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Chapter 1

Introduction

1.1 Motivation and Description

In 1980, three experimental physicists, K. von Klitzing, G. Dorda and M. Pepper
made the unexpected discovery|[l] that conductivity in a two-dimensional system
sometimes is quantized, i.e. that it takes only discrete values. But while this was a
surprising discovery, it did not take long before a theoretical understanding of the
phenomenon was reached. It was therefore even more unexpected when three other
physicists, D. C. Tsui, H. L. Stérmer and A. C. Gossard in 1982[2] found that the
conductivity was in fact quantized in fractional steps, a discovery that could not be
explained by the theory.

This example shows that even if one believes that one has a good understanding
of a phenomenon, it is not always correct. And there is another morale to the story
as well: It was later found that the latter discovery could be explained by using a
theoretical construction known as particles with intermediate statistics, which was
found by the theorists J. M. Leinaas and J. Myrheim in 1977[3]. Although this
construction at the time of discovery seemed to have no application, it was still
convenient to explain an actual physical phenomenon. In other words, a theoretical
construction might be useful in the future even though it does not seem so at the
moment.

The main focus of this thesis is the Chern-Simons-Ginzburg-Landau (CSGL) the-
ory. This theory is an attempt of a phenomenological description of the fractional
quantum Hall effect, which is the name given to the discovery by Tsui et. al. men-
tioned above. It is therefore natural to consider the application of the CSGL theory
to this phenomenon. However, in many parts of the thesis we will study the CSGL
theory without considering the direct applications of the results. In fact, the CSGL
theory might not be a very accurate description of this effect. Still, motivated by
the example of how Leinaas’ and Myrheim’s discovery in 1977 was found to be useful
several years later, we will study the theoretical aspects of the theory.

In the CSGL theory, a mathematical phenomenon called vortices also appears.
These vortices are believed to be the analogue to the particles with intermediate
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statistics mentioned above. They are believed to be very important for the fractional
quantum Hall effect, and are therefore certainly interesting objects for study. Most of
this thesis will concentrate on the properties and effects of the vortices. The details
of the vortices are studied both analytically and numerically in chapter 3, and we
compare the analytical results to the numerical ones.

To give the reader the necessary theoretical background needed for the study of
the CSGL theory, chapter 2 gives a review of those subjects the reader is likely to
be unfamiliar with. We have not attempted to go into details of all the necessary
subjects, as this could easily fill several large books. However, references are provided
for the reader who wants more information on any subject.

In chapter 4, we study various extensions of the CSGL theory. These extensions
are made by adding terms to the CSGL Lagrangian. Their motivation is to create a
more accurate description of the fractional quantum Hall effect, but as with the pure
CSGL theory we will mainly study their mathematical properties without considering
physical implications. The extended theories are mainly studied numerically. An
interesting part of this study is to compare the results for the extended theories with
the pure CSGL theory results.

In chapter 5, we return to the vortices in pure CSGL theory. We show how
these vortices may be understood as particles in another theoretical construction,
the Maxwell-Chern-Simons theory. We also try to find out how these vortices will
alter some properties of the CSGL theory through the connection to Maxwell-Chern-
Simons theory.

1.2 Notation

This section gives a brief overview of the notation used in this thesis. We will here
restrict ourselves to explaining some general rules and concepts of notation. A com-
plete reference of symbols used in the thesis is provided in appendix A. The reader
is advised to consult that appendix for explanation of symbols encountered in the
thesis.

Although the CSGL theory is non-relativistic, relativistic notation is used every-
where in this thesis. This implies that we will differ between contravariant compo-
nents of a vector, written as v# and covariant components, written as v,. However,
it does not imply that quantities or equations will be Lorentz invariant in general.
A flat space-time is always assumed, and we may in fact define the covariant vector
components by v; = —v'.

The quantum Hall effect occurs in the plane. Thus, in this thesis we will mainly
be considered with two-dimensional vectors. Such vectors are denoted in a bold
typeface, e.g. v. For unit vectors, we will use the notation
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In two dimensions, the result of a cross product between two vectors is a pseudo-
scalar. The resulting vector of cross multiplying two three-dimensional vectors in the
plane would be a vector normal to the plane. In two dimensions, the z-component of
this three-dimensional vector will be the resulting pseudo-scalar. The definition is

v X w = el (1.3)
where we have introduced the antisymmetric tensor €%, defined as €2 = —¢?! =1
and €' = €2 = 2. We will also need the totally antisymmetric tensor in three
dimensions, €*”? which is defined such that ¢*¥? has the sign of the permutation of
the indices (i, v, 0),i.e. €?12 =1, ¢!92 = —1 etc. The tensor component is zero if two
indices are equal.

Sometimes we will need to rotate a vector by 90 degrees. For this operation
we define the special vector Z, which may be understood as a unit vector in the z-
direction. It will be used only in cross products such that 2 X v results the rotation
of v 90 degrees in the clockwise direction.

In most of the thesis we will work in natural units, where h = ¢ = 1, however in
chapter 2, we will for clarity show factors of & and c¢ explicitly. Occationally, we will

denote the differentiation with respect to time with a dot, i.e. 0 = zll—:.



Chapter 1. Introduction




Chapter 2

Background

2.1 Phenomenology of the Hall Effect

2.1.1 The Hall Effect

The ordinary Hall effect is well known and completely explained by classical physics[4].
It was discovered in 1879 by E. C. Hall. The effect occurs when current carriers, usu-
ally electrons, in a conductor are subjected to a magnetic field perpendicular to the
electric field. In such a system one will observe an electrical potential difference be-
tween opposite points on the conductor perpendicular to the direction of the current.

Let E be the electric field in the conductor, and j
the linear current density. One defines the conductivity
tensor o™ and the resistivity tensor p¥ as

i i g
E' = o347,

ji= B, (2.2)

so that p” is the matrix inverse of 0%, One finds that
in general, ¢ and p% are quantities depending on the
material of the conductor. If there was no Hall effect
(e.g. if B = 0), one would have 0% = ¢d';, where o is
the (scalar) conductivity of the material. If the conduc-
tor is made from a homogeneous material, we must have

o™ = —g¥ and 0™ = ¢%¥. It is thus natural to define I igure 2.1: Meastllri.ng con-
a longitudinal conductivity o7, and a Hall conductivity ductivity and resistivity
o by
oy =o"¥, (2.3)
o = o"”. 2.4

oy and oy, are not measured directly. Rather, one measures the current I passing
through a sample, and the longitudinal and normal voltages Vi, and Vy, as shown in
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figure 2.1. We define the Hall resistance Ry by
Vg = Ryl. (2.5)

The classical microscopic picture of the Hall effect is this: The current carriers are
affected by the Lorentz force, F = q(E+v x B), where ¢ is the charge of the particles
and v is the velocity. The magnetic field will force current carriers to gather on one
side of the conductor until the electric field from these particles is strong enough to
negate the effect of the magnetic field. We then have Eg = v x B, where Ey is
the part of the electric field perpendicular to the current flow. Equation (2.5) then
implies Ry = ”'% = %, where p is the planar density of current carriers. Thus, the
Hall resistance is expected to be proportional to the applied magnetic field.

2.1.2 The Quantum Hall Effect

The Quantum Hall Effect (QHE) occurs at low temperatures (< 4K), in interfaces
between two semiconductors or between a semiconductor and an insulator.

The effect is seen when adding a large transverse magnetic field (= 1—307") to the
setup described above. What von Klitzing, Dorda and Pepper discovered in 1980[1],
was that the Hall conductivity o is quantized as

62
o =iy =123 (2.6)

Moreover, this conductivity was independent of the materials used, the temperature
(as long as it is low enough), and other variables that conductivity usually depends
on. Because of this independence the Hall effect is convenient for defining a standard
resistance, and it may also be applied as an unusually accurate measure of the fine
structure constant o« = %

The most used experimental setup for measuring the QHE is a setup for a DC
transport experiment in an interface between two gallium-arsenic semiconductors
(GaAs heterojunction), schematically set up as shown in figure 2.1. A steady current
I transports electrons through the interface. The longitudinal voltage Vi in the
figure and the Hall voltage Vg are then measured as well as the length L and width
W of the sample. Assuming a uniform current density parallel to the y-axis in the
figure, and a uniform electric field (these are good approximations if L > W and the
connectors for the voltage measurements are far from the edges of the sample), the

current density j and the longitudinal component of the electric field £, are given by

N VL
J= 76 Ep = T (2.7)
The longitudinal and Hall resistances, Rj and Ry are given by
%3 L %%
Rp=—F =pLy; Br=-—F=pn (2.8)

So we see that for a 2D rectangular system, the Hall resistance and the Hall resistivity
are in fact equal. When the resistances are measured, results such as shown in figure
2.2 are found, contrary to the expected linear dependence of Ry on B.
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Figure 2.2: Typical experimental results from a DC transport experiment as described
in the text. From [5].
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2.1.3 The Fractional Quantum Hall Effect

While the quantum Hall effect was a surprising discovery in 1980, it was an even
greater surprise when Tsui, Stormer and Gossard in 1982[2] found that not only
was the Hall conductivity quantized in integer steps as in equation (2.6), but under
certain conditions it was also quantized in fractional steps,

_pe

_Qh p,qg=1,2,3,..., (2.9)

OH
as shown in figure 2.3. The surprise was great because while the Integer Quantum
Hall Effect (IQHE) was well described by the independent electron model (see section
2.2.5), the newly discovered Fractional Quantum Hall Effect (FQHE) did not fit into
this picture. The FQHE is only seen when the samples used in experiments are
exceptionally clean.

