eA“w’}/MQ/J>>

One can now replace the functional integral over multivalued part of phase ° by the
integral over all possible configuration of the world sheet (o) of the effective string to
make the dual theory an effective string theory and therefore fluctuation of the scalar
field variable can be dealt with the string theoretic description of the model. In general,
the world sheet of the effective string can be thought of as a surface in space-time where
the scalar field becomes zero and thus can be expressed as the solution of the following
equations

Red(#(0)) =0, Im(F (o)) =0 (3.10)

Now to consider such configuration into acount we need to integrate over the scalar
field configuration which are regular everywhere except for the surface on which the
above equations will be satified. In the polar coordinate the two dimensional manifold
is determined by the singularities of the 6 field and it should have the form given by
Eq. (3.7). One can define the Jacobian of the transforming the field variable to the
coordinate of the worldsheet Z(o) parametrized by oy = 0,00 = 7 with the help of
Eq. (3.7) and is given by the following equation

TS = / D76 (Z’“’(m) —omn / ot ((€)) 8 (2 — 2(£)) ) ENERT)
) s
XH*oXY
where do*”(z(£)) = d*o e“baa% -~ This Jacobian was calculated in [42,43,140] and
o

it was shown that a Nambu-Goto type action for the effective strings is obtained along
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with many other terms. In particular in [42] authors have taken the London limit for the
AHM and have shown that for spherical topology of the world sheet the Jacobian would
look like the following

J(7) —exp[ /dza\/_+—/d2 (010 /g +5/d2a\/_ @) (3.12)

The terms other than the Nambu-Goto term were claimed to cancel the anomalous
terms in the quantum version of Virasoro algebra in D = 4 dimension [42]. Therefore
such strings can be quantized in D = 4 dimension. After transforming the variable from
0° to Z(o) we get the following generating functional

/ DAD DI (1) DT D B,

, 1 o1 )
exp (z/d%(— ZFWFH + §v28uf8“f+ 12f2H ”’\Hl,p)\
= e B 0,0, — Ler 0, By Ay, — = (0,AR + V() + Blir"0, — m) — e Ayt
9 2O 0u X 9 € vPp iy 25 o Y0y m)qu) € MZW ¢

(3.13)

In the absence of strings we could eliminate B, in favor of A, by summing over

a perturbation series or equivalently by using the equations of motion, leaving only a

massive gauge field [57,141]. We cannot do that here because of the B, X" interaction.

So in order to diagonalize the system and eliminate the mixed A — B term, we dualize
the Maxwell electrodynamics as follows. The relevant part of the partition function is

1 1 _
/914# expi/d%( - ZFWFW — éq&?””p)‘AuH,,pA - A#w’y‘%) : (3.14)

Into this we insert the following Gaussian integral

' 1
N/.@XW exp <_i/d4g; {XWXW _ guupAXWFp,\ + 1 (5Mup>\FpA)2}) =1, (3.15)

where N is a constant (field-independent) normalization factor which is to lumped with
other similar factors coming from other integrations. We now integrate over A, to be left

with § ( e"P2, (Xpx — qBoy) — €¢V“¢) , which can be resolved by setting

1 -
X = O Ay — 8,,AL” +qB., + 6€uyp,\8pi¢v’\@/) , (3.16)

where we have introduced another vector field Aj", known as the magnetic photon. The
partition function now has the form

z- / DA™ D] (&) D Db DD By

1 _
expi [ d's [ 00+ G H Hun = 3BT 4V () + (00, — m)is

2 2
1 1 1 - 1 1 -
- Z (auAIT,n - 8,,14;7 + quf) - §€CJBW€W,O,\8PET/J’Y/\¢ - 162 <€uup)\ap|:|¢’y)\w> ] :
(3.17)
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Here we notice that the last term in the integrand above can also come from integrating
over the gauge field A, in the partition function of ordinary quantum electrodynamics
with no additional field,

- 1 1
/@Au-@¢9¢ expi/d%( — —F, F" — E

! (0, 47)? - 6%%%) ey
Thus we can reinstate the QED part of the action to write the action as

2
1 - 1 1 - 1
/d4x [ — ZFWFW —eA ) — §€MBW5uz/p>\api¢’Y)‘¢ 1 (@AL" - 0,,AL” + MBW>

U2

1
fa a#

v T
HVP)\HVp/\ - §Bp/\zp/\ + V(pZ) + ¢(2’7“3u - m)w 7]

(3.19)
where we have rescaled B, — vB,, , written M = quv, and suppressed the gauge-fixing
term. The nonlocal interaction between B, and charged fermions has appeared as a
consequence of having ANO strings in the system.

1
Now we see that once we redefine B, — B, + — ((%AZ” - 8VAZL> the 4th term in the
q

theory appear as a mass term for B field in the theory. In the alternative derivation of

the dual action [%43] in Chap. 2 it appears not in this form but as the equivalent nonlocal
Meissner term Lo H ”p’\iH,,p,\. There is an advantage of writing the mass term in the
non-local form. The action of Eq. ((3.19)) which was found by dualization was invariant
under the vector gauge transformation B,, — B, + 9jA\,). Written in the non-local
form, the mass term and thus the action based on the Lagrangian of Eq. (3.19) remains
invariant under the same transformation. In this paper we will work with the mass term
in the local form as in Eq. (3.19), but we could have worked as well with the nonlocal mass
term. Another way of handling the nonlocal mass term is by introducing an additional
vector field [59], but we will not take that route in this chapter.

However, the redefinition of the 2-form gauge field changes the B—Fermion interaction
term, B — X interaction term as

1 1 -
S = /d4x [ — §eM (B — o A™ + 9, A™) EWpAﬁpi@Dv’\w
(3.20)
—% (BH — OFA™ + 9" A™) ZW] .
Thus, after an integration by parts, we see that the magnetic photon couples to the

1 -
the current 0" <UEW + eMey,pn0° D@/}’}/\@/)). As the magnetic photon does not have any

kinetic part it only seems to be a Lagrange multiplier and the functional integral over
A7 would reveal

1 1 - 1 -
[ 77 e <2 [ateazor (vzw + eMguypAaPDmAw)) —5 (a'f (uzw + eMsqu,\ﬁpr’yAw))

2
(3.21)

1 1 -
The delta function suggests that the combination (UZW + ieM €wpr0” DQ/}’y)‘w) is a

constant independent of space-time. Therefore we get

1 1 -
EEW = —egwapimw (3.22)
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This equation suggests that the both the fermionic current and vorticity tensor are
conserved in such a way that there is a correspondence between these two. As the left
side of above equation represents magnetic field due to the fermionic source it seems that
vortex lines would correspond to the magnetic field lines. More intuitive picture can be
derived if we consider the special case pu, v = 0, z i.e. vorticity along z axis i.e. rotation
of the superfluid on xy plane. In such a case we have

1 1
P —eeud' 597" (3.23)

Now we write fermionic current using Gordon’s decomposition
i
2m

and thus get from Eq. (3.23)

Tt = —— (voFy — ey + ;ay (vxry). (3.24)

1 € —o3 e 1 — i
JTo = =T — 00, (V') +

e 1 r= —= = —
5o [V x (V) - vw)]z. (3.25)

As ¥? = diag(c®, 0%), o being the Pauli matrices, we see that in the non relativistic
limit for fermions we have

Yo, o< —iadyY (3.26)

This equation suggests that if we consider static configuration of a vortex along z
axis the vortex become attached to the spin magnetic moment of the elelctron. Vorticity
is also non-zero at points where magnetic field due to spin or charge current of electron
is non-zero. This shows that the electrons, with a certain spin polarization, inside a
superconductor would be attached to vortices due to their spin. This is quite similar to
the flux attachment in the context of FQHE and anyons. We shall explore this connection
in the next chapter. However, this attachment is also very important for fermion pairing
as we shall see later in this chapter.

3.3 Effective fermion interaction

The nonlocal “spin-gauge” coupling between the fermions and the B-field was shown to
give rise to a linear attractive potential between fermions, irrespective of whether they
were positively or negatively charged [60]. However, as compared to the action considered
there, several additional terms have appeared in the derivation from the boson-fermion
model. The effective static interaction potential between nonrelativistic fermions in this
system was calculated recently [142] by integrating out the gauge fields A, and B, . It
is worthwhile to revisit this calculation, as we will be concerned in this paper with a
particular modification of the result found there.

To find the effective static potential between non-relativistic electrons, we first inte-
grate over the gauge fields A, and B, using the Lagrangian of Eq. (3.19) with p = v.
Introducing a gauge-fixing term we can integrate over A, ,

1

. 1 y
/@Auexpz/d%[— ZFWF“ — %

(9, A1) — eA,ﬂny“w] ~ exp ; / 'k JH(—k) ]:2 T.(k),
(3.27)
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where J* is the fermion current and we have used the fact that it is conserved, 9,J" = 0.
For the B integration, we get

|
[ 7Buexpi [ d'a < B, K", — QBWJW) , (3.28)

where we have written

1 1
KM = o (B4 M2) g0V + 2 (g0 0,0 — ¢ gV 0,0") (3.29)
and ]
JH =¥, — eM&tw,pAapiz/_w’\w. (3.30)
The inverse of K*?* is the propagator for B, and is given in momentum space as
1 1
Gupr(k) = _m (gu pINv Y7 (gu[pk/\}kv - gl/[pk/\]ku>) ) (3.31)
where
KMOGlyyn = (0500 — 5.6 - (3.32)

Thus the integration over B, will result in

1
/ _@Bwexp< / 'z (—B Kmmp 2BWJW>>

1

~ exp (;/d‘% M2 JH(—k) [I<;2(/<:2—]\42)] Tr(k) + ) (3.33)

where we have used the expression for J*” in terms of the fermion current J*. The
dots stand for terms involving the string worldsheet ¥ [142]. To calculate the interaction
potential in the static limit one need to derive the scattering amplitude for a electron-
electron Mgller scattering and in this case it is given by the following expression

_ e*M? _
M~ (g7 ug, ) m (Ups Vultpy) (3.34)

where @2, ¢; and po, p; are the initial and final momentum of the electrons which are
taking part in the scattering and k = ps — p1 = ¢ — ¢ is the momentum exchanged
between two electrons. This suggests that the static potential will be

1
r) ~ / Ble T , (3.35)
k2 (k][> + M?)

where in the non relativistic limit we have neglected the frequency part i.e. k? ~ ]/2 1, w~

0. A it —1 71 — it that th t potential
. S one can write = — 1T seems a € ne otentla
k2 — M2 \(R2—M2)  k2)’ P

will be only the screened Coulomb or “Yukawa potential”. But at this point we need
to be careful as the gauge field B, is an emergent gauge field and the integration over
4-momentum of the propagator of this gauge field must not be extended from 0 to oco.
Rather, there must exist an upper limit to the momentum amplitude which corresponds
to coherence length of the superconductor and also have a lower limit fixed by the system
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size. Therefore the net force would not be a screened Coulomb in general. However, in
the London limit v\ — oo and for a large system the limit can be set approximately to:

1
0 to oco. Thus we see that, in this limiting case, the —— appearing due to the Coulomb

potential cancels with a negative term appearing after the integration of the B field so

xp(—Mr)

e
that the propagator corresponds to the Yukawa potential . As the interaction

is screened it is therefore not possible to propagate a longrangerforce like V' (r) ~ r. Thus
we see no linear component would appear in this limit.