2.2 Microscopic Theory

2.2.1 Freezing out the z-dimension

The system where the quantum Hall effect occurs is the interface between a semi-
conductor and an insulator or between two semiconductors. The mobility of the
electrons in this system is much larger in the plane of the interface than in the trans-
verse direction. We might then expect the dynamics of the electrons to be effectively
2-dimensional (2D), so that we can approximate the electrons as moving in a 2D
world.

In fact, as a result of quantum mechanics, this approximation is almost exact.
Consider a free particle in a (3-dimensional) box. We can separate the wave function
in z, y and z-dependent parts:

P(r) = X(2)Y (y)Z(2). (2.10)

Fach part will be an eigenstate of the one-dimensional Schrédinger equation for a
particle in a box; for the function Z(z) we get

2 2
{ g + Vo) b 26) = B.2(2 (211)

where E, is the contribution from Z(z) to the total energy £ = E, + E, + E., and

0 0<z< H
Va(z) = {oo otherwise, (212)
where H is the height of the box.
The solution to this problem is
2
Zn(2) =sin(Z22), n=0,1,2,..., (2.13)
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and the energy is given by

hn?z?
- 2mH?’
From this equation we see that if H is very small, the spacing between energy levels
will be very large. If the temperature is low, the thermal energy in the system will
be too small to allow excitations in the z-direction. Therefore, what we study is
(effectively) a 2-dimensional electron gas (2DEG). Since the temperature has to be
small enough to disallow thermal excitations in the z-direction, this is known as
“freezing out” the z-dimension.

E, (2.14)

2.2.2 Electrons in a Magnetic Field

The fundamental image of the Hall effect is that of electrons moving in a magnetic
field. It is therefore essential to understand the basics of such a system before we
may start to describe the Hall effect.

The Schrodinger equation for an electron with charge —e moving in an electro-
magnetic field may be written as

1 /1 e \?
— (-,hv + —A> = Ep. (2.15)
2m \ ¢ c

For a constant magnetic field B = V x A, one possible choice of gauge (known as
Landau gauge) is

AT = —yB AV =0. (2.16)
This gives the Schrodinger equation

S [(lnaz - —By) n (1718)] by = Bo(ny).  (217)

2m 1

Substituting the ansatz v (z,y) = e**¢(y), we arrive at

h? 1 hke\?
_ 0 2 — 2 - = F 2.18
[ 5 (0y)” + 5mu (y eB) o(y) = Ed(y), (2.18)
with the cyclotron frequency we = %v which we recognize as a harmonic oscillator

(HO) with frequency w¢ centered at %. The solution to the HO problem is well
known to be

bnly) o e3P H (8 — o), (2.19)

where H,, are the Hermite polynomials and we have introduced the magnetic length

{= f—g. The quantum number n denotes the Landau level. The energy depends

only on n, not on k:

En=(n+ %)fw(;. (2.20)
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The wave functions (2.19) are localized to a band about y = ¢2k by the Gaussian
factor. Ignoring boundary effects and confining the 2DEG to 0 < y < W, we find
that k is constrained by 0 < k£ < %. Imposing periodic boundary conditions in the
x direction ¥ (0,y) = (L, y), we get the condition k = 2%”, with p = 0,+1,£2,....

Combining these, we see that 0 < p < so that the number of states for one
LW
2ml2 "
% = ﬁ. This allows us to define the filling factor v for a magnetic system with

a density p of electrons as

LW
2me2 "

Landau level is N = Thus, the density of states in each Landau level is pp =

2
y— L2 (2.21)
PB eB
The above situation is easily extended to include an electric field E = £e,.

This field may be incorporated in the Schrédinger equation by adding the poten-
tial V(z,y) = eFy. Substituting as before, equation (2.18) becomes

2 2
[ h—(ﬁy)z + 1mw% (y — %> +efy| ¢ = Eo, (2.22)

" 2m 2 eB

which we may transform into

h? 1 hke\® 1 hkcE
[—%(ay)z + §mw% (y + Yo — e—B> - 5”“”%1/3 t—5|¢=E9 (2.23)
where yg = QSZ‘EEQE, i.e. still a shifted HO with essentially the same solutions as

before, but with an energy varying with k£ so that the degeneracy of the Landau
levels is broken.

To extend the model to include the effects of spin, we may add an interaction
term

Hy = g'uTBBaz, (2.24)

known as a Zeeman term. Here, up is the Bohr magneton, ug = 2?5”0 and g is the

gyromagnetic ratio, or the Landé g-factor for the electron. In practice, one would
use an effective g-factor different from the vacuum value of g = 2.0023.... o, is a

Pauli matrix,
1 0
o, = < P ) , (2.25)

and the wave function ¢ must be extended to a two component vector. We return to
the concept of particles with spin in chapter 4.
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Figure 2.4: Exchanging particles

2.2.3 Statistics in Two Dimensions—Anyons

It is well known that in our three dimensional world there exist two fundamentally
different kinds of particles, bosons and fermions, and that these are the only kinds of
particles that can exist. Whether a particle is a fermion or boson depends on what
happens to the wave function of two identical particles when they are exchanged.
Fermions gain a phase factor of —1, while the wave function for bosons is unchanged
under this operation. The reason why only these two types of particles are allowed,
is of geometrical nature: In general, the wave function might pick up a phase factor
e where 0 < 0 < 27 when the particles are exchanged in, say, a clockwise fashion
as shown in figure 2.4a. However, in three dimensions this clockwise exchange is
equivalent to the counter-clockwise exchange of figure 2.4b, since the two are related
by a rotation of the plane containing the particles around the z- or y-axis. In effect,
any rotation will be observed as a clockwise rotation by an observer located on one
side of the rotation plane and as an anti-clockwise rotation by an observer on the
other side. Therefore, the phase factor e? must be the same as its inverse, and this
only allows @ to be 0 or 7. 0 is called the statistics parameter of the particles.

In two dimensions, the picture is different, as realized by Leinaas and Myrheim in
1977[3]. There is no possibility to rotate around the z- or y-axis, and therefore there
is no reason why the phase factor should be constrained to be 1 or —1. Observers who
are constrained to move in the plane of the rotation will always agree on whether the
rotation is clockwise or anti-clockwise. In fact, all possible values of 6 are allowed.
Particles with arbitrary statistics have been named anyons by Wilczek[6].

Reality, of course, is three dimensional, and therefore this discovery of fractional
statistics might seem to have little application in real world physics. However, in
systems where particles are constrained to move effectively only in two dimensions,
such as the interfaces where the quantum Hall effect occurs, the particles might create
collective excitations known as quasiparticles, which might behave as anyons. In fact,
we will see that there indeed exist such particles in a quantum Hall system.
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2.2.4 The Aharonov-Bohm Phase Factor

Consider a magnetic field confined to a relatively small

area (e.g. the inside of an infinitely long solenoid) and

a charged particle free to move in the region outside, - .

where there is no magnetic field. ) . B0
Classically, the particle would not be affected by the | U/:

field since B = 0 where the particle is and the particle I

only feels the Lorentz force F = ¢(E + v x B). Quan- ‘v B=0-

tum mechanically, however, the particle will in fact be S. o7

affected by the field, since the vector field A is non-zero

also on the outside of the solenoid. (This is clear because

the flux [ Bd?*r = § A - dr is non-zero.) If the particle

moves one complete rotation around the solenoid (fig.

2.5), it will pick up a phase factor? 1§ Adr pelative to

the phase it would pick up if the solenoid was not there. Since § A-dr = [ Bd?’r = &,

the total flux, the phase factor will be ¢?®. This is the Aharonov-Bohm effect[7].

The effect was first observed experimentally by Chambers[8], but although the effect

acquired the names of Aharonov and Bohm, Ehrenberg and Siday[9] were actually

the first to discuss the effect.

Figure 2.5: The Aharonov-
Bohm Effect

2.2.5 The Integer Effect

We will now give a short introduction to the microscopical picture of the quantum
Hall effect. This introduction is mainly based on Prange and Girvin[10] and Karlhede
et. al.[11]. We do not intend to give a full description, and refer the reader to e.g.
those references for complete reviews.

To understand the integer quantum Hall effect, it is useful first to consider a 2DEG
subjected to a transverse magnetic field B in a translatorially invariant geometry. To
find the conductivity tensor of this system, we subject it to an electric field E. A
Lorentz transformation of this system gives the value of the field in a frame moving
with a speed 3 relative to the laboratory frame,

72

— BB E Be g 2.2
S0P B, (2:26)

E/i — "}’EZ _
_1
1-82°
electric field, and thus there is (by symmetry) no current. Therefore, the current in
the laboratory frame is

where v = In a frame moving with relative velocity }E = %eij EJ there is no

J' = —peBy =~ B, (2.27)

where p is the density of electrons, and the conductivity tensor is 0% = —%eij =

—I/%Eij . One would expect this result to be a good approximation also for less than

1See appendix C for an explanation of how the particle picks up a phase factor
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Figure 2.6: Energy states and the quantum Hall effect

ideal systems. This would imply that the Hall resistivity is linear in the magnetic
field strength, which is not what is observed.