At this point we need to think about the electron-vortex attachment and the length
scalaes of AHM. As we know there are two different length scales, one is the penetration
depth & = 1/(ev) and another is the the coherence length &, = 1/(vVAv), A being the
coupling constant of ¢! term in AHM. Above the scale & the magnetic field becomes
completely screened and thus for a vortex one can appreciate that the magnetic field
lines would not exist beyond this distance. On the other hand below &, the value of
vacuum expectation value of scalar field starts to decrease sharply and at the core of the
vortex it becomes zero. Therefore beyond this length scale superconductivity cease to
exist and it would be difficult to discuss on this dual theory. For type II superconductors
& > &\ and for this reason there exist a region £, < r < & where V' # 0 and also
magnetic field lines still exist. Thus for two electronic modes trapped into this region,
magnetic interaction may still exist.

Let us now imagine a collection of electrons inside (or in proximity to) a supercon-
ducting condensate when vortices are allowed to form. As spin magnetic moment of
electrons attach to vorticity each electron will be trapped in a vortex line. Therefore the
magnetic field lines due to spin would vanish outside the magnetic petetration depth.
Now, if we bring two of these vortex attached electrons so close to one another that the
characteristic length &, of each flux tube overlap, then the electron magnetic moment
start to interact. In such a situation, the flux tube attached to one electron, whose end
points otherwise extends to the boundary of the system, ends on another electron and
thus two such electrons become bound to to each other by two flux tubes.

This is quite similar in spirit to the dual superconductor scenario of quark confine-
ment [143], but different in several aspects. For monopoles, the flux lines are isotropic
in ordinary media. Thus when two such monopoles with opposite charges are put into
a superconductor the only configuration in which magnetic field does not pass through
the condensate is that in which two monopoles become connected by a flux tube. Once
such a pair is constructed, can not be broken when monopoles are taken far apart. But
for dipoles, it is possible that the two poles connects to two flux tube and the flux tubes
extend to the boundary of the system. Thus the configuration two dipoles connected by
two flux tubes seems to exist only when the electrons are at a separation r < &, and
reduces to the configuration of individual flux attached elelctrons when they are taken
far apart as the later configuration becomes energetically more favourable.

When the configuration of two dipoles connected by flux tubes forms, the electrons
should feel a linear potential acting between them as the energy of the configuration
inceases linearly with the length of the flux tubes. A verification of this statement can
also be shown from Eq. (3.33) by expanding 1/k*(k* — M?) as

k2(k2 _ MQ) k4 kG Y

~ (3.36)
where we have taken the approximation that k* < M? which is possible when inter
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Figure 3.1: A pair of electrons connected by flux tubes. The arrows indicate the direction
of magnetic flux.

particle separation r < £.. As we can recognize, this is the case we discussed above.
Therefore for £, < r < & the Eq. (3.33) gives

/93 L exp ( /d4 (- B, K" B, — ;BWJ‘“’>>

~ exp (;/d‘% e2M? JH(—k) []{14

T(k) + ) (3.37)

Thus following the prescription outlined in Sec. 3.3 the momentum space version of
interparticle potential (under our approximation) can be written as

- 1 1
V(|k]) = —€* == + & M*—=—. (3.38)
|| | [*

To achieve the configuration space version of this potential we need to do a Fourier
transform. But for the second term we need to be careful as it is only approximately
valid for M < |k| < v/Av. Implementing this approximation we have

21
/d3k; o+ 62M2/ Bl FT o v (3.39)
However, for VAv >> M the limits in the second term can be set approximately to
be 0to oo for all practical purposes. In this limit one gets from above equation

1
V(r) = 62; +e*M?r. (3.40)

If we now minimize this potential with respect to r then the we get the interparticle

separation for a stable pair is 7 = rg = which gives a verification of the arguments

M’
we presented above.

For a critical superconductor, for which & = &\, the above arguments would fail.
Even then one can realize the linear potential between two electrons in a phase where the
mass term is not present. We shall consider this question, whether there can be such a

phase, in the next section.
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3.4 String Higgs mechanism and the mass of B

The photon becomes massive in the Anderson-Higgs mechanism which provides the phase
transition from a massless gauge field to a massive one; the phase transition in the
opposite direction is accompanied by symmetry restoration as the system is raised above
the transition temperature. The 2-form B,, is a higher analogue of the usual 1-form
gauge field A, so what we have in mind is “a higher analogue” of spontaneous symmetry
breaking. Since B, couples to worldsheets of vortex strings, it is the condensation of
these strings which should produce the Higgs mechanism for the B-field. The idea of a
phase transition due to vortex condensation at finite temperature is not a new one, more
generally examples are known in quantum field theory and condensed matter physics of
phase transitions driven by condensation of topological defects [144-146].

3.4.1 Higgs mechanism for B,

In this section we try to summarize the idea of a Higgs mechanism for B, following [123,
147-149]. Let us start by writing down the action for classical strings. For a point particle
the proper length of the world line travelled by the particle is the ovserver independent
action. Similarly for strings the quantity which remains independent of different observers
is the proper area traversed by the string. Thus one may choose the action of a classical
string to be proportional to this proper area and is called Nambu-Goto action. Let 7,
be the metric on a d + 1 dimensional space-time. Then the induced metric on the world

sheet is given by
oXHoxX”

b = Ny — 3.41
g b ?7114 aya ayb ( )

where y* = o, 7 for a = lora = 2. The invariant area element on the world sheet is given
by
dA = dodr./9, (3.42)

where ¢ is the determinant of the induced metric and is given by
g = (X*X” - (X - X)). (3.43)

Thus the Nambu-Goto action for the classical string is

Sy_¢ ~ / dodr/g. (3.44)

If we now define %, = XLX,, — X!/ X, as the plaquette variable then the N-G action can
be reexpressed in terms of these variables as

Sy ~ / dodr\ /S, (3.45)

The 2-form gauge field couples to the plaquette element as electromagnetic vector
potential couples to the current. Therefore the N-G string action modifies in presence of
an external 2-form field B, as

S = / dodr [T\/S#E,, + 9B, =", (3.46)
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Here T is the static string tension. From the above equation we can derive the momentum
variable conjugate to plaquette variable ¥, as

5Sclosed by v (X)
P, = =T—t
%, Vo

This equation in turn gives us the on shell equation for the plaquette variables

— 9B, (X). (3.47)

(P, +gBu) =T (3.48)

This is similar to relativistic energy-momentum relation for point particles where
particle momentum is replaced by this conjugate variable P, and mass is replaced by
string tension. In analogy to the relativistic point particles one can think of quantizing
this on-shell equation for strings by defining a wavefunctional for strings W[(2] on the
space of parametrized loops {2 = {X*(0,7) = X" (0 4 27, 7)}} which remains invariant
under a reparametrization Q(c) — Q(5),

U[Q(5)] = ¥[Q(0)] . (3.49)
and then replacing the conjugate momentum by its differential operator version —i Sy
Thus the quantum mechanical wave equation for ¥ can be written as

2
: 72
[—ZW + gBW] U[Q] =T°v[Q], (3.50)

where we have written g for the coupling constant between B, and the worldsheet. The
physical significance of the wave functional W[Q)] can be realized in the so called static
parametrization : In a chosen Lorentz frame of reference take Xy = 7, X = X (7, 0) with
T being the imaginary time. Then W[Q}] represent the quantum amplitude of finding the
string in the configuration [X (o, 7), 0 = (0,27)] at imaginary time 7.

The functional derivative with respect to X,, is called a plaquette derivative and
defined as follows. For a given loop configuration €2 we may add a small plaquette
element 0% = do dr¥,, at a point X (o) € €, which induces a deformation in the normal
direction of the string loop: Q(c) — Q(o) + 0£2 such that 63 = 6. Such a deformation
of parametrized loop configuration induces a change in ¥[()] as well. The change is
expressed by the following equation

5U[0)
05

2
U[Q+60] -0 = | Vhdo 0%, (3.51)
0

where V/h is the Jacobian of the transformation from X*(o) to o and is written as

dx~)?
h= do
the loop configuration is defined as Plaquette derivative.

For the second quantized string we consider a complex scalar functional W[Q2] on the
loop space, invariant under reparametrizations as before. Taking a clue from the quantum
mechanics of the string, and using above described construction of plaquette derivative
we write an action of this string field interacting with the B-field,

5= [ éHﬁVA—/[dx(-)]?{\/ﬁda

. This rate of change of string wave functional W[Q2] with the deformation of

2
o 198, P[0 + 12| W[Q) | + St - (3.52)

e
0X
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Here the integral over [dz(-)] represents summation over all possible configurations of
parametrized string loops. The string interaction term Sj,; represents splitting and joining
of strings through cubic, quartic and similar terms. There should be interaction terms
between the string and the Higgs field as well. This action is invariant under a global
U(1) transformation W[Q2] — e W¥[Q] and also under string reparametrizations ¥[Q(o)] —

U[Q(d)]. Following [150], we gauge the U(1) transformation by making it local on loop
space,

V(O] = VO] = e=U[Q],  wQ()] = ]{ drt'A,, . (3.53)
Q
Then the gauge covariant area derivative becomes
5\11/ . / 1 iw[9] ) . / 1
52“’/ + ZgB,u,V\II = € W + (2% BMV — ga[“Ay] \I/ . (354)

Thus the gauge covariant derivative transforms homogeneously and the action remains
invariant provided B, undergoes a vector gauge transformation as B, — B;W = B, +
Il -

The idea of a Higgs mechanism corresponding to this symmetry is a generalization of
the usual one for Abelian gauge fields. The vortex loops condense into the vacuum for
1? < 0 and the functional field gets a nonvanishing vacuum expectation value (vev). The

simplest case is when this vev is a constant in spacetime, i.e. (0|¥[Q]0) = 2—MB, in
g
which case the Lagrangian for the “free” B-field becomes

1 1
¥ =—H? -

uum—ﬂﬁﬁw (3.55)

This is thus exactly like the Higgs mechanism, but the gauge field which becomes massive
is B,,. We will call this the Higgs mechanism for strings, and distinguish it from the
“usual Higgs mechanism”, by which we will mean the Higgs field ® getting a nonvanishing
vev and the photon A, becoming massive. The main condition under which such a string
field condensation happens is that p? , < 0. Such a condition is satisfied for a collection
of line like extended objects was shown by D. Forster [151], S.J. Rey [149] and others.
Below, in the next section, we shall review the essence of these works.

3.4.2 False vacuum for V()]

In order to understand how entropy effects may lead to condensation of two dimension-
ally extended structures(in this case vortex strings), we calculate the Euclidean partition
function [123,147-149,151]. Let us consider a hypercubic lattice in four Euclidean di-
mensions, with lattice spacing a. The B, field couples to area elements, so it is defined
in terms of the plaquette operator on a plaquette p as

Up(By) = exp|—iga® B (p)] (3.56)

The vector gauge transformation B,,, — B, +09),A,) acts along the links on the boundary
of a given plaquette p. Writing A; = exp[—igaA,] we find that the plaquette operator
transforms under the gauge transformation as

Up(Byw) —

[T A

ledp

UP(BMV) . (357)
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Then the gauge invariant kinetic term in Eq. (3.52) is the sum over all lattice cubes of
the product of the plaquette operators residing on the boundary of each cube,

(3.58)

[d'a 12H2 ﬁZReL I v

cube €9(cube)

where the lattice coupling constant of the B, field has been denoted by 3.
For the “kinetic term” of the functional field W[Q}] the effective Lagrangian is calculated
from a sum over configurations

K(Cl,CQ, =e ¢ AZ

11 U.(B

peES

(3.59)

where the sum is over all Euclidean world sheets S of area A connecting the closed curves
Ch and Cy, the bare string tension is 7,, and the surface S is taken to be orientable and
without holes.

Modifying C5 by a keyboard-like plaquette variation at a link produces a recursion
relation

K(Cy,Co, A) =Y [UK(Cy,Ca+p, A—a®) + UK (Cy,Cy —p, A= a®)| . (3.60)

p

where this sum is over all plaquettes which can be added at the given link. Since there
are 2(d — 1) such plaquettes in d dimensions, it follows that K(C},Cs, A) satisfies the
diffusion equation

(Cly C27

2
- |2 (52 v T igBl“’) - Mg] K(Cy,Cy, A), (3.61)
P

—7sa2

where we have written A = a®>Ae
the bare string tension 7 as

and the dynamical string tension M, is related to

1
Mg = L

at

—6) (3.62)

in four spacetime dimensions. The propagator G(C4, Cy) of a closed string can be written
as

G(Ch, Cy) = / dAK(Cy,Cy, A), (3.63)

which can be obtained from the action

2

S(U[Q, B,y = /dx ffd — MEW[Q)? (3.64)

‘ +i9B,,V|[Q]

This is the same as the second term of Eq. (3.52) written in Euclidean space and with
p? = M¢ . Thus we see that it is possible that in the action Eq. (3.52) of the vortices,
we may have p? < 0 for some system of the kind we are considering. The effective
potential for ¥ will in general have contributions also from its interaction with ®'® and
with the fermions, which will modify the expression for M{ . The first kind of interaction
appears to involve (®'®)~! when the strings are close to being stable, while the fermion
interaction is nonlocal in the leading order.
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3.4.3 Linear potential

We have seen in previous discussions that there exists such conditions under which ex-
tendended structures such as strings can also condense. Such condensation may give rise
to non-zero vev of the string field W[(2] as a large number of strings would be present at
the ground state. As the 2-form field couples minimally to world sheet of vortex lines,
condensation of vortex lines gives rise to mass of the 2-form field in a analogous way to
“Higgs mechanism” by breaking the local U(1) vector gauge symmetry of the Lagrangian.
We have also seen that the dual action of Eq. 3.19 contains effective strings described by
world sheet ¥, coupling minimally to a 2-form gauge field. This 2-form gauge field is
massive and the mass is defined by the parameters of the original theory i.e. M = quv.
With the previous discussions it becomes obvious that this dual theory of effective on-
shell strings can be generalized to a string field theory where strings would be described
by quantum field W[Q)]. In such a theory the mass of the B field would come from a
string field condensation or “Higgs mechanism of stings”. Thus the generalized string
field theoretic version of the dual action would be

SDual = / d4 ;wA / [dx(- 7{ Vhdo

- / d'z l — fF JEH — e A apyiep — ;eMB“”sprapé’@MW) + ("0, — m)zﬁ]

2
+IVIRIR] + S

| +igB,, V[

(3.65)
As we can appreciate, this generalized action have two ground states. One is charac-
terized by p? > 0 and for this case the 2-form field is mass less. Whereas there is another
phase characterized by (0|W[Q]|0) # 0. In this vacuum strings condense and give rise to
non-zero mass of 2-form field. It is that state where we recover our dual lagrangian where
B field has mass My = 4¢*(0|¥[Q]|0)?. Now we can think of a phase transition in the
reverse direction i.e. from the true vacuum of the string field where B field is massive
to the false vacuum where B, field is mass less. In this false vauum state we get the
following Lagrangian

1 1 _
L =——F,F" + —H" H,» + (i) — m)

4 2 (3.66)
- el/hfw - 7gBuV€,u1/p/\a iﬂ’Y’\w gs p/\zp/\

where the fields and their couplings now include quantum corrections. We notice that
the coefficient of B-fermion interaction term and that of mass term of B field in Eq.
(3.19) were related and hence setting the mass of the B field to zero would also lead
to vanishing contributions of the B-fermion interaction term. However in generalizing
the dual theory into a string field theoory (SET) the coefficients of the above mentioned
terms become dynamical and thus the relation of the coefficients may have spoiled. Thus
setting Mp = 0 would not set the coefficient of B-fermion interaction term to zero in
SE'T version. We have assumed that the mass of p remains much bigger than the energies
of thermal fluctuations, so in particular p is frozen. This is necessary for the system to
remain in the state where strings can form.

We calculate the effective static potential between a pair of charged fermions by
integrating out the gauge fields from the action as before, but now we will need a gauge-
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1
fixing term 2—(8,,3‘“’)2 because the B-field is massless. Then the B-propagator is
n

v 1 1— n
G (k) = T2 (gu[pQA]V TRz <gu[pk>\]kv - QV[pk/\]ku)> - (3.67)

Using this in the B-integration of Eq. (3.33), but with the coupling constants as in
Eq. (3.66), we get

/ DB, exp (z / d%( - iBWK(’]“’pABpA - ;BWJW»
~ exp (222 [ Ju(—k)/;ﬂ(k:) + > | (3.68)
where we have written K%“** for the kinetic operator with M =0,
Ky = ;g“[”gM”D + ; <1 - 717> (g”[pg’\]"&,(?“ — g“[pg)‘]a(%@”) : (3.69)

Thus from Eq. (3.68) we can conclude that effective static potential between electrons
is then attractive and linear,

V(r)=g*r. (3.70)

3.5 Discussion

It is well known that the Abelian Higgs model with flux strings has a dual description
in terms of a two-form potential (sometimes called the disorder field in the context of
superconducting phase transitions [152,153]).In this chapter we have tried to explore the
consequences of the effective nonlocal interaction of vortex lines with electrons, which
emerges as a term in the dual action in Chap. 2.

In particular we argue that for a type II superconductor when the separation between
two electrons r is : &, < r < & then they become connected by flux tubes. Two
electrons thus connected by effective strings may feel a linear attractive potential. The
nonrelativistic interaction potential for two such electron trapped into the specific region
and the size of a stable pair seems to support this claim. We have also discussed that there
can be another phase where the spin polarized electrons connects to flux tubes which ends
at the boundary of the system. These two phases would compete among each other and
may lead to a phase transition from one to another when density of such itinerant spin
polarized electrons are varied. The phase where electrons become connected by flux tubes
may be called a“confined phase”, while the other phase in which individual electrons are
connected by flux tubes may be called a “deconfined phase”.

Alternatively one can also relize the linear potential using B, -fermion non-local in-
teraction term by mapping the dual action to a corresponding string field description
where mass of the 2-form field, present in the dual action, can be interpreted as coming
from the “string Higgs mechanism”. In the false vacuum state of the string field the
mass of the 2-form field vanishes and a linear potential between the electrons would be
realized. A linear potential between pairs of particles would be interpreted as a flux tube.
The flux tubes we started out with are either infinite (ending on the system boundary)
or end on magnetic charges [154], not electric charges. This problem can be resolved by
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remembering the picture of electronic magnetic dipoles connected by magnetic flux tubes
(see 3.1) discussed previously and the linear potential seems to be an indication of the
same phenomenon in this case as well.

A cartoon representing a semiclassical view of the electron pair is shown in Fig. 3.1,
the north pole of each dipole connected to the south pole of the other by a flux tube.
In our construction the dipoles are electrons, thus point dipoles, and the flux tubes are
infinitesimally thin. The dipoles can be antiparallel or parallel as in the figure, or they
can be oriented in any which way with respect to each other.

We note that this construction of fermions linked by vortex strings is different from
another recent construction in which bosonic Cooper pairs are connected by electric flux
tubes in a model of superinsulators [155-157]. Our construction here is different from
that one in two important aspects. One is that electric flux strings appear in dual
superconductivity, which exhibits a dual Meissner effect and excludes electric fields from
the bulk, constricting the flux into the strings (in analogy to QCD confinement [143,158—
160]). In our construction, we have the usual (type II) superconductivity arising from
condensation of electric charges, which constricts the magnetic field into strings. The
other difference is that in that model, electrically charged Cooper pairs are connected
by the strings, the electric flux in a string ends on electric charges at the ends. In our
construction, electrically charged fermions are connected by strings carrying magnetic
flux, because charged fermions behave as point magnetic dipoles due to their spin. The
magnetic field of a point dipole is constricted into a pair of strings in a superconductor,
connecting it to another fermion as in Fig. 3.1. Bound states of three or more electrons
are also possible, as shown in Fig. 3.3.

We can estimate the energy of a localized pair as a function of its angular momentum,
if we pretend that the electrostatic potential between two electrons joined by a magnetic
flux tube remains the usual Coulomb potential. For a nonrelativistic string of length L
and tension T', with electrons of mass m and charge e at the two ends, the energy is then

2

1
E=2m+TL+ 1w+ % , (3.71)

where I is the moment of inertia,

1 1
I=_—_TL+-mL*. 3.72
PR (3.72)
Writing J = [w for the angular momentum, we find the relation between the energy FE

and the angular momentum J of the string
EeomiTir—9" € otk (3.73)
= ZMm —_— — = ZM .
L*(TL+6m) L b

where we have defined Ej to be the binding energy. The same result can also be found by
taking the non-relativistic limit of the relativistic string with massive end points [161].
Minimizing the energy with respect to the length, one can calculate L as a function of the
other parameters. Putting this back into the equation for F we get a relation between the
energy and the angular momentum. For type II superconductors the penetration depth
is of the order ~100 nm, which gives a representative string tension 7' ~ 10 eV2. The
corresponding plot of Ej, vs J is shown in Fig. 3.2. The size of the pair corresponding to
the J = 0 state is ~19 nm. Bound states of three or more electrons are also possible, as
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Figure 3.2: E; (in eV) vs J (in h) plot

Figure 3.3: Three electrons connected by magnetic flux tubes.