The explanation of the integer effect makes use of two more concepts[11]: A fixing
of the chemical potential and a gap in the excitation spectrum for the electrons. If it
was possible to fix the chemical potential for the electrons at a value u, and if there
was a gap in the spectrum for some value v of the filling factor, the filling factor
would be constant equal to v for all values of B such that p is in the gap. Thus,
according to equation (2.27), we would observe a quantized Hall effect for such values
of v. This point is illustrated in figure 2.6a.

Fixing the chemical potential u seems to be difficult since the number of particles
(electrons) in our system is given by the background charge, and thus is approximately
constant. However, if we include disorder in the model, there seems to be a solution.
In a system with localized disorder, we would expect there to be localized states that
do not contribute to the conductivity. These states would lie between the Landau
levels as shown in figure 2.6b and would in effect behave as an internal particle
reservoir allowing us to fix the chemical potential as desired[11].

From the discussion in section 2.2.2, we know that the ideal system has highly
degenerate energy levels where each energy level corresponds to a Landau level. In-
troducing disorder into the system, we expect that the degeneracy will break, but
the gaps in the spectrum for current-carrying excitations will still be at the bound-
aries between Landau levels, corresponding to v = 1,2,..., just where the IQHE is



14

Chapter 2. Background

observed.

Thus, we have successfully obtained a microscopical description of the IQHE.
This description is called the independent electron model, since it does not include
interactions between the electrons.

2.2.6 The Fractional Effect

The microscopical workings of the fractional quantum Hall effect are complicated and
still not fully understood. We will in this section give a very brief summary of some
of the concepts involved in the microscopical theory. A more complete summary
of the microscopical theory may be found in the review by Karlhede, Kivelson and
Sondhi[11], while a detailed (but somewhat dated) review of the microscopical picture
is available in the book by Prange and Girvin[10].

It is clear that the FQHE can not be described without including the effect of
interaction between the electrons, since as we saw in the previous section, the in-
dependent electron model predicts that there will be no gaps in the spectrum other
than for completely filled Landau levels. The arguments for a gap at filling fractions
% where m is an odd integer rely on the fact that the ground state of the interacting
electron system may be approximated very well by the multi-particle wave function

v =[]z — a)me 22 55, (2.28)

i<k

where z; = ﬁ(l‘ + 1y) is the complex coordinate of particle number j. This wave

function was studied as a variational function by Laughlin[12], who found it to be an
exceptionally accurate approximation. The arguments for a gap are rather subtle,
and we will not enter the subject here.

From the microscopical theory, another important implication also follows. There
must exist quasiparticle excitations in the FQHE system that have fractional charge.
These fractionally charged quasiparticles have further been shown theoretically to
exhibit fractional statistics[13, 14], with statistics parameter

0 = — (2.29)

Quantized Hall conductance at other fractions than the “Laughlin fillings” v = %
are produced by a hierarchy construction[13, 15]. The quantization of these filling
fractions appear when the quasiparticles of a related filling fraction condense into a

homogeneous fluid.

2.3 Ginzburg-Landau Theory

2.3.1 The Mean Field Method

When studying a system with many degrees of freedom (e.g. a large number of
particles), the equations of motion quickly get too complicated to be useful. It is
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necessary to use an approximation to be able to get useful results. One old and
simple approximation that often is accurate enough is the mean field method?.

The main idea behind a mean field approximation is to approximate the detailed
structure of a system with a mean field. For example, in a gas of interacting particles,
it is impossible to keep track of the interactions between all particles. In a gas of
N particles, there will be N(IN — 1) such interactions, and it is obvious that such a
system can not be treated in full detail when N is a macroscopic number. The mean
field method involves assuming that each particle feels a total force proportional to
the mean density of particles. It is this approximation that gives us the well known
van der Waals equation of state, which is known to be accurate enough for most
purposes in thermodynamics.

2.3.2 Landau Mean Field Theory

Several mean field approximations were used to study phase transitions in magnetic
systems. The fact that all these different models gave the same results, lead Landau
to propose a general theory of 2nd order phase transitions in magnetic systems. The
theory was also found to be useful for other types of systems.

Landau realized that most 2nd order phase transitions may be looked at as a
transition from a disordered to an ordered phase. One may therefore assign an order
parameter ¢ which is zero in the disordered phase an nonzero in the ordered phase.
If we assume that the free energy F' is a regular function of the order parameter at
least near the critical point, since the order parameter will be small here, we may
expand F' in orders of ¢:

F = Fy+a¢* + %ﬁ&. (2.30)

Odd powers of ¢ may usually be ignored by symmetry considerations. The parameters
«a and 3 are in general temperature dependent.

2.3.3 The Ginzburg-Landau Equations

Extension of the Landau theory of 2nd order phase transitions to a superconductor or
a superfluid involves treating the wave function as an order parameter, as realized by
Ginzburg and Landau[18]. This is possible because in a superconductor, electrons will
pair up in so called Cooper pairs in the superconducting phase. The wave function
of such pairs will then be identically zero in the non-superconducting phase and may
then be used as an order parameter. Similarly, in a superfluid, the number of particles
in the superfluid state will be vanishingly small in the normal phase.

Treating the wave function as an order parameter implies that we have a complex
order parameter that will also be a function of position. We may then expand the

2This introduction to the mean field method, Landau mean field theory, and the Ginzburg-Landau
equations is based on Tilley and Tilley[16] and Ravndal[17]
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free energy density f(r) in the same way as in equation (2.30), but we will have to
include a term covering the variation with position:

2

Fx) = fo+alo(r)]” + §|¢<r>|4 + f—mw(rn? (2.31)

The coefficient % of the “kinetic energy” term is a conventional normalization of
the free energy.

Ginzburg and Pitaevskii[19] applied the Ginzburg-Landau (GL) theory to liquid

helium. Minimizing the total free energy F' = [ f(r)dV with respect to the wave
function ¢ gives

2
—2h—V2¢ + a¢ + Blo|*¢ = 0. (2.32)
m

For the case of a superconductor, it is necessary to include the effect of an applied
field in the theory. This is done by the minimal coupling

—ihV — —ihD = —ihV + 2eA. (2.33)

(Note that the Cooper pairs have charge —2e.) In addition, to study the system at a
constant applied magnetic field Hy, one must minimize the Gibbs free energy instead
of the Helmholz free energy. The Gibbs free energy density becomes

2 ﬁ 4 1 - 2 B2 1 2
9(x) = o+ alg(w)?+ S10(0)| + 5| (~ihV + 2eA)0IP+ o~ Ho- B+ o3,

2410
(2.34)

Minimizing the total Gibbs energy G = [ g(r)dV with respect to ¢ and A gives
1
5 (ZihV + 2eA)%¢ + ad + B|6|*¢ = 0, (2.35)

; 2
iV x B = @(gb*ng —oVo*) — 4i¢*¢A. (2.36)
Ho m m

These are the Ginzburg-Landau equations.

2.3.4 The GPG Equation—Relation to Microscopic Theory

The derivation of the Ginzburg-Landau equations in the previous chapter had a
purely phenomenological approach. This is a powerful approach relying only on the
assumption that the free energy may be expanded in powers of ¢. However, it leaves
something to be desired when it comes to the connection with microscopic theory,
and it is somewhat unclear when the mentioned assumption is actually valid.

A different approach to the construction of an effective theory starts with the
microscopical description. We will here follow Nozieres and Pines[20] in describ-
ing the derivation of an effective theory first made by Gross[21] and Pitaevskii[22].
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The derivation considers Helium-II only, but a similar derivation from a microscopic
theory might be possible for a superconductor as well.

A superfluid condensate is characterized by having a macroscopic number of par-
ticles in one quantum state (the ground state.) Such a system is denoted by |p(N)).
We single out an off-diagonal matrix element of the destruction operator i (r) by

¢(r) = (d(N = 1)[¢(r) [p(N)), (2.37)

where the state |¢(N — 1)) is obtained by removing one particle from the condensate.
When applied to the state [¢(NV)), the operator ¢(r) satisfies the Heisenberg equation
of motion

= [¢(r), H], (2.38)

where the Hamiltonian H is given by

2
H=— / Prit(r) o () + / Prd®'V (e — ) (e ) pE),  (2.39)

where V (r —r’) is the interaction potential of the particles. We will assume that this
potential may be simplified as

V(r—r') = \%(r—1r'), (2.40)

an assumption that is expected to be valid as long as the typical spacing of the
particles is larger than the typical range of the interaction. Equation (2.38) now

becomes
0 V2
i %ir) = =50 () + AT ()R (r)y(r), (2.41)
and for the condensate wave function ¢(r), we obtain
0 V2
Z' ¢§;’t) = =50, 6) + AP () (r)u(r)), (2.42)

by taking the “expectation value” (-) = (¢(N — 1)| - |¢(N)) of equation (2.41). To
solve this equation, Gross[21] and Pitaevskii[22] proposed using the following factor-
1zation approximation:

@TE)p()p(r)) ~ (@1 () (@) (Y (), (2.43)
which results in the equation
0¢(r,t) v?
= = —%qb(r, t) + Mo(r, t)|%p(r, t) (2.44)

for the condensate wave function ¢(r,t). This is the Ginzburg—Pitaevskii—Gross
(GPG) equation. This equation is also often called the non-linear Schrédinger equa-
tion, for its similarity with the (linear) Schrédinger equation.
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The wave function may be separated into a space independent and a time inde-
pendent part ¢(r,t) = ¢(r)e” % to produce the following eigenvalue equation for the
time independent field ¢(r):

V2
— S {r) + Mo (r) 6 (x) = no(x), (2.45)

where the energy eigenvalue p now corresponds to the chemical potential of the
particles in the condensate. It is easily seen from the definition of ¢(r,t) that the
eigenvalue of the Hamiltonian in this case is the chemical potential. Taking the
expectation value on both sides of equation (2.38), we obtain

9¢(r, 1)

IS = (6N = 1)|[(x), H] (V) = (B x — En-1)8(r, ), (2.46)

where Ey is the energy of the system with IV particles in the condensate, so that
w is given by u = En — En—_1, which is the increase in energy when one particle is
added to the condensate. This is the definition of the chemical potential.