3 3e?

shown in the example of Fig. 3.3. The energies are higher — for example, E, = §TL—|- A

for the J = 0 state of three electrons.

The possibility of having different number of fermions in bound states, with different
geometries, suggests that our construction can also be useful as a toy model of quark
confinement. A flux string in the Abelian Higgs model can end on a magnetic monopole,
leading to magnetic confinement. The usual string picture of quark confinement [143,160]
is the dual of this, where the vacuum is thought of as a dual (color) superconducting
vacuum in which magnetic monopoles condense, dual Meissner effect takes place, and
(chromo)electric flux tubes end on quarks carrying (chromo)electric charge. Here we
have found another description — that of magnetic dipoles, rather than monopoles, be-
ing connected by strings carrying magnetic flux. The electric charge of the fermions is
screened by virtue of being in a superconductor.
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Chapter 4

Spin-Flux attachment from
dimensional reduction of vortices

4.1 Introduction

Physics of planar systems are of interest to physicists for nearly four decades since the
discovery of integer quantum hall effect(IQHE) in 1980 by K.V. Klitzing [2]. It was shown
that a 2 dimensional electron gas exposed in a high magnetic field exhibits non zero Hall
conductivity at different integer filling fraction (number of magnetic flux quantum per
particle). Later a even more unexpected and novel phenomenon called fractional quan-
tum hall effect(FQHE) was seen in similar 2 dimensional semiconducting materials [3]
where non-zero conductivity is seen at rational filling fraction [162]. While IQHE can be
explained considering only quantized energy levels of electrons in external magnetic field
called Landau levels, completely new ideas were needed for explaining FQHE. Works of
Laughlin [162], Wilczek and Zee [163,164], Jain [4] and others suggested the fact that
the quasiparticles, in terms of which FQHE can be explained, are bound states of elec-
trons and vortices (quantized flux) obeying statistics which is intermediate of bosonic
or fermionic statistics. Such composite particles were called “anyons” which obey arbi-
trary fractional statistics. Anyons can only exist in 2+1 dimension and hence become
immensely important for lower dimensional systems. Anyons and their fractional statis-
tical property is useful not only in the context of FQHE but in the theory of parity and
time reversal breaking High 7. superconductors (semionics) [7], in the context of error
corrected quantum computation [19,20, 165] etc. Recently observations of such anyonic
excitations with fractional charge and statistics were reported [166, 167] in FQH type
systems. These discoveries motivate further investigation into the physics of such exotic
particles and systems where they can appear.

4.1.1 Overview of our work:

In Chap. 2 and in Chap. 3 we performed a dual transformation of a system consisting
of a charged scalar and fermionic fields minimally coupled to electromagnetic gauge field
and is expressed by the following Lagrangian

1 1 - n
& = = Fuw " + 5D Dy + P(in" 0y = m)yp = V(919) — eAuny. (4.1)

The scalar field, when condense, gives rise to vortex like collective excitations (or topo-
logical solitons). The dualization is to write the sytem in terms of new fields in which
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vortices and their interaction can be more explicitly understood. A duality between
Abelian Higgs model and system of vortices interacting via a 2-form gauge field in 3+1
dimension was previously established. In our case due to presence of fermions a new
interaction between the fermions and vortices via 2-form gauge potential appeared. The
dual model is given by

1 - - 1 1 - 1
L == LF P 4 G (00, — m) — eAnt ) — | SeaB e 0 |+ 5120, 00

1 Y 1 q*v? 1
gt (4 ) = 58 (s

(4.2)
where the boxed term is the 2-form-electron interaction which gives rise to vortex-
electron interaction. We have already discussed some of it’s effects in the previous chap-
ters. In this Chapter we shall try to show how particles with fractional statistics can
appear from the interaction of electrons and vortices. We know from earlier studies that
particles with fractional statistics or anyons appear only in 241 dimensional field theo-
ries. As our original system was defined in 341 dimensional, to make it relevant to planar
physics we need to reduce it to a 241 dimensional system. The novelty in our case is
that such a system would give rise to anyons without presence of a Chern-Simons theory.
This system was originally proposed by various authors as a phenomenological theory
of High T, superconductors. Thus this work establishes a connection of boson-fermion
models with anyons as well which was previously not known.

The fact that particles in one or two spatial dimension can obey quantum statistics,
other than bosonic or fermionic, was first proposed by Leinaas and Myrheim [5]. Later
it was shown by Wilczek [6] that if one interchanges two composite objects, formed of
electrons and vortices, their wave function picks up a phase which may not be limited
to integer or half integer multiple of 27 but can be any fractional multiple of 2w. Thus
the distinction between bosons and fermions, which exists in 3+1 dimension, starts to
become blur in lower dimensions and there exists a continuous interpolation between
these two discrete cases. Thus these composites behave as anyons. We had discussed
in Chap. 1 how the concept of anyons becomes important in explanation of FQHE. As
we have shown there, The picture of anyons enters the effective field theory descriptions
of FQHE through Chern-Simons term. Such effective field theories first appeared in the
works of Girvin and MacDonald [168], Zhang, Hansson and Kivelson (ZHK) [6] etc. A
detailed discussion on this topic can be found in [65]. Let us discuss the essential features
of Chern-Simons theory here onec again so that we can compare them with our work
latter. The Lagrangian of a pure Chern-Simons theory is given by [56]

L= ;eﬂMMaVAA — A, (4.3)

where A, is a Chern-Simons gauge field coupling to the matter current J*. The equation
of motion of A, is given by

1
M0, Ay = " (4.4)
Expanding this equation we get the following two equations
1
€ij0id; = B = X'O’
1 (4.5)
Ez‘jEj = —J.

A
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The first equation of Eq. (4.5) expresses the fact that the magnetic field is locally pro-
portional to charge density. Thus through Chern-Simons term flux is being bound to the
charges, creating a charge-flux bound state. We shall show below how such a binding
of magnetic flux to charges leads to fractional statistics and anyons. The second equa-
tion expresses that there is a current transverse to the applied electric field- a feature
which characterizes Hall effect. Both of these equation are of tremendous importance in
expalining the FQHE at different filling fraction.
For a non-relativistic distribution of point charges we can write

p(z) =e> 6*(z — ;). (4.6)
So the magnetic field of the Chern-Simons gauge potential is given by

e,;0:A; = B(z) = § > 8w - ). (4.7)

Thus for such a point charge distribution the magnetic field is only nonzero at points

€
where charges exist and the value of corresponding flux is ® = Y Thus each point

e
particle will see another point particle as attached with a flux quantum —. So when two

such point charges rotate adiabetically around one another the wave function of any of
the particle changes by a Aharonov-Bohm phase

exp <z’e fAa df) — oxp (fj) . (4.8)

So if the particles are exchanged adiabetically the phase induced in ther wave function
2

27A0 = & which can be any arbitrary value depending on the coefficient of Chern-
Simons term A. These point particles coupled to flux quantas thus behave like anyons
having fractional statistics as discussed above.

In our work we shall show that the dimentionally reduced model can also give rise
to an equation similar to first equation of Eq. (4.5) expressing flux attachment and this
subsequently leads to fractional statistics of flux attached fermions. For this we need to
assume that vorticity has a dynamic part apart from the static part controlled by external
magnetic field because not only external magnetic field but also magnetic field produced
by fermionic current (including electron’s spin magnetic moment) gives rise to vorticity in
the condensate phase of scalar matter. Quite similar assumptions has been teken in the
context of theoretical analysis of FQHE [39,65,169] and high temperature superconduc-
tors [170,171] where a similar gauge field is introduced via a singular gauge transformation
of the nonrelativistic matter field. We have previously discussed in the Chap. 1 about
the seminal work by Zhang, Hansson and Kivelson [65], where singular gauge transfor-
mation was used for statistical transmutation of a many electron problem into a bosonic

problem. The bosonic theory contains a gauge field of the form d(z;) = —— Zﬁaij,
where o;; is defined as the angle between the vector connecting the ith and jthjzarticle
and a reference direction. It was shown latter [39] the singular gauge transformation, in a
second quantized version of the theory, leads to the Chern-Simons action for the density
dependent gauge field called the statistical gauge field. Such methods are adopted in
many recent works [172] as a means to achieve statistical transmutation.
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The flux attachment equation derived from the dimensionally reduced theory of
electron-vortex interaction is expressed below

ooy gy — ey sy L
(€;0,C;) = (B) = v (Wlo®y) qu, (4.9)

where ¢Toy) is the magnetic moment density in the third direction, (2) 5 is the vor-
ticity due to external magnetic field, and k is a factor introduced by the process of
dimensional reduction having dimension VM. We also have assumed the average charge
current (J)'®) = 0 in absence of external electric field. Thus the average magnetic field
of C; or vorticity is locally proportional to magnetic moment density which can also be
expressed as (Y'o®y) =3 6% (x — 2;) § (2 — z) for discrete particles. Thus average vor-

ticity induced by spin mazgnetic moment of spin polarized electrons will be localized on
the particles. This seems quite similar to “flux attachment” obtained from Chern-Simons
theory. This can also give rise to anyonic statistics as we shall see later in this chapter.

However in contrast to Chern-Simons gauge theory, in our case flux attachment to
electrons is due to the spin of these particles. This is what is completely new in our work
because there existed no mechanism or interaction which is responsible for the attachment
of particles to vortices via spin magnetic moment prior to this. Now for a fully spin
polarized system (1)70%)) o p, the density of particles in the system, which is exactly
same with Chern-Simons equation of motion. As the ZHK effective description of FQHE
in terms of the Chern-Simons theory was also built upon the assumption of complete
spin polarization of the electrons, this case becomes very interesting and suggest another
connection of our system to the Chern-Simons gauge theory.

4.2 Dimensional reduction of the dual boson-fermion
theory:

Dimensional reduction is not completely new in the context of low energy condensed
matter system. One of the famous method named Kaluza-Klein reduction, although
originated in the context of unification of electromagnetism and gravity, also finds appli-
cation in the context low energy field theories. For example it can be applied to reduce
3+1 dimensional QED to 2+1 dimensional QED assuming a periodic structure along the
extra dimension [173] which can be applied to planar systems. Recently in [174] authors
used such method to derive consistent theory of time reversal invariant invariant (TRI)
insulators in 341 dimension and in 241 dimensions from the theory of TRI insulators in
4+1 dimension. Also similar reduction methods are used in Schwinger particle production
mechanism analysed in a planer system [175], fermionic vortex solutions [176] etc.

we consider the surface modes of electrons confined near an interface, in a small region
which extends in the z-y plane and has a small thickness in the z direction. In order to
do this, we take all fields to be independent of the z-coordinate, so the integration over
z contributes only a length factor. The result is a dimensional reduction of the original
theory. Thus in our case, the reduction is done by assuming that the fields do not depend
on the third space dimension [177].
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Let us start from the dual Lagrangian of boson-fermion model derived in [142],
1 v Iy (5 ~H Jym M 1 pv 14 L2a
L =— ZFWF + Y (iv"0, — m)p — eA Py — §eMB A0 i@[m P

4.10)
- M v (
+5H PA (1 + D) H,pn — 53,@”.

To reduce the system into a effective 2 dimensional system we shall use a method similar
to KK method mentioned previously. In terms of Kaluza-Klein reduction method, to
reduce a higher dimensional system to a lower one, one assumes one of the dimensions in
the higher dimensional theory to be compactified in a circle of radius R and the radius of
compactification is so small that all Kaluza-Klein modes for different fields (other than
the zeroth mode) become infinitely heavy (m,, ~ 1/R) and thus in low energy they cannot
be excited. Thus in effect propagation of modes in the higher dimension becomes frozen
and only the zeroth modes confined to lower dimensional manifold becomes important.
In our system no such compactified dimension is assumed. we consider only the surface
modes of electrons confined near an interface, in a small region which extends in the
x-y plane and has a small thickness in the z direction. In order to do this, we take all
fields to be independent of the z-coordinate, so the integration over z contributes only a
length factor. The result is a dimensional reduction of the original theory. Thus in our
case, the reduction is done by assuming that the fields do not depend on the third space
dimension [177]. This will be implemented by making derivatives in Z direction zero. For
that we write the terms in dual Lagrangian separating terms containing derivative along
z direction as follows.
1 v 1 ab 1 a A3 3 fa)\2
——F, P = ——Fu F* — —(0°A° — 0°A)?, (4.11)
4 4 2

where Latin indices a, b, .. represent 0, 1,2 coordinates. Now, according to our condition
D3A* = 0. Let us, for now, write A> = ¢, A3 = —¢ and hence we get

1 1 1
_- [CA—— ab 4 ~ ga . 4.12
4F;WF 4FabF + 28 ¢aa¢ ( )
Similarly
(i 0y — m) — A py'p = (in0a — m) — eAgpy i + edJ?, (4.13)

Now to reduce the terms involving Green’s functions we note that when we drop the
dependence of the fields on z coordinate this affectss to the Green’s function as well i.e.
one can write the Green’s function corresponding to [] operator as

G(Ta — Yo, 2 — 2') = G(rg — ya)0(2 — 20), (4.14)

where zy denotes the z coordinate of the plane on which the fields have dynamics. Also
(03 —07—03)A(24—y,) = 6 (z—y). Implementing this into the 2-form-fermion interaction
term we have

1 1
—J3 4+ eM B% gpo—0"J¢, (4.15)

1 v 1 7 1 a C
ieMB“ awpxapiwv% = ieMB Peape0 A A
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where we have defined B® = (B®, B, B*®» and A = 92 — 9? — 2. Similarly, the kinetic
energy term of 2-form field becomes

1 1 M2 1 1
HW< + )HV,)A = —Z(aaBb—abB“) + —H?,

12 12 12
M? 1 M?
— —(0"B® — 0"B")—(0,By — 0,B M2 ppone L Hape
1 )7 GaBo = OpBa) + 55 H™ 1 Ha
(4.16)
We write the term (9°B® — 9"B*) = H® and the above equation as
1 1 M? 1 1 M? M? 1
7Hyp)\ - o HZ/ — —*HQ H2 - 7Hab Ha 7Habc Ha .
12 <f2+D) A= T g tae = T R e B g R e
(4.17)
To see what happens to vorticity >, we recall its definition
Y = Eupp 0PN, (4.18)

By writing different components of the vorticity it will be clear that only g3, X3, Y03
survive under our imposed condition. Hence we have

%B‘“’EW = vB°Y, + ByX, (4.19)

where we have written X% = (203, »i3 223). Thus making all fields and currents inde-
pendent of third direction, we can write the new Lagrangian as

1 1 - 1 1
£ = — L FuF™ + S0°00,6 + ("0, — m) — eAaww +ep ) - ,sz S H,
]\42 1 M? 1 1
Hab H 7Habc H MBab c 3 M B® b 7c
A A ab + 12 A abe T 26 Eabca J +e 8abc a J
+ 0B, + By X®.

(4.20)
We note that the original action was a 4 dimensional volume integral over the La-
grangian of Eq. (4.10). After dimensional reduction, every term in Eq. (4.20) becomes
independent of z direction and hence the the integral over dz contributes a length factor
which has to be absorbed in redefinition of the fields. We assume that the system extends
in z direction by a small length L. So all the terms in Eq. (4.20) becomes a step function
along z direction i.e. they becomes constant along Z and drops to zero as z — +L. So
after integrating the 2+1 dimensional effective action would be

S ~ L/d%ﬁ (4.21)
This factor L can be absorbed by following redefinition of fields
Aq = VLA, ¢ = VLo, ¥ = VI, By — VLB, By — VLB, (4.22)
This redefinition would change the Lagrangian £, which we rename as L, as follows
1 1 — — 1 1
L= =7 FuF™ + S0°00u0 + 0700 — M) — ReAuy™) + ked* = THE, + = HE,
M? 1 M? 1 1 1
o 7Hab Ha Habc Ha . - MBab “ CaC*JS M B¢ “ cﬁabt]c
1 A b+ D A b—|—2/<:e Eab A + ke gbA

+ 0B, + vBy X,
(4.23)
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1
where we have written I = k. This & is a free parameter of our theory and will later be

used in giving rise to fractional statistics of electrons. These scalings are expected on the
grounds of counting mass dimensions of the fields and coupling constants. Since L is the
only physical length that has appeared, it is natural that powers of L would be involved
in the scaling. We also note that in the Lagrangian of Eq. (4.23) the the fields ¢ and By,
couple to J3 which is the z component of conserved fermionic current. It can be shown
by Gordon decomposition that .J3 contains terms which represent currents confined to
2-+1 dimensional space and having direction along z'. We separate terms involving B,
and ¢ from rest of the Lagrangian. Thus we have

Lr=Loy1+ L3 (4.24)
where Lo, is given by
1 - _ 1 M2 1
Lop1 = —~FuF* + (i7" 9, — m)Yp — keAgpy*p — ~H2 — —H™—Hy,
! 1 4 4 A (4.25)
+ neMB%ach@bJC +vB*Y,,

and the other part L3 is given by

2
L3 = ;8‘1(;53&@5 + 112H§bc - AéH“bciHabC + ke (¢ + ]\g[isabcl-!“bc) J3. (4.26)
Thus we have got our reduced Lagrangian which will lead to flux attachment and frac-
tional statistics of particles as we shall see in the following sections. The remaining part
of the Lagrangian will not contribute to upcoming discussions and hence we shall just
ignore that part for our current interest. However, we shall show later that for a static
spin polarized distribution of electrons J3 ~ 0 and thus two parts of the above reduced
Lagrangian becomes completely decoupled. This gives a justification for our ignoring of
the part Ls.

4.3 Flux attachment to spin current:

In the theory of FQHE given by Zhang, Hansson and Kivelson [6,65] it was shown that a
system containing nonrelativistic electrons in two spatial dimension may be transformed
to a bosonic system by a singular transformation of many body fermionic wave function
as

~ 0
V=) = exp{ (— Z ﬂozl-j) @Z)} (4.27)
i<j

For § = (2n + 1)7 the transformed wave fuction 1 obeys bosonic commutation rules.

The transformed Hamiltonian contains a minimum coupling with the gauge field @ defined
as

0 -
ite) = 205 S, (4.28)

27r7r#i

1See Sec. 4.5 for details.
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hc
where ¢y = — is the basic unit of quantized magntic flux. In the second quantized
e

formalism Eq. (4.28) reads

xﬁ_yﬁ
=l [ ) (1.29

This equation is actually a solution of the following differential equation

0
Eaﬁaaa’ﬁ = ;Cbopa (430)

and as we know this equation is actually equation of motion of Chern-Simons theory
coupled to matter current. This equation suggests that in the bosonic phase for 6 =
(2n + 1) each point particle is attached to (2n + 1) no of flux quantum. Alternatively,

one can think of each vortex as carrying a net charge of m i.e. individual vortices
n

have fractional charge [178,179]. This is called flux attachment in the context of FQHE.
To see how the condition of flux attachment can be derived from our reduced La-
grangian we shall assume that the solinoidal part of superfluid velocity around a vortex
C,, = 0,0, is a dynamical variable in our theory, where besides the charged scalar, charged
fermions are also present and can act as a source of magnetic field. Curl of the vector field
C), gives the vorticity and we shall show that vorticity is non-zero where ever magnetic
moment density of fermions is non-zero. As we already know that presence of external
magnetic field will also create vorticity in the scalar matter, we shall only varie C), while
keeping non-dynamical part static, the curl of which give the vorticity due to external
magnetic field. So we shall write X, = qw,\@”C”\ +(X,) ; later in our reduced lagrangian.
First we rewrite the reduced Lagrangian by replacing alphabets by Greek letters (in
this section we shall use Latin alphabets to denote spatial indices only) as
M? 1

1 YN )
ER _ _ZFMVFIW + @D(l*}/l 811 — m)¢ - /{@AN@D’}/M@Z) - ZH,?“’ N THM AHMV (4 31)

1
+ /@ej\ﬁsﬂgwZa”JA +vB, ¢,

We shall now integrate out the gauge field B, from the Lagrangian in Eq. (4.31). For
that, we separate out the relevant terms and write the partition function as

1 M2 1 1
z=[DB,exp <@ [ < JH, = S HY S Hyy + kM Br2un 0 + UB#Z“>> .
(4.32)

1
We now add a gauge fixing term i ((()MB“)2 to the above Lagrangian. Thus we have

Z:/DB

M? 1 1
exp ( /d3 (— ZH’%” - TH“”AHW + H@MB“&,W,\Zﬁ”J’\ +vB, X — 2£ (8 B“) ))

1
= [ DB, exp (z [dta <QB#M“”BV + BﬂJj)) ,

(4.33)
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1 M? 1
where M, = (A + M2> v — (1 — g + A) 0,0, and Jff = /<ceMem,,\Z8”JA + v, .
The Green’s function corresponding to the operator M, is
- 1 1 M?