Inserting a constant ground state ¢(r) = /po into (2.45) gives us that u = Apo.
This inspires us to write (2.45) on the form

V2
— 5 o) + Ae(r)|? = po)o(r) = 0, (2.47)

where the constant pg replaces the chemical potential i1 as the eigenvalue. By com-
paring this equation to (2.32), we observe that these two equations are equal if we
let a = Apg and B = A. In other words, we have derived the Ginzburg-Landau equa-
tion for liquid Helium from microscopical principles, and the GPG equation (2.44) is
nothing but the Ginzburg-Landau equation (2.32) extended to time dependent fields.
When we later refer to Ginzburg-Landau (GL) theory, we shall be meaning equation
(2.47), or the corresponding equations for a superconductor, obtained by inserting
a = App and = X into equations (2.35) and (2.36):

1
5 (ZIhV +2eA)%6 + A(|¢]” = po)¢ = 0, (2.48)
1 ieh, o 4e?
—V xB=—(¢"V¢p — V") — —o*dA. (2.49)
Ho m m
It is customary to introduce the constant
1
P — (2.50)
2 mpg

called the coherence length[16]. The coherence length is the typical length scale of
variations in the solution of equation (2.47).

Equation (2.44) may conveniently be described in dimensionless quantities. Re-
scaling the parameters and fields according to

r

t= ¢ = \/Pod, (2.51)

i
L
Apo Ampq
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the dimensionless field qb( t) satisfies the equation

o a -2
iadg t) _ _VT;@, i) + |6(&, )P (E, D). (2.52)

and the time independent field ¢(&) satisfies
2

——¢( £+ (16(2, 8)1* = Do(E,1) = 0. (2.53)

Equations (2.48) and (2.49) may also be rescaled to dimensionless quantities, but
we will not get rid of all constants as in equations (2.52) and (2.53). Making the
same rescaling as above, and also rescaling the Maxwell field A according to

2eA = /AmpoA, (2.54)

we find

%(—N +2eA)%p + (|4 — 1) (2.55)
2 ~

TN x B= L8V 40 - 89A, (2.56)

2 _ m?\
T 2upe?”
That the GL theory of superconductors contains a dimensionless constant has an

important implication. It is found that there are two regions of values for x which

lead to very different properties for a superconductor. If x < %, the superconductor

is said to be of type I, while if x > %, the superconductor is of type II. Type-II

where &k

superconductors allows the magnetic field to penetrate through the superconductor
in quantized vortices[23], while in a type-I superconductor the magnetic field cannot
penetrate the superconductor at all.

The Ginzburg-Landau theory may also be studied by means of a Lagrangian
density function. The form of a Lagrangian is justified only by its ability to reproduce
the equations of motion. There may thus be several possibilities for this function.
One possible form is

— i¢* Do + —¢*D2 (W — po)? (B — B™)?, (2.57)

1
2#062

where Dy = 0y — 2eAp, D = V + 2eA, B™! is the externally imposed magnetic field
and po is the magnetic permeability. This Lagrangian reproduces the equations

f;f S (—iAY + 2¢A)%6 + A6 ~ o), (2.59)
m
2
v xB =DV - 6Ve) - 1 g0a, (2.59)
Ho m

which are the time-dependent versions of the Ginzburg-Landau equations (2.48) and
(2.49).
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2.3.5 Hydrodynamical Analogy

We will review briefly the well known analogy between hydrodynamics and quantum
mechanics. The analogy, which shows that one may treat the condensate wave func-
tion of e.g. a superfluid as a function describing an ensemble of classical particles
subject to classical forces, was first made by Madelung[24] in 1927. The quantum
effects are introduced by a “quantum force” (or “quantum potential”), with some
uncommon effects. This brief review is mainly based on a review given in the thesis
by Myklebust[25].

In general, the Schrédinger equation (linear or non-linear) for particles in an
electromagnetic field may be written

2
ih) = eAgth — ;—szw + Vi, (2.60)

where D = V —ifA and V = V(¢,r) is some operator for a potential. The only
assumption about the potential is that it is only a function of ¥ and r.
By defining

Y= /pe', (2.61)

where p and S are real functions of r and by inserting this expression into the
Schrodinger equation and separating in imaginary and real parts, one obtains the
following equations:

) 2 2 e
—-S = eAp— 2h_m (% — (VS — ﬁA)2> +V(p,S,r) (2.62)
p = —%V- [p(VS’— %A)} (2.63)

The hydrodynamical analogy is then given by identifying the gradient of the phase
of the wave function VS with the momentum?® p. Since we have a coupling to an
electromagnetic field, this means

mv=p—eA =hVS —cA. (2.64)
Substituting this into (2.63) gives a continuity equation:
p+V-(pv)=0, (2.65)

and by taking the gradient of equation (2.62), we get

mv + %mV(vz) +e (A + VA()) +V(V+Q)=0, (2.66)

¥Note that the vector field p(r) gives the momentum of a particle at r, not the momentum density
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2
where we have introduced the “quantum potential” @ = —% v \/_\p/ﬁ. We may rewrite

this using that V(v?2) = 2(v- V)v + 2v x (V x v) and using (2.64) again:

mv+m(v-V)v+V({V+Q)—F=0, (2.67)

where F is the Lorentz force: F = e(E+v x 2B). This equation is identical to Euler’s
equation for a fluid influenced by a force —V(V + Q) + F.

2.4 Vortices

2.4.1 Brief Background on Hydrodynamics

To better understand the properties of vortices in the Ginzburg-Landau theory and in
the Chern-Simons-Ginzburg-Landau theory which is the main topic of this thesis, it
is necessary to have some knowledge of the vortices found in classical hydrodynamics.
We will therefore give a very brief review of the needed concepts before we go on to
discuss quantum vortices. This review is based mainly on the review in the thesis of
Myklebust[25], who studied vortices in the Ginzburg-Landau theory of liquid Helium
in detail.

An ideal fluid is characterized by having no viscosity and an infinite thermal con-
ductivity, so that the temperature is constant throughout the fluid. The fundamental
equations of hydrodynamics for an ideal fluid are the equation of continuity,

dp
—+ V. =0 2.68
L9 (v) =0, (2.68)
and Euler’s equation?,
ot p

where p is the density of the fluid, v is the velocity field (i.e. the velocity of the fluid
at each point) and p is the pressure.

If the fluid is not only ideal but also isentropic, i.e. the entropy is constant
throughout the fluid, the thermodynamical identity

dh = Tds + Vdp, (2.70)
where h is the enthalpy and V = % is the specific volume, reduces to
1
dh = —dp, (2.71)
p
so that Euler’s equation (2.69) becomes
ov
e +(v-V)v=—-Vh, (2.72)

4Obtained in 1755 by L. Euler
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and we obtain the identity

aa—t: —V-(wv)=0 (2.73)

by defining the wvorticity of the fluid w = V X v and taking the curl of (2.72).

Equation (2.73) now has the form of a continuity equation and states that vorticity
is a conserved quantity, i.e. that the total vorticity in the fluid is constant in time.

If w = 0 at all points of the fluid, the fluid is said to be irrotational. In this case

we may write
v=Vo (2.74)

since V X v = w = 0, which defines (up to a constant) the velocity potential ¢ of the
fluid. An irrotational fluid is said to have potential flow since it allows this definition.

2.4.2 Definition of a Vortex in Classical Hydrodynamics

We now have the background to define what we mean by a vortex in a 2-dimensional
fluid. The definition relies on the observation that in physical fluids, the vorticity
is localized in small areas, and most of the fluid is irrotational. A vortex (or vortex
filament) is now defined as such an enclosed filament of the fluid. Outside of vortices,
the fluid is irrotational, and describes potential flow. In a 3-dimensional fluid, a vortex
is actually a tube. Defining the strength of the vortex x as k = f wdS, there are three
properties fundamental to vortex motion in an ideal, isentropic fluid[25]:

Theorem 2.1 a) The same fluid particles constitute a vortex at all times. b) The
strength k = fwdS of a vortex is constant in time. ¢) The strength of a vortex is
constant throughout the tube.

Only the first two parts of the theorem make sense for a 2D fluid, of course. These
are known as Helmholtz’ theorems. However, the third part tells us that it may make
sense to consider a 3D fluid as effectively 2-dimensional.

An important idealization of a vortex is the point vortex, a vortex with zero area.
A velocity field generating one such vortex is

K

= —¢&y. 2.75
v 27r7“e(9 ( )

This field has the properties that V X v = 0 except at the origin, and f V X vd?’r =
lim [ s—rdf) = k. A fluid containing only point vortices will have potential flow
T—00

almost everywhere.