So we can now perform the integral over B,, by completing the square inside the exponent.
Thus we have

Ny
_ / DB, exp (z / P (;B;MWB,’,» exp (—; / d'zd'y (JL(2)G" (x — y)J] (y))>
= Nexp (—; /ded3y (JE(@G’W@ - y)JZ@)))

1 1 1
~ exp ( — 5 /dBSU ('02 (EN)E m (EH)E + 2kevM (EM>E mz]u

+ /{2€2M2ju Jh + 21)26W,\8“C”\

o
A+ M? A+ M? ()
+ 2kevMC $5’“‘”)‘8 Jy + U—QG ;G’“’
A+ M2 vIAT g A L2 ’
(4.35)
where we have defined G, = 9,C, — 0,C),. The effective Lagrangian that we get after
integrating out B, is

1 L. — v? 1
Lp= —ZFWF“ + V(IO — m)Y — ke APyt — 5 (Eu) g AL (2" g
1 - K%M - 1 ~ 9 1 U (o
oM () g g O e (),
1 I T 1
o M o prA 7 " 4 ]
Kev C“A+M2€ 0, Jx 1 G’“’A—i—M?G
(4.36)

Now what we want to do is to write an effective Lagrangian for the new emergent

gauge field C,. To obtain that we consider the low energy limit in which k* << M?* and
2

the propagator can be expanded in powers of ek So one can get in low energy limit
1 1
EE” I (4.37)

So in this low energy limit, considering only the last three terms of Eq. (4.36), we have

rRe

]_ v v 7 1 v
Lo = —qjcué” 20, (E\)p — ? e 20, J\ — rng;wGH : (4.38)

- 1 1
Now, writing J, = ¢ ,\pgﬁagj ? and defining C; as C; — —C; we end up with the following
q
Lagrangian for C), field

1 1
Lo = _ZGWGW B 6ON5W)\8V (Xa)p + reCJ". (4.39)
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Thus we see that action of the field C), is similar to Maxwell’s electromagnetic theory
and both J, and eM20, () 5 acts as sources. This emergent gauge theoretic structure
of the vortex gauge field C), could have been predicted even on the basis of Eq. (3.22) in

Chapter 3 given by
1 1 -
gzﬂy = —€€Hyp)\api¢’y)\¢. (440)

One can easily check that the above equation can be written as
1 _
geaﬁ‘“’aﬁEW = —eyy*. (4.41)

Although the above equation seems quite unfamilier, once we write the vorticity in terms
of gauge field C), one can see that above takes the same form as Maxwell’s equation.
We know that Eq. (4.40) gives rise to attachment of vorticity to spin moment density
in a 3+1 dimensional case. Below we shall show that effective theory of C), coupled to
fermions also gives rise to a similar conclusion. To proceed, we determine the equation
of motion of the field C,,

1
0" = —re" 0, (). (4.42)

At this point we consider time independence of sources and hence of Cy, C; and for
v =1 we can show that the equation of motion takes the following form

= 1
eij@iC’j = —Ii&]() - g (EO)E . (443)

The equation Eq. (4.43) expresses that curl of C; is locally prportional to Jo, which was
interpreted as spin current, and to (¥¢), which is produced by external magnetic field.
To see the physical meaning of this equation more closely we shall write the spin current
Jo using Gordon decomposition, ignoring interactions. Thus we write

JO=¢ Vga i J
B (4.44)
= s (oo (00— ) + 0 (%) ).

We recognize the first part inside parentheses as charge current (J;).. and keep it separate.

1
Putting the identity ¥, = §£lk23 into Eq. (4.44) we have,

Jo =t 30, ( (wakw akw)+ —d (wszw))
7¢23w + —=5%0; (i), (4.45)
Syl 3w+ 36" 00 (i)

where in the last step we have taken non relativistic approximation in which the lower
component of Dirac spinor is ignored. Thus we may rewrite Eq. (4.43) using this form
of JO as

1
eij(?iCj —7wT 3¢ + 781168 (Jk)NR — 5 (EQ) . (446)
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The first term on the right hand side of Eq. (4.46) is the magnetic moment density

in the z direction, while we can recognize o (Jk)i\iR = Aj as solution of Poisons
equation for (Jg). " acting as the source and hence £;;0; A, is the magnetic field in the
z direction produced by the electrons charge current. This equation can be compared to
the Eq. (3.25) where an extra term was present which now becomes zero as we have taken
all fields to be independent of z direction. This makes it possible to write the static spin
moment density and the current of fermions separately. Now taking average on both side
of Eq. (4.46) we get the average magnetic field of C;

NR
cc

Ke Ke NR 1
(€;0:C;) = —%WTU?’W + fvggikai«c]k)cc )~ q (X0)p - (4.47)
In the absence of an external electric field the average current ((Jp)X) = 0. Also if
the externally applied electric field produces current in a particular direction, the net

magnetic field produced by it is zero and hence sik(’?i((Jk)gR) = 0. Thus in general we
may write
1
(€j0iC) = —rp = = (Xo)p, (4.48)

e
where —(zﬂagw) = p is the local magnetic moment density at any point and for a

distribution of point magnetic moments with N number of spin dipoles per unit volume
N

we can write pu = Z 102 (¥ — ), p; being the magnetic moment of ith particle along
z direction. In ourl s;fstem external magnetic field can only pass in a quantized amount
through the material producing static vortices. As electrons interact with vortices in such
systems, there should be scattering of electrons from vortices. These scattering may give
rise to an alignment of electrons along direction of magnetic field and p become non-zero.
The average value of magnetic moment per electron i depends on strength of external
magnetic fields (hence on vortex density), magnetic susseptibility of the material hosting
these electrons and various other parameters.

At this point we note that Eq. (4.48) resembles the equation of motion of Chern-
Simons gauge theory which expresses that vorticity is locally determined by magnetic mo-
ment density p. This is the desired flux attachment in our case. The equation Eq. (4.48)
suggests that if we take y = Z ;0 (7 — ;) for discrete distribution of particles then the

7
magnetic field of C; at ith particle’s location is ku;. We shall see in the next section that
this property will lead to fractional statistics of particles.

4.4 Fractional statistics from flux attachment:

In this section we shall try to show how the attachment of flux of C), gauge field leads to
fractional statistics of fermions minimally coupled to it. For this we shall try to derive
the Schrodinger equation for the matter field from the Dirac equation by taking non-
relativistic limit. We start from the reduced Lagrangian containing only the matter field
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coupled to C,,.

- 1 ~ 1
L =i 0, — m) — kevMC, Te’“”\ayj,\ —v2C ?e“”’\&,E,\

v? 1

_ (v
4G“”A+M2G '

- 1
where Jy, = ¢ ,\MGUZJ P, Putting this expression into the above Lagrangian we get

- 1 1 5
L :w(l’}/#au — m)w + H@UMCMWJ“ — UQCHWGM )\81,2/\
)2 1 (4.50)
- —Gu—5G".
4 A+ M?
Now for k% << M? i.e. in the low energy limit we may replace the propagrator
1
as m ~ m Then we have
- 1 1
L =Y(iny"0, —m)yp + keC\J" — 5CME“VA8,,E,\ — ZGWGW’ (4.51)

1
where we have redefined C, as —C,. we can see that in the low energy limit C, is

minimally coupled to fermions. Let us now derive the Dirac equation from the above and
is given by
(i, — m + key*C, )¢ = 0. (4.52)

To reduce this equation to a Schrodinger equation we first note that fermionic matter
acts as a source of field C,. For a nearly static fermion the C), field will also be time
independent and as the fermion has a non zero average magnetic moment, (6 X é) is
non zero only at particle’s location. So if a second flux attached fermion is taken around
the first one, it sees a time independent configuration of €, with a net zero (ﬁ X 6) at
its position. We now want to derive Schrodinger equation for the second fermion moving
around first one.

For that we take the time dependence of the fermionic field to be ¢ (Z, t) = ¥ (Z)e Y.
Putting this into the above Dirac equation we can derive the following two equations

o' (p; + keCi)vp = —(E + keCo — m)ia,

i (4.53)
o' (pi + keCy)ha = —(E + keCy + m)p
Now we take the approximation that in nonrelativistic limit £ ~ Eygr + m. Thus

1 ,

= “(pi — keC;

Ve (E + reCy + m)J (P — keCi)va

1 o

~ o' (p; — keCy)ha (4.54)

(ENR + HGC@ + 2m)
o L (1 _ (ENR + K@Oo)

- 2m 2m

+ ) o' (p; — keCy)iba,

where we have assumed that (Eng + keCp) << 2m. Now we take only first term of the
expansion and put it into first equation of (4.53). After some algebraic manipulation we
can reach our desired Schrodinger equation

1 - . L
[— (V + i/{60)2 + kea?(V x )3 + keCy| g = Engiba. (4.55)

2m
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As discussed previously if the second electron goes in a closed path around the first
nearly static electron then on the path (V x C') = 0. Hence for the second electron we
have

[—21 (6 + Z'liec_;)2 + 11600} Y = Engy. (4.56)

m

So for a closed path I' around the static electron the solution of the above Schrédinger
equation may be written as

W(x) = o(z) exp (—m ]g C- cﬁ)

L (4.57)
= 1o(x) exp (—ime/ (V X C’) : ds) :
S
Now in a distribution of spin polarized fermions for which the average spin magnetic
moment per electron is p, the above solution gives

vo(x) = to(w) exp (ier’po) , (4.58)

where it was also assumed that the closed path of the 2nd fermion encloses no exter-
nally created vortex. The above equation says that for spin polarized and nearly static
distribution of electron the change in phase of the second particle going around the first

e 1
in a closed path I is %, where we have written x> = —. Thus for a non zero average

magnetic moment per particle there is a extra phase change in interchanging two particle
which is

€Ho
A = —. 4.
o= (4.59)

2
As pg ~ 2i the phase will be of the order of %.Thus particles attached to fluxes of

m
C), obeys fractional statistics i.e. they become anyons due to arbitrariness of L. At this

62

point we note that the corresponding phase factor in Chern-Simons theory is —, A being

the coefficient of the Chern-Simons term in action. Thus the factor which is comparable
to A in our theory is mL which is a dimension less contant.

4.5 Discussions

Usually an investigation of 2+41-dimensional physics starts from a theory defined on a
plane. In this paper, we have attempted to describe 2+1 dimensional phenomena by
starting in 3+1 dimensions, from the dual of a theory of magnetic flux strings coupled
to electrons, and reducing it to one dimension less. The higher dimensional theory shows
a linear potential between pairs of electrons, which can be interpreted as the result of a
flux string connecting the spin magnetic moments of the two electrons. When reduced
dimensionally by freezing all motion in one direction, the strings are reduced to vortices
and the magnetic flux at each particle’s location is proportional to the magnetic moment
of the particle. This indicates a “flux attachment” similar to that arising in the effective
description of fractional quantum Hall effect through the Chern-Simons term. We also
find that similar to the FQHE description, the particles with attached flux exhibit frac-
tional statistics. In this chapter we have also found that spin magnetic moment is the
central cause of attachment of flux to particles. This is quite natural because vorticity
will appear wherever magnetic field penetrates the superconducting bulk. Thus in our
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framework such flux attachment or flux pinning would be impossible for spinless (scalar)
charged particles, which is in stark contrast with similar phenomena in Chern-Simons
theories.