2.4.3 Energy and Movement of Classical Vortices

For a classical system of (point) vortices in an incompressible liquid, it is possible to
show that the energy is given by[25]

N 2
_ P 3 R p > [Ri — Ry|
E = E (iZI /{i) In E - % < /{Z'/%j In ?, (276)
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where R is the length scale of the whole system and a is a cutoff of the order of
the vortex core radius. The first term in this expression is the kinetic energy from
the rotating fluid associated with each vortex, summed, while the second term may
be interpreted as the interaction of the vortices. Note that this interaction does not
come from an electrical charge of the vortices (which are neutral), but has the same
form as a Coloumb interaction in two dimensions.

Using this value as a Hamiltonian, one may deduce the equations of motion for a
system of vortices. For a pair of vortices it is useful to define the guiding center and
relative coordinates

Rgc =Ri+Ro R.a=R;i —Ry (277)

For a pair of vortices with equal strength x one then finds the following equations
of motion:

Xge =0 Vge =0 (2.78)
. K Yiel . K Xrel
Xrel = _;RQ YVrel = ;RQ (279)

rel rel

These equations describe circular motion around a fixed point (the stationary guiding
center) with an angular velocity of

K

Q= (2.80)

w2’

where 7 = |R,¢| is the constant separation of the vortices.
For a pair of vortices with opposite vorticity (a vortex—anti-vortex pair) the equa-

tions of motion will be

K YVrel . K Xrel
- vy =_= 2.81
. n R?el . n R?el ( )
Xrel =0 YVrel =0 (282)

The vortices will not move relative to each other, but will follow a straight line
perpendicular to the line connecting the two vortices.

2.4.4 Vortices in Ginzburg-Landau Theory

In 1949, L. Onsager[26] proposed that circulation in (superfluid) Helium II was
quantized with the quantum of circulation being % Quantization of vorticity was
also proposed and discussed by Feynman[27] and a quantized line was observed by
Vinen[28, 29] in 1958.

The quantization of vorticity in He-II is easy to understand if we apply the
Ginzburg-Landau theory®. We know from section 2.3.5 that the velocity field of

5The introduction in this section is based on Nozieres and Pines[20], Tilley and Tilley[16] and
Myklebust[25]
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a superfluid described by a GL wave function ¢ = \/ﬁeis can be written

velys (2.83)
m

so that the circulation around a closed path C' becomes

/{:j{v-dl:E}{VS-dl:EAS, (2.84)
C m Jc m

where AS is the change in the phase of the wave function as one moves around the
closed path C'. The wave function ¢ must be single valued, so that AS must be an
integer multiply of 27. We thus find

h
k=—s,  s=0%+1,+2, ... (2.85)
m

For quantized vortices, the integer s is usually referred to as the vorticity. Note that
this definition of vorticity is not exactly the same as the vorticity used in classical
hydrodynamics, w = V X v.

The only rotationally invariant wave function having the property (2.85) is

o(r) = f(r)e”™, (2.86)

where f(r) is an undetermined function, and so we expect a basic quantized vortex
to have this form. This wave function produces the same velocity field as the classical
point vortex (equation (2.75)):

K

v =_—¢. 2.87

2 ¢ ( )

One can easily find the energy for a single vortex with this velocity field if ignoring
the energy associated with the interactions between fluid particles. The energy is

then given by the kinetic energy[20],
1 R? R
E = / §mv2d2r ™ -, (2.88)

where we use the coherence length £ as a cutoff to avoid the logarithmic divergence
near the vortex core, and R is the radius of the fluid system. The coherence length
is a natural cutoff since it describes the typical length of variations in the fluid.
Inserting the expected vortex form (2.86) into the dimensionless GPG equation

(2.53), we find the following equation for the function f(r):[25]

d’f  df 52 3

— 4+ — 2— — —2f°=0. 2.89

dr? * rdr * r2 F=2f (2:89)
This equation can only be solved numerically. A graphical presentation of the result
is given in figure 2.7. From equation (2.89) we note that in Ginzburg-Landau theory,
the form of the vortex depends only on s2, i.e. not on the sign of s.
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Figure 2.7: Density profile p = f? for a Ginzburg-Landau s = 1 vortex. From
Myklebust[25], based on data by Kawatra and Pathria[30]. a is the coherence length.

A related phenomenon is the occurrence of quantized flux lines in superconduc-
tors. Superconductors are described by a GL theory with nonzero electromagnetic
field A. Instead of equation (2.83) above, we therefore have

AV S = mv + qA, (2.90)

giving the quantization condition
%mv ~dl— 7{qu1 = nh. (2.91)

By using the Maxwell equation (2.49), which we may write as
2 X VB = poj = poglt v, (2.92)

and by taking the curl of equation (2.90), we find the following equation for B:

,1d [ dB
1 ‘b g 2.
o (o) B =0, (2.93)

where A\ = is the London penetration depth[16]® (Note that this A is not

_m_
Hog>p
related to the parameter A defined previously.) This equation may be solved analyt-

5The London penetration depth is the typical length of variations in the magnetic field, as opposed
to the correlation length, which is the typical length of variations in the particle density
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ically, giving

nh r
B=—Ky(- 2.94
nh r
= Ki(— 2.95

where K7 is a modified Bessel function of the second kind. The coefficient of B
has been determined by the boundary condition (2.91). Since the modified Bessel
functions decay exponentially”, K 1(%) o< e~ X, equation (2.91) may be simplified for
a path with a large radius to

ij cdl = /BdA _nh (2.96)
q

giving that the magnetic flux through the vortex is quantized with the flux quantum
being ¢g = %.

The realization that flux lines are quantized has been very important for the
understanding of type-II superconductivity. A. A. Abrikosov|[23] showed that vortices
may arrange themselves in a regular lattice (Abrikosov considered a square lattice,
while W. H. Kleiner et. al.[31] considered the later observed triangular lattice), a

behavior that has been experimentally confirmed[32].

2.5 Maxwell-Chern-Simons Theory

Maxwell-Chern-Simons (MCS) theory is an extension to regular Maxwell theory (i.e.
electromagnetism) that is only possible in two dimensions. The theory describes
anyons as sources for a field somewhat similar to the regular electromagnetic field, in
the same way as charged particles are sources for the electromagnetic field in regular
Maxwell theory. The theory got its name from a paper by Chern and Simons[33]
from 1971. MCS theory has been extensively studied in the thesis by Lovvik[34], and
we will take the results we need from there.

The relation between MCS theory and Maxwell theory is very much the same as
the relation between Chern-Simons-Ginzburg-Landau theory and Ginzburg-Landau
theory. This will be further established in the following chapters. Since MCS theory
is considered useful for describing a system of anyons, and since the vortices in CSGL
theory are indeed anyons, it might be interesting and useful to have a look at the
relations between these two theories.

The theory is generated by adding a Chern Simons term 5" A,0,A, to the
regular Maxwell Lagrangian. Thus the Lagrangian for MCS theory is[34]

1
Luics = =3 Fu F* — 4 Ay + geﬂ”"AuaﬂAg. (2.97)

"Properties of the modified Bessel functions are summarized in appendix B
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Here, j# is an external current field and p is a free parameter of dimension length.
The current j# is the current of the anyons in the theory.
From this Lagrangian, one obtains the following field equations:

KE"— uB = p (2.98)
¢10;B — E" — p BV = j, (2.99)

where we have introduced the “physical” fields E? = —9;A° — 9y A* and B = €99;A7.
These definitions also lead to a Faraday’s law,

€90, ) = —0yB. (2.100)

These equations are quite similar to the equations of electromagnetism, we see that
in the limit 4 — 0, we regain Maxwell’s equations. However, for finite u it is found
that the solutions of the equations are quite different from the solutions of Maxwell’s
equations.

The most important solutions for us will be the fields from point particles. It
is easy to find the fields from a static point particle by letting ¢ = ¢d(r) in the
equations above. The solution is found[34] to be

B(r) = —%Ko(m) (2.101)
E(r) = %Kl(ur)ér, (2.102)

where Ky and K7 are modified Bessel functions and €, is a unit vector in the radial di-
rection. There are two major differences between this solution and the corresponding
solution to Maxwell’s equations, which in two dimensions is[34]

B(r) =0 (2.103)
q .

E(r)= Forlr (2.104)
First, we see that while the Maxwell B-field vanishes for a point particle, the MCS
solution has both fields B and E non-zero. Second, the MCS fields are exponentially
damped (some properties of the Bessel functions are given in appendix B), while the
electric Maxwell field goes as % as r — o0o. The exponential damping means that two
MCS particles separated far from each other do not interact.

For particles in motion in regular electromagnetism, the solution to Maxwell’s
equations is the retarded potential well known from classical physics. An analogous
solution is MCS theory has been found by Lgvvik[34]. This is the solution to the
above equations with j# = ¢@*(t)6)((r) — R(t)), where R(t) is the path of the
particle and 8* is the 3-velocity given by 3* = (1,R(t)). The solution is found by
using the propagator of MCS theory, which is given by[34]

gtv k*EY e M ey ak?

Diy = - - 2.105
vl = T TR e R e) e )
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where « is a gauge-fixing constant. The “retarded” potential is found[34] to be

Ay(r) =3y () + ieuwﬁ“ (3’\(0) — J’\(,u)> , (2.106)
where
s Bt~ — [~ R(#)]) cos (u/T— )~ - REP)
()= /_oo QW\/(t_t/)S_ Ir — R(t)]2 >QB>\(t )dt'.
(2.107)

The Maxwell-Chern-Simons theory may be rescaled to dimensionless variables,
and is found to contain no free dimensionless parameters. One possible rescaling is

AU
2 = ‘% GV =t AV = AV (2.108)

If we also rescale the Lagrangian according to £ = ,uzﬁ, we find

R 1. . R 1 A a
Lucs = = Fu B = P A, + 577 A0, Ao (2.109)

\)

We see that the rescaling is equivalent to setting @ = 1. The rescaled static point
particle fields become

B(t) = —%Ko(f) (2.110)
E(f) = %Kl(f)é,:. (2.111)



Chapter 3

Chern-Simons-Ginzburg-Landau
Theory

3.1 Background

3.1.1 The Need for an Effective Theory

The fractional quantum Hall effect is a remarkable example of quantum effects ob-
servable on a macroscopic level. Other examples include superfluidity and supercon-
ductivity. The latter phenomena have been successfully described by the Ginzburg—
Landau effective field theory, and there are many similarities between superfluidity /-
conductivity and the FQHE. All these systems have a ground state with a constant
non-zero density of particles, interaction between particles is important to describe
the full system, and there are quasiparticle excitations (vortices). If one could de-
scribe the FQHE by an effective field theory, one might hope to produce a better
understanding and description of the quantum Hall phenomenon.

There are also some very important aspects of the FQHE which are not present
in the GL theories. The most important ones[10] are these: There is a gap in the
spectrum which leads to the incompressibility of the FQHE system; vortices (quasi-
particles) have finite energy, as opposed to the vortices in He-II; and vortices have
fractional charge.

In 1988, Zhang, Hansson and Kivelson[35] and Read[36] proposed a Ginzburg—
Landau theory for the fractional quantum Hall effect based on the introduction of a
Chern—Simons term into the Lagrangian for GL theory. The theory has been quite
successful in describing various properties of the FQHE (for a review, see e.g. [37]).

3.1.2 Motivation

In this section we will make an attempt to motivate the form of the Lagrangian of
the Chern Simons Ginzburg Landau (CSGL) theory. It is not the purpose to show a
derivation from microscopical principles, but to aid the understanding of the theory
by giving a brief overview of the background.

29
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We will start this motivation by showing how one with a singular gauge trans-
formation can turn a fermionic (indeed, anyonic) wave function into a bosonic one:
Imagine a system of two particles, such that interchanging them multiplies the wave

function by a phase factor e?. Working in complex relative coordinates, where
z = x + 1y, this may be expressed as
V(e z) = e?y(2). (3.1)

(The notation does not imply that 1) is an analytical function of z. Indeed, for anyons,
the wave function will in general be multi-valued.) We want to describe the same
system with a bosonic wave function ¢(z) = ¢(e’"2). By assuming that the two wave
functions are related by a gauge transformation ¢(z) = e™*))(z2), we get

eMY(z) = 9(z) = 9(e'2) = T (2), (32)
n(z) —n(e™z) = 0. (3:3)
It may be easily verified that the solution to this equation is
0
1(z) = ——Arg(2). (3.4)

When we perform a gauge transformation of the wave function of the form 1 —
e, we must also transform the electromagnetic field according to eA* — e A* 4+0Hn.
The gauge field corresponding to this transformation is given by

1 0 Zxr
Arel) (I‘) = ——VU(I') = 2 (35)
e me r
giving a “magnetic field”
0 r 20
= v. o = _Zs@p. 3.6
b(rel) (I‘) 7T€V r2 e 0 (I‘) ( )

The label ‘(rel)’ is added here to show that these fields are given in relative coordi-
nates. We would, however, like to express the fields in absolute coordinates. For two
particles, we would then want the field from one particle at the position of the second
to equal a() (r1 — rg), where ry and ro are the positions of the particles. The field
we want is given by

a(r) = A(rel) (I‘ - I‘1) + A(rel) (I‘ - 1‘2), (37)

when we ignore “self-interaction” terms of the kind a (. (0). The magnetic field
becomes

20 (52 (@)
- (5 (r—r1)+0 (r—r2)> . (3.8)

This formula may be generalized to any number of particles in the form

b(r) =

N
br) = 2237 50— xi) = ~ 2 pfr), (3.9)
=1

where p(r) is the density of the particles. In the following section, we will show that
the CSGL Lagrangian produces exactly this result.
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3.1.3 Field Equations
The CSGL Lagrangian density is given by[35]

1 A
L =1i¢"(0y +ieAg + ieap)p + %(b*(@i +ied; + ieai)qu — E(gb*qb — p0)2

+ ge“””a“&,ag, (3.10)

where A" = (A%, A). A¥ represents an external field, and a* is a “statistical” gauge
field. From this expression we see that there are five parameters to the theory: e, m,
A, po and p. The first two of these are the effective charge and mass, respectively,
in the interface where the effect occurs. Not that in particular, the mass parameter
m is here to be understood as an effective mass not equal to the electron mass®
me. The effective electron charge e is not an important parameter, since it may be
“absorbed” by a redefinition of the electromagnetic field A,,. The parameters A and
po arise in the same fashion as the parameters with the same names in Ginzburg—
Landau theory, as discussed in sections 2.3.3 and 2.3.4. These parameters therefore
reflect that the CSGL theory is an effective theory, and they must be determined on
a phenomenological basis. One could imagine a more “realistic” model by replacing
the third term in 3.10 by a term including a potential V (r —r’), but it is not obvious
what this potential should look like. The last parameter, i will be shown below to
be connected to the fact that the electrons described by CSGL theory are fermions,
as opposed to the bosons described by GL theory.
Variation of (3.10) with respect to ¢* gives

. 1 . . X

—(i0yp — eAg — eag)d = %(0Z + ieA; +iea;)?p — N ¢ — po)o. (3.11)
This is just the Ginzburg—Pitaevskii—Gross field equation, or the nonlinear Schrédinger
equation (see section 2.3.4), for a system of bosons in an electromagnetic field A #+a.

Variation with respect to ag gives
1€’ dza; = e = ep. (3.12)

As announced, this is exactly equation (3.9), which we wanted for a system of anyons,
when we define

= —. 3.13
B=op (3.13)

Equation (3.12) together with (3.11) has an interesting interpretation: In two
dimensions we may look at anyons as bosons with an attached magnetic flux equal
to —ﬁ. For fermions, we have y = m, n = 1,2,3,..., and the magnetic flux
2
T

attached to each particle becomes —(1 + 2n)

'In fact, is has been argued[38, 35, 36] that the parameter m is not connected to the electron
mass at all, but depend only on the Coloumb interaction between the electrons.



32

Chapter 3. Chern-Simons-Ginzburg-Landau Theory

Finally, variation with respect to a; gives,
1€ (9ja0 — doaj) = ej’, (3.14)

where j¢ = 51 {¢*(0; + iea; + ieA;)¢ — [(9; + iea; + ieA;)d]*¢}. This equation states
that the statistical “electric” field e* = —d;a9+0ya; may be identified with the particle
current density j°.

3.1.4 Energy

The energy density of a CSGL system may be derived in the standard fashion from
the Lagrangian density (3.10):

7d¢ wda_ﬂ

=g vl L. (3.15)

where the canonical conjugate fields quS and a, are given by

~ oL
= & 3.16
¢ ) ¢ (3.16)
. oL 1
- 1
a o 5€ (3.17)

After some algebra, we end up with
1 g
E=¢"(ely + eap)p — %qb*qub + Xp— po)? + peagaj;. (3.18)

where we have used that ¢"?a,a,, = €/ (aiaoyj —a;ajo + aoaj,i). By ignoring a
surface term, we may rewrite the above as

1 . A
€ = 5 —[Do|* + ag(ep+ pe’aj;) + edop + 5 (p = po)*. (3.19)

From (3.12) we see that the term proportional to a ¢ vanishes and we are left with

1 A
= —|D¢|? A Z(p— po)?. 2
&= 5 ~[DoI" +edop+ S (p = po) (3.20)

Note that this is just the energy from a Ginzburg-Landau system in an electromag-
netic field A* + a*, but that a® does not contribute to the energy. Also note that for
the QHE, A° is normally 0 since the external field is purely magnetic and static.

3.2 Simple Solutions

3.2.1 Ground State

From (3.20) we see that if we could find a solution such that D¢ = 0 and p = pg, then
this would surely be the ground state of the system. By letting ¢(x) = \/p_oels () we
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find that this requirement gives 0;5 + eA; + ea; = 0. For constant solutions, we must
then have a; = —A;. However, equation (3.12) tells us that € 0;a; = ﬁpo. Thus, a
constant ground state is only possible for external fields such that

Bext — _eijaiAj — Epo. (321)

This may be understood as follows: Each particle carries a magnetic flux of
strength ﬁ, according to (3.12). In this ground state, the density of particles is
constant and exactly the right size to cancel the external field A*. Thus, the particles
feel no net magnetic field and behave as bosons interacting with each other via the
¢*-type interaction.

When (3.21) does not hold, it is still possible to find a constant solution
p=Epet, (3.22)
e

This solution must have eag = \(p—po), as can be readily seen from equation (3.11).
As noted by Curnoe and Weiss[39], a change in pg (or equivalently B®**) can always
be cancelled by a constant change in ag, so that in this sense solutions of the field
equations are independent of B™*. The ground state, however, need not be the same
for different values of B*. But in fact, there will be a “window” where B®*' can
change around ﬁpo, where the ground state of the system is the constant solution
(3.22)[39, 40]. The width of this window is determined by the creation energy of a
vortex and an anti-vortex by[40]

Apo = , (3.23)

where €'(pg) and €*V(pg) are the creation energies for a vortex and an anti-vortex,
respectively.