A brief comparison with Chern-Simons theory may be relevant here. It is well known
that the Chern-Simons gauge field has no dynamics of its own when it is not coupled
to matter. When a coupling to matter current is added, it constrains the magnetic field
to be nonvanishing only at the locations of the charged particles. The electric field in
any direction also turns out to be proportional to the transverse current, which is a
characteristic feature of Hall effect. We have started from the Abelian Higgs system in
the broken phase, with flux strings as well as electrons, and dualized it to a B A F-type
theory. Unlike pure Chern-simons gauge theory, it is not a purely topological field theory,
but when reduced to 2+1 dimensions, the coupling between the vortices and electrons
also constrains the magnetic field to be nonvanishing only at the locations of the particles.
This phenomenon of flux attachment leads to fractional statistics of the particles just as
for Chern-Simons theory, but it will require further investigations to check if Hall effect
is also present in the setup that we have considered.

The attachment of magnetic flux to spin (or more precisely magnetic moment) that we
have found above may be compared with the ad hoc construction adopted in [180], where
electrons with up and down spins were treated as bosonic operators interacting with a
Chern-Simons gauge field which attaches flux to spin. Then in the bosonic variables, a
dual theory of vortices could be constructed and different phases could be analyzed. We
have shown that flux attachment to spin can occur in a specific type of boson-fermion
model, namely the Abelian Higgs model with itinerant electrons; we can expect that
similar phases, e.g. chiral spin liquid, or superconductors with tightly bound pairs, will
be realized in this system as well.

Finally, we would like to comment on the %3 which we ignored after Sec. 4.2. This
is justified in the lowest order, with the fermions being treated as noninteracting, so
that J3 is independent of the other two components of the fermion current. In general,
interactions will ensure that the effects of %5 should be taken into account. But there is a
special situation when %5 decouples from %5, — when there is complete spin polarization
of electrons along the external magnetic field. To see this we write J3 by using Gordon’s
decomposition,

Lo (asvgy — Lo 0 Ly s
T = —0,(UT) = —(IETY) + —0(UTy). (4.60)

We assume the fermionic fields to be slowly varying in time. Then the first term is
small. The second term is proportional to 79 (¢)T07¢)), where 1) is the nonrelativistic
two-component Pauli spinor. Thus in a fully spin polarized state of fermions, J* ~ 0 and
the two parts decouple from each other. Another important feature of this special state
is that in this case the flux attachment equation takes the form

Ke Ke

(€;j0:C;) = _%(PT —p) = o (4.61)

where p = p; is the density of particles. Thus we see that in this case the flux attach-

ment equation reduces to the form obtained in Chern-Simons theory. These observations
make the spin polarized system very special and demands further investigation.
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Chapter 5

Discussions and Future Directions

In this thesis we have mainly investigated into the dual formulation of an Abelian Higgs
model coupled to charged fermions and some consequences of the dual model. In partic-
ular we have shown how a B A F' term may induce in the effective low energy theory if
fermions are integrated out from the theory. Induction of B A F' term due to fermionic
loop correction is rare and only a few example exists [59,181]. Thus the boson fermion
model becomes another example which in dual description allows the induction of B A F'
term via fermionic loop correction. At this point we would like to mention that B A F'
term is considered as the effective topological field theory for bosonic topilogical insula-
tors (BTI) [54,130,182]. Thus the dual model may hold properties of a BTI. But this
direction is not investigated in our thesis and may be set as one of the future research
goal.

We have also shown that how in the dual theory the phenomenon of spin-vorticity
attachment would appear and lead to linear interaction between fermions for exchange
momentum k? >> M? The explation for this can be given in terms of spin-vorticity
attachment as described in Chap. 3. We also have shown that the dual theory of vortex
lines or strings can be generalized in terms of a string field theory. The false vacuum of
the this string field description may give rise to linearly rising potential between fermions.
Such a potential along with Coulombic repulsion gives rise to the fermion pairs. It is well
known that formation of fermionic pairs is necessary for appearance of superconductivity.
Thus one may investigate into the nature of superconductivity arising from these fermion
pairs found in our work. We had previously discussed about the connection of boson
fermion models to high T, superconductors in Chap. 2. Pseudogap plays an important
role in the phenomenology of cuprate superconductors. As the fermion pairs in our dual
theory appears for higher exchange momentum (hence at higher energy scale) we may
expect such a pairing to contribute in pseudogap phenomenology. Hence this also becomes
a possible future direction.

This attachment of vortex to electrons looks quite like the flux tube model of anyons
proposed by Wilczek [6]. As we had discussed previously in Chap. 4, anyons are particles
which exists in two spatial dimension having fractional statistical property as well as
fractional charge. To know whether the vortex attached fermions obey such properties
we first reduce our theory from 3+1 dimension to 241 dimension. The dimemsionally
reduced theory also gives rise to the vortex-spin attachment. We have also shown that
a new parameter of dimension VM is induced in the 2+1 dimensional theory. If this
parameter can be tuned sufficiently then the vortex-spin attachment will lead to anyonic
phase factor. However, we have not yet shown the property of fractional charge for these
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vortex-electron composites. Thus it remains an open question. Also, in our case no
Chern-Simons term is used to arrive at the flux attachment condition. It is well known
that the anyons that appear in the Chern-Simons gauge theory breaks time reversal(T)
and parity(P) symmetry. Whether such a symmetry breaking occurs in our case also
remains an open question as well.

The system we have considered consists of bosonic and fermionic fields. The bosonic
field in the symmetry broken state represent a superconductor. Thus realization of such
physics can be found if one constructs a hybrid system which consists of one supercon-
ducting block in close proximity with another block which host a gas of electrons. Such
materials could be Graphene, GAAIAs-GaAs heterostructure, or topological insulator
(TI) which hosts relativistic or non-relativistic electrons. Now, if one passes magnetic
field through the hybrid system it will create vortices as well as spin polatized electrons.
A schamatic picture of such a system is shown below in Fig. 5.1

| | | - Typel "‘ ‘ &
|

Figure 5.1: Vortex passing through Superconductor-2DEG Hybrid

As vortices and electrons are in close proximity in such systems, it is possible that
they start to interact in the way we have described in this thesis and the phenomenon of
flux attachment is realized.

Previously such GAAlAs-GaAs heterostructure- Superconductor hybrid was used to
study the Hall effect in an inhomogeneous magnetic field produced in a distribution
of vortices [183-185]. Some non-trivial deviation from classical Hall effect was found
out in these studies. As in 2+1 dimensional dual theory vortices are represented by
point particles one can calculate the scattering of electrons from point vortices in a field
theoretic manner by writing down a field theory for the point like vortices. One can
calculate the interaction potential between vortices and electrons from the scattering
amplitude. With the help of this potential one can calculate transport properties of
electrons in a distribution of vortices and compare with the existing results. In this way
one can check the validity of this theoretical duality as well as find out some new features
about the transport of electrons in presence of vortices.

Lastly, the boson-fermion model with which we were working with had only electro-
magnetic interactions in it. However, in all the model systems where such a boson fermion
mixture was thought to arise, a direct interaction between fermions and bosons was also
assumed to take place. In all such cases the form of the interaction that was considered
is shown below

Ly~ ¢y + ¢vlyl. (5.1)
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In relativistic models the form of the interaction that was taken looks like
£ g* * Ic g, 7 c
1~ iUty — i oy, (5.2)

where ). represents the charge conjugated form of fermionic fields. One can try to dualize
the boson-fermion model in presence of such interaction terms to give realistic predictions
based on the dual theory. In particular such dual theory may help us in understanding
different interesting features about topological insulator (TI)-Superconductor surface.
Interface of such jucntions is known to show interesting physical properties. It was pre-
viously shown that a vortex solution in the superconductor side of such a junction has
a fractional electric charge as well as fractional angular momentum due to presence of
the axion term at the boundary [186]. Another interesting feature of such junctions is
that, due to the proximity effect, expressed by the cubic coupling terms shown above, the
Hamiltonian of the surface modes can be projected as that of a p, + ip, type supercon-
ductor [18]. The vortices in p, + ip, superconductor are known to hold Majorana zero
modes (MZM) [28]. As the dualization expresses vortices and their interactions more
explicitly in the dual model, it may lead to deep insights into these phenomena as well.
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.1 Villain Approximation:

Here we shall try to approach Villain approximation in the context of 2 dimensional X-Y
model in both physical and mathematical point of view. Let us start from the physical
point of view first. The partition function of the 2 dimensional X-Y model is given by

Z = /Hd@n exp (—ﬁj S8, sr,) = /Hden exp <—52cos (Onsp — Gn)> ;o (3)
n (ryr’) n i

where the spin variables S; have continuous rotation and thus hold U(1) symmetry. Let
us first assume that J, the nearest neighbour coupling strength, is positive. Let us
recall the fact that the partition function Z represents sum of probabilities of all possible
configuration with different values 6,,, at all possible lattice points n and associated
links p. If now, we start to decrease temperature i.e. take the limit 5 — oo the exponent
would start to decrease rapidly and to keep it non zero the cos 6 approches its maximum
i.e. # — 0. This would mean that at low temperature all spins would start to get ordered
such that A0, — 0. Again, as 0 is a periodic variable § the exponential function must
remain unchanged under the substitution § — 6 + 2mm, where m is an integer variable.
Thus in the large 8 limit one can do the following replacement

exp (=B cos (Op1p — 6,)) — i e P exp <§ (Ontp — b + 27rm)2> , (4)

where we have expanded cos (Af — 2wm) in small (A — 27rm) limit. This approximation
given by Eq. (3) is called “Villain approximation”.

Let us now try to see another method of obtaining same approximation. We again
write down the hamiltonian of of 2 dimensional X-Y model as

H = Jcos (Onip— 0n). (5)

We know that a periodic like this can always be written in terms of Fourier series as

e BH(O) _ Z ez’s(9+151(9)7 (6)

S§=—00
where the Fourier can be written as

ae) _ [T do —is0—BH(6) (7)

e
0 27

We are interested in the large S or low temperature limit. To derive the approximate
form of e ##® in this limit we use Poisson’s summation formula

i g(s) =

m=0oQ

> [ dogloyem. (8)

Using g(s) = e 0THO) we can get
+oo ) _ +o0
SBHO) Z /d¢ez(9—27rm)¢>eH(q5) _ Z ¢Ho(0—2mm) (9)

where we have written i
oHo(0—2mm) _ /d¢ei(972nm)¢>eH(¢>). (10)
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1
In the large § limit one can take the choice Hy(6 — 2mm) ~ —§K (6 — 27m)?, where

K is a new constant. Using this we land up again on Villain approximation [122, 187]

5H(0 Z e~ 2 K(6— 27T7n)2 (11)

m=—0Q0

.2 Vacuum Polarization:

Here we shall show the calculation of vacuum polarization diagram, with 2-form-femion
interaction present, in the path integral method. Let us start from the 3+1 dimensional
dual Lagrangian as

1 . : | 1 1
L = = Fu "™ + (i 0, — m)i) — eAan"y — SeqB" gy 507 + Sv* 0, 0" f

1 (1 ¢ 1
+ 121;2H " <f2 + O ) Hypr — QB,oAEpA - V().