3.2.2 Plane Waves

By using the hydrodynamical analogy of section 2.3.5, it is possible to find a dispersion
relation for plane waves in a CSGL system. To find plane wave solutions, we proceed
by expanding around the ground state p = pg, v = 0, assuming the deviation from
the ground state is small:

p = po+0p, (3.24)
v = Jv. (3.25)
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We also insert the potential V- = A(p—pg) and equation (3.21) into (2.67) and linearize
(2.65) and (2.67) in dp and v, arriving at 2

%5;} + poVov =0, (3.26)
m%év +AVip — mlpovvzap - elﬂév X z=0. (3.27)
We now make the assumption that dp and dv describe plane waves,
8p = dpgettkx—wt), (3.28)
§v = dve! Kb (3.29)

where a phase difference between the components of v and between dv and dp
are allowed through dvg, which is assumed to be complex. We also introduce the
longitudinal and transverse components of Jv,

k- v = kv, (3.30)
k x 0v = kdv,. (3.31)

Inserting these relations into equation (3.27) and taking the transverse component,

we find the relation
6200
—imwdv + ——dv =0, (3.32)
7

which tells us that the longitudinal and transverse components of dv in general have
a phase difference of 90°. In addition, as mﬁe“% — 00, the transverse component dv
disappears.

Inserting our plane waves into equation (3.26), we find a relation between the

density and velocity of the particles creating the waves:
pokdvy = wép. (3.33)
Inserting the two preceding relations into the longitudinal component of equation

(3.27), we find the dispersion relation,

by 1 4 2
W= 002y gty TR0 (3.34)
m dm meu

If we omit the k*-term (i.e. going to a long wavelength limit), this dispersion relation
tells us that the plane waves act like a field of particles with mass efnﬂ. Again
using equation (3.21), we see that the mass is identical to the cyclotron frequency
we = eEj;XE defined in section 2.2.2.

This mass is associated with the gap in the spectrum that was discussed in the
introduction. The fact that the plane wave solutions have a mass, shows that there
is a gap, so that a finite energy is needed to create excitations to the system. This is
also the same as saying that the electrons describe an incompressible quantum liquid,

since the liquid can not be deformed by small perturbations.

2We have used equations (3.12) and (3.14) to write the Lorentz force as F = e(€ + v X 2B) ~
Cengy x 2.
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3.3 Rescaling to Dimensionless Variables

The Lagrangian (3.10) allows one to perform a rescaling of the fields ¢(x), A ,(x),
and a,(x) together with x to produce a new Lagrangian only dependent on one
dimensionless parameter. Substituting

_ i _ Mo 4

"y = YAmeo g (3.35)
p= ﬂ ¢ = /P09

Z

ﬁ

into (3.10) and rescaling the Lagrangian according to L= E , gives us a new La-
grangian
A - % (A A\ PR 1A*A A\ A N2 7 1 % 7 2
= i¢" (0o +iAg +ido)9 + P14 (0; +iA; +1ia;)"¢ — §(¢ ¢ —1)

+g 70, 0,0,,  (3.36)

which will be used in the rest of this chapter. We will omit the marks on the fields
except when necessary to distinguish dimensional and dimensionless quantities. With
the Lagrangian (3.36), the field equations become

iDo + 5 D26~ (66— )9 =0 (3.37)
,ueij@'aj = 9% (3.38)
1€’ (9jaq — doay) = j'. (3.39)

The dimensionless parameter fi is given in terms of the statistics parameter 0 as
- mA
ILL - 29 )
by using equation (3.13). It can also be formulated in terms of the external magnetic
field by using equation (3.21),

(3.40)

Ampg
eBext :

'LL:

(3.41)

The rescaling (3.35) is not unique in respect to creating dimensionless variables.
It is obvious that one could define another rescaling 80 = a@o etc., where « etc. are
dimensionless constants, that would be just as good. Furthermore, since we have
a dimensionless parameter (x) in this system, the constants a etc. might depend
on this parameter. As an example, consider applying the following dimensionless
rescaling after (3.35):

t=pt

i (3.42)

Ay =
A; =

=l
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If we also scale the Lagrangian, L= [Lﬁ, we obtain

00+ idi +ia)d— £ (69— 1)?

" q,0,a,, (3.43
"

= " (o + iAo + ido)d +

N |

where we observe that the parameter fi has now moved to another term in the La-

©
e2p

grangian. In the original units, the scaling (3.42) equals ¢ = %f and r’ = 7.

Using (3.21), we see that this may be understood as measuring length in units of the
magnetic length ¢ = \/e}BW’ while we see that the rescaling we will use, (3.35), is

is the coherence

equivalent to measuring length in units of /2¢, where & = > )\lmpo
length defined in section 2.3.4 for Ginzburg—Landau theory. The alternative rescaling
(3.42) was e.g. used by Tafelmayer[41].

3.4 Self-Dual Point

A mathematical model such as the one we are discussing here, may sometimes have
the property that the equations of motion may be reduced to a simpler set of equations
for special values of the parameters. In certain cases, the equations may be reduced to
a set of “self-dual” equations, e.g. equations on the form v; = €% v; for some quantity
v. We will show that for one particular choice of the dimensionless parameter of CSGL
theory, equation (3.11) reduces to such an equation.

To find the self-dual point and the self-dual equations for CSGL theory, we will
look at the energy density (3.20). This quantity may be rewritten in the following
way[41, 42]:

_1 2 1 2 1)\2
£ = 5IDo* + S(101 = 1)

= (D1 iD2)of? + Sie (Dig)(D;6)" + 5 (161 — 1)

1 1 (3.44)
= 101+ 2o+ (5= ) (o -
1. 1 .
+ 56700 (5300016 - 00,6~ Al - 1)

where we have used equation (3.12). Integrating to find the total energy, we may use
Green’s theorem on the last term and find

[0)) |
E = / ~|(Dy + iD3)¢|?d*x + = + hm —jtdl’, (3.45)
2 2
where @ is the total magnetic flux and Cg is a circular path with radius R. Since we
may assume that the current vanishes at infinity, the last integral vanishes. Further-
more, since the total flux by equations (3.12) and (3.21) is given by the charge in the



3.5 Vortex Solutions in CSGL Theory

37

system,
g S
- /dzxe”@'(AJ o) = /d%a —1gP2), (3.46)

we may assume that this is given, and so, for 4 = 1 the energy is minimized for
solutions of the equation

(D1 +iDs)¢ = 0, (3.47)

which is the self-duality equation for this system. This equation is also known as the
Bogomoln’yi equation.

3.5 Vortex Solutions in CSGL Theory

3.5.1 Single Vortex

We will look for time invariant solutions to (3.37) that have the form of a rotationally
invariant vortex located at the origin,

o(r,0) = f(r)eise, (3.48)

where f(r) is a real positive function and s is an integer, the vorticity of the vortex.
Furthermore, we will assume that the external field A* is a pure magnetic field as
discussed in section 3.2.1. We will choose gauge such that A? = 0.

The energy of a vortex, given by equation (3.20), should be finite. In dimensionless
variables, the energy is given by

1 1
£=5Dgl* + S(p—1)% (3.49)

where we have set Ag = 0. We would like the integral over all space of this expression
to be finite, so we must demand[41] that r?|D¢|?> — 0 and r?[(f(r))%2 — 1]> — 0 as

r — oo. Hence, we get the condition that the total vector field must satisfy
A(r)+ar) — ey (3.50)

r—oo 1
more quickly than % Here, ey is a unit vector in the 6 direction.
In polar coordinates, equation (3.38) becomes, when adding the external field
B=1
1w

wlo

plo A" +d7)
r | Or

(rA? +ra®) — 50

=1—[f(r)* (3.51)

It is obvious that we may choose a”(r,0) = —A"(r,0) and A%(r,0) + a’(r,0) = ag).
We then have to solve the equation for «,

pa (r) + 1 [(f(r))? —1] = 0. (3.52)
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The equation for ag, (3.39), contains the current j, which is defined by

j= 5 [6°D6 — (Do), (3.53)

In polar coordinates, we have D, = % — A" —id" = % and Dy = %% —iA% — ia.

The current becomes

-7

Jj =0
0 S —«

o= (f(r))*.

Using this and the expression for the curl in polar coordinates, (3.39) becomes

oa .
%a—; —j"=0 (3.54)

Oag 9 s—a(r)

—pg = = [f ()], (3.55)

r

so we see that ag is a function of r only: ag(r,0) = ag(r) Inserting (3.48) in (3.37),
we obtain

S —

2
P+ 70 = (52) 10 = 200010+ 2 1= (F0)?] 1) 0. (350)

Equations (3.52), (3.55) and (3.56) must be solved to solve the vortex problem (3.48).

r

3.5.2 Topological Invariants

From elementary quantum mechanics, we are aware of the fact that most quantum
numbers follow from the symmetry of a system. E.g. in a rotationally invariant
system one knows that angular momentum is quantized. From the rotation group
and its generators, one can also deduce the degeneracy of the energy levels in a
rotationally invariant system.

But in the case of a quantum vortex, the vorticity is not quantized because of
some symmetry but simply because we require that the wave function should be single
valued (see the discussion in section 2.4.4.) This requirement causes the vorticity
s to be an integer. Furthermore, total vorticity is a topological invariant, since
no continuous transformations on the wave function will alter the total vorticity.
Vorticity is therefore called a topological charge.

For a vortex, there are some quantities that depend only on the value of s. These
quantities are thus dictated by the topology of the vortex. We know from section
2.4.4 that in the Ginzburg Landau theory for superconductors, the magnetic flux
is quantized. By using equation (3.50), we find that the same is true for the total
magnetic flux in the CSGL theory:

o = /dzxeijai(aj + A7) = 27s. (3.57)
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In CSGL theory this equation has an implication not present in GL theory. Since
there is a simple relation between the statistical electromagnetic field a, and the
electron density given by equation (3.38), and since the external magnetic field is
constant equal to €70; A7 = % in the rescaled units, we find for the charge of the

CSGL vortex
Q- /d%(|¢12 1= ,u/dzxeijai(aj L+ A) = —2msp. (3.58)

Equations (3.58) and (3.57) are true for all vortices, i.e. no matter the detailed form
of the vortex, the charge is always the same, and determined by the vorticity s. In

dimensional units, the charge translates to® Q = —%27&9 = _14—%37 when we use the

ﬁim)' Note that the charge of a
vortex (s > 0) is positive, since the electrons are pushed out to infinity. The charge
of an anti-vortex (s < 0) is negative, so for an anti-vortex there is an abundance
of electrons near the vortex. However, we know that the density of electrons must
vanish in the center of the anti-vortex as well.

fact that the electrons are fermions with p =

There is also another important quantity that is topological invariant in the CSGL
theory. The angular momentum is given by[43, 44, 41]

J =2 /000 drr(s — a(r))(1 — |¢|?) = —ns? (3.59)

or, in the original dimensional units, J = 7;—’; msz. Since the quasiparticles of
the quantum Hall effect are believed to have a statistics parameter of 0 = 575 (see
section 2.2.6), this corresponds to the picture of the s = +1 vortices in CSGL theory
as the Laughlin quasiparticles assuming that the generalized spin-statistics theorem

J = £ holds for anyons[6].

3.5.3 Asymptotic Form of Vortex Outside the Core

The set (3.52), (3.55) and (3.56) of nonlinear differential equations can only be solved
numerically. However, in the limit » — 0o, we may approximate the solution by
expanding around the values of the fields in this limit. We define

flr)=1=x(r) (3.60)
ao(r) = ¥(r) (3.61)
a=s—w(r), (3.62)

where the new functions x, 1 and w are all assumed to be small far from the vortex
core Inserting these definitions into equations (3.52), (3.55) and (3.56) and linearizing,

3In dimensional units, Q = e J d*z(|o|* — po) = %%, where @ is the dimensionless quantity.
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we get a new set of equations,

1
X"+ ;x’ =4y — 29 (3.63)
pw’ +2ry =0 (3.64)
) + % — 0, (3.65)

which has the set of solutions[41]

r

= (%) (3.66)

w = 2CCTK1(%) (3.67)
20¢2 T

v =2 Ko@), (3.65)

where Ky and K are modified Bessel functions of the second kind, C' is an unknown
constant, and ( is a solution to the equation

2 ¢?
4¢3 (1 — F) =1. (3.69)

In the limit r — oo, this gives x(r) = 1 — f(r) the asymptotic form of

() — ¢y g—re_%. (3.70)

Equation (3.69) for the length scale ¢ of the exponential decay of x is of fourth
degree in ¢ and therefore has four solutions given by

2
g2:%<1i 1-%). (3.71)

When |z| > 1, ¢2 is positive, so ¢ may take one of four real values, two of which are
positive and two of which are negative. From (3.70) we see that we can only allow
positive (, or else x would blow up as r — oco. We therefore have, for |u| > 1, two
solutions for ¢ given by

e R

In the limit > 1, we find that these two solutions have quite different character:

G = G — ! (3.73)

J4—00 p—oo 2°
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The total solution will be

fry=1- \/g (CH\/C_le_é +Cy Cze_é> . (3.74)

For large u, we see from (3.73) that the first exponential will be dominating, since
the second one will be small for r > %. In this limit, we can make an approximation
for the asymptotic form of f(r) by

fir) = 10, /%e_ﬁ. (3.75)

In the inner core of the vortex, all the fields may be assumed to be small, and the
equations may be linearized. We are left with a decoupled set of equations:

3.5.4 Inner Core

1! 1 / $ 2 _
f+;f+<2—(;)>f_0 (3.76)
pa! —r =0 (3.77)
pag =0 (3.78)

which has the solution

flr)y=CJs(r) (3.79)
alr) = iﬁ (3.80)
(I()(?“) = ap. (3.81)

where Jg(r) is the Bessel function of order s, and C and ag are unknown constants.

3.5.5 Comparing CSGL and GL Theory

Equation (3.56) is the same as the corresponding equation in Ginzburg-Landau the-
ory, except for the fields ag and «. From equations (3.55) and (3.52) one may write
down expressions for these fields,

1 " !0 !/
a(r) = —;/0 dr'r'(p(r') = 1) (3.82)
ao(r) = %/T dr’s_riof(r)p(r’). (3.83)

These functions are clearly seen to vanish as u — 0o, so we would expect the results
from GL theory to coincide with those of CSGL theory in this limit.

This correspondence is particularly visible inside the vortex core, where the solu-
tions are identical in CSGL and GL theory. For larger r, the correspondence is not
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so obvious. A feature of the vortices in the Ginzburg-Landau theory for Helium-II is
that the density is not decaying exponentially as » — oco. This is a major difference
of CSGL and GL vortices, but we know from equation (3.75) that the exponential
decay of f(r) is given as e_ﬁ, so that when y — oo, the exponential decay will vanish.

It is easy to see from equation (3.56) why we have this behavior: we know that
a — 0 for r — 0 and that & — s for r — oo. Therefore, equation (3.56) will be
equal to the GL equation for a vortex with vorticity s for small r, while it will be
equal to that of no vortex for large r (i.e. the solution will be the constant ground
state). Ergo, we would assume that the wave functions of GL and CSGL vortices
were approximately equal as r — 0, but that the CSGL vortex density approach the
asymptotic constant value more quickly than the GL vortex density.

This behavior allows us to make a simple estimate of the energy of a CSGL vortex
as a function of p, since we know the energy for a GL vortex (equation (2.88).) If
we as a first approximation say that the energy density for a CSGL vortex is equal
to the energy density for a GL vortex for r < u, and that it is equal to 0 for r > p,
we get that the energy of a CSGL vortex is equal to that of a GL vortex of radius p,
which when p > € is

E~ —k ln%. (3.84)

3.5.6 Comparing MCS and CSGL Theory

Maxwell-Chern-Simons theory, which was briefly reviewed in section 2.5, is a descrip-
tion of anyons. Therefore, it would be interesting to see if there was any connection
between this theory and the vortices in CSGL theory, which are believed to be anyons.
In this section we will compare the MCS B-field from a static point particle, for which
the dimensionless expression is given by equation (2.110), with the total magnetic
field from a CSGL vortex. The CSGL vortex has a finite core size, so we would not
expect the point particle approximation to be exact. We might however expect the
MCS and CSGL fields to be equal in the limit r — oco.

The dimensionless B-field of MCS theory for a point particle is given by equation
(2.110):

Buics(r) = =5 Ko(r), (3.85)
T

where ¢ is the MCS charge. The total magnetic field from a CSGL vortex may be
found in the limit » — oo by using equations (3.38) and the asymptotic form for
x(r) =1 — f(r), which was found in equation (3.66):

B(r) = %{1 ~ )2} ~ %xm ~ %K()(g), (3.56)

where we have used that the length scale ( may be approximated by ¢ = p for large
u, as we discussed in section 3.5.3.
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It is evident from these expressions that if we rescale the coordinate according to

r
rMes = —, (3.87)
1

and let r — oo while keeping ﬁ constant?, the MCS magnetic field Byjcs is connected
to the CSGL magnetic field B by

Bymcs(ravcs) ~ — %B(P)- (3.88)

Unfortunately, the constant C' is not determined. The value to use for the MCS
charge ¢ is not obvious either at this point. However, it seems clear that the CSGL
theory is equivalent to the MCS theory (at least for the magnetic fields) in the limit
T, — 00, ﬁ constant.

In chapter 5 we will make a more thorough study of the connection between MCS
and CSGL theory.

3.5.7 Units and Length Scales’®

In the dimensionless units we have been using, length is measured in terms of v/2¢,
where £ is the coherence length. This quantity is the typical length scale for variations
in the electron density, so it may be taken as a measure of the core size of the vortices.
We will write this as Reore & \/55. However, a vortex in CSGL theory also has a
second length scale associated with it—the length scale of the exponential damping
of the vortex “tail”. This is the size of the total vortex, R. In section 3.5.3, we found
two solutions for the length scale of the exponential damping, (1 and (o, given in
equation (3.73). We also commented that (; would be dominating, so we will assume
that this is the scale of the vortex size. When /i is large, we may use equation (3.73)
and the vortex size is given in dimensional units by

7 W[ Am 0?
R=( = = 53/ — = , 3.89
G Ampg e? PO Pcore ( )

. . o 1
where £ is the magnetic length, ¢ = N

Interestingly, demanding R = Rcore, iS equivalent to setting ¢ = /2¢, which