(12)
To proceed let us separate out the part of the Lagrangian containing fermionic fields

_ - 1 y 1 -
Lys= V(i 0 — m)Y — e Ay — iMqB# 5uup>\api¢7>\¢a (13)

where we have rescaled the 2-form field as B, — vB,,. Next we perform an integration
by parts in the third term to write it as

eM
/d4$ MqB‘“’EWp,\ap ¢7A¢ /d4 gltupka BPA¢7H¢ (]‘4)

1
Next let us define A‘;ﬁ =A,+ MD’lFM where we have written F), = iewma”BP’\.
With this the Lagrangian takes the following form

Ly = (i7" 0 — ex" AT — m)y. (15)
We shall now integrate out fermionic fields by writing the generating functional as
Z = /@1/3@1[) exp (z / d*x (1/)(2'7“@ - e’y”’Azﬂ — m)@b)), (16)

We shall expand the action around the stationary action containing fermionic fielfds
which satisfy the Euler-Lagrange equation as follows

55
S:ﬂw%+/#%—

- v+ [ da(h o)

00

(W —to)(y) +
0,%0

Yo,%o
17
528 (17)

Y
Now at ¥ = 1)y, 1 = 1)y the second and third terms of the above action are zero as at

this point the action is stationary. Also we define (1) — ) = 71, (1 — 1) = 7 and rewrite
the generating functional as

b o [ dtaty(e - %)(w)

_ . 1 _ . .
7 = /D?ﬂ)n exp [z/d% <S|w07w0 + j/d‘ly n(zx)(iv*o,, — e’y“Af — m)n(y))], (18)
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where we have neglected terms higher than square terms and have written
528
)oY

- = ("0, — ey“Azﬁ —m). (19)
oo

Integrating out fermionic fields 1, 7 from Eq. (18) one gets the following expression
7 = "lvodo et [z (iy“@u —m — eV”AZH) ] . (20)
This expression of the generating functional contains all the quantum effect of fermions

in terms of the gauge fields A, and B,,. To determine the quantum effects upto one
fermion loop one need to expand the determinant in the following way.

(iv“@u —m — ev“AZH)

1
= (iv"0, — l— ———— eyt At
(99 = m) ( ("0, —m) | " )
, 1 " (21)
= (Z’}//'La’u — m) exXp Tr lln (1 — (iry‘ua“—_nfl)ef}/#A# )]
= (iv*0, — m)exp |— i ! Tr ;ev“fleﬁ '
g n=1" (Z’Y“au - m) g '
The first term in this expansion can be re written as
Tr ;efy“AeH B mevuzqeﬁ“ (22)
(iy*0, —m) ’ O+ m?2 mo

This term is called a tadpole term and gives null contribution. This can be most eas-
ily seen by taking Fourier transform of the argument of Tr. In momentum space this

expression read
d*k ik, —m off
Tr l / G AR (23)

We can easily see that the first term of numerator would be zero as it is odd in K and
second term would be zero as Tr(+*) = 0. Let us now proceed towards evaluating the
second term in the expansion in Eq. (21). Taking a Fourier transform of this term we
shall land up on

(24)

1 lez / d'p d'q ((g+p)y" +m) Y AT (0,7” +m) P AF
( .

27 @rp e @+ )2 —m [ — ]

To evaluate this expression we modify the denominator by introducing Feynman param-
eter z as follows

1 ! dz
(g +p)?* = m?[g* —m?] /0 {z[(g+p)?—m2+ (1 —z2)[¢2 —m?]}> (25)
Evaluating the the denominator, we can rewrite Eq. (25) as
! dz 1 dz
O R RN ey N rrwrm e e
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Let us now rename (g + pz) = [ and then change variables from ¢ to . Diue to this
change of variable there will be terms odd in [ in the numerator. These terms will vanish
and we shall get the following expression for Eq. (24)

1 d*
2 [ EP 4t (p) A5 (—p)

2% ) (2m)pte
2
dir o4 {QZQZ'B — 2p°pPa(l —x) — Pg™° + pipuz(l — 2) g™ + mQQW’} (27)
/(271')4/0 < [l2 + Q2]2 5.

where we have written Q? = p?2(1 — z) — m? and used the formulas Tr{y*y*y"7°} =
4 (g’“g”ﬂ — g" g + gHP g”a) and Tr{yo‘vﬂ } = 4¢*%. To proceed further, we now rewrite
the numerator of Eq. (27) as

{2lalﬁ — QpO‘prz(l —z)— 292 + pt'puz(l — z)gaﬁ + ngaﬁ}

(28)
= 20917 + 22(1 = 2) (p*¢°7 — p*p”) — (P + @*) ¢*] .
Thus the integral over [ can be divided into three different parts as follows
/ ai [ 20-2 @ -p) g )
@m)" | [+ @ 2+ Q7 2+

The first and last term of Eq. (29) will exactly cancell each other in the large A limit, while
the second term will remain and give the only contribution to our calculation. To evaluate
this term we shall rotate [y, py in the complex plane to make them lg = 1ily, pf = 1ipp.

Under such transformation we shall have I* = —I3,, d*l = id*lg, d*pp = id*pp. Also one
can show that
A (p) (P9™ — p°p”) AT (—p) = A5k (p) (Ph9™ — piopl) ASms(—p), (30)

where subscript F variables in right hand side are the Euclideanized variables. With all
this modification we can evaluate Eq. (27) as

1 2 Zd4pE eff eff
- 56 (2m)? AEa(pE)AEﬁ(_pE)
id*lg 1

1
/0 dzz(1 - 2) (phg™” — pipi) / 2m)2 12 + Q%)

This Euclidean integral can be evaluaterd very easily witha cutoff momentum A and
the result is given by

(31)

— ;eQ (;:;4 A (p)7(p?) (p29a’8 — papﬁ) A%H(—p) ; (32)

where we have written

(7 = /01 dz2(1 — 2) [ln (1 +

A? ) A? (33)

m?—pr(l—z)) A2+m?—z(1—x)p?

Also we have rotated Euclidean variables to normal ones. This equation Eq. (32) is the
desired expression for the vacuum polarization in momentum space. One can take a furier
transform of this to obtain the expression in coordinate space.
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.3 Dualization of 2+1 D boson-fermion model:

Here we shall discuss the dualization of 241 dimensional boson-fermion model. The
model of complex scalar field coupled to massive Dirac fermions in 2+1 dimension via
electromagnetic gauge field is expressed by

&£ = —iF,WFW + ;D“cb*Dm + (V"0 —m)e = V(9'¢) —eAy™y,  (34)

where now the Dirac fermions are defined in 241 dimension and the gamma matrices are
expressed by Pauli spin matrices. One set of choice of gamma matrices are

V=0 Al=ioct, 4 =0 (35)

To proceed we take methods exactly similar to that shown previously in this thesis.

The complex scalar field ¢ can be expressed in polar form as ¢ = pe”. With this we can
write the scalar field lagrangian as

|Du¢|2 = (aup>2 + pQ(aue + un)2- (36)
This would lead to the following form of the Lagrangian Eq. (34)

1 -
L= _ZF,U,VF“V + <8up)2 + :02(au6 + un)Q + @/)(W“au - m)lb

- V(p) - QAH’QE’}/M@/J ;

As we have seen before, to bring vortices into the picture we decompose the phase
of the scalar field as 0 = 0, + 0,., where 0, represents the regular valued fluctuation of the
phase which actually represents the irrotational part of the superfluid velocity. With this
decomposition we can proceed to linearize the third term in the Lagrangian Eq. (37) by
introducing into the generating functional a Gaussian term like

(37)

/DC’Me_%fd%[C“J“p(a”(ﬁ“‘m”)]2 =N, A constant. (38)
The linearized Lagrangian is given by
1 1 -
L= _ZFWFW + (8Mp)2 — §C’MC“ — pC (00" + 0"0%) — qpC A" + Y(iv"0, — m)y

- V(p) - GA;W’Y”@D )
(39)
If we now integrate out the auxiliary field 8" it will give us a delta function constraint
which imposes constraint over the newly introduced decoupling field C),. This is given by

8" (pC,,) = 0. (40)

1
This can be satisfied in 241 dimensional theory by rewriting C), as C}, = 2—6’“”\8VB A
P

where B, is a new emergent gauge field. Here we note that dimensionality is important
as the same condition in 341 dimensional theory would be satisfield by curm of a 2-form
field whereas in 241 dimension the emergent gauge field is 1-form. Also the multivalued
part of the scalar x*° constitute the solinoidal part of the superfluid velocity and the curl
of it, under relativistic generalization, is given by

B dz*

e20,0,0° = 27m/d7'v“53(:v —z(1)), v=—. (41)
dr
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We can recognize that the right hand side of Eq. (41) represents a world line current
of a particle with position z,(7) parametrized by 7. Here the core of the vortex acts as
a particle. With this the dual theory can be written as following

c—-tp vy oo Laom, - By Lewep B, V()
i oK 4/)2 PA H 9 ptvp (42)
+ w(ify'ua,u - m)?/J - €A;ﬂﬁ’7“¢ )

where we have defined H* to be field strength of the new emergent gauge field B,, ans
¥, as the vorticity or the world line current of the core point as expressed by Eq. (41).
We shall now proceed to diagonalize the action be removing B A F' term. For that one
need to linearize the F,, F'* term by introducing another Gaussian term of the form

) 1 2
/-@Xu exp (—i/d% {XMX“ — 5””’\XVFp>\ + 1 (5””’\Fp,\) }) =N, (43)

where x, is the newly introduced decoupling field. This factor when introduced into
the generating functional will linearize the F,, F*” term and then A, will be auxiliary
field with no dynamical term. One can now integrate over A, and get a delta function
1 _
constraint like ¢ (28”p’\8p (x» —qB") — ez/w”z/}). This can be satisfied by the following
ansatz .
Xp = Oun+qB, + egup/\apidw)w ; (44)

where we have introduced a new single valued scalar field n for making the ansatz more
general. Thus putting this into the action we finally have

1

1
= - H
L= 500 p+ s

1 _
H"™H,, — 5Bﬂzﬂ +V(p?) + ¥ (iy"9, — m)
(45)

2
1 1 1- 1.,- 1 -
_ 5 (a;ﬂ? + un) — §€un€“p/\8pi¢7>\w — 562¢7A¢E¢7/\,¢7

where the last term is the coulombic interaction between fermions. This is the dual field
theory that we wanted to derive.
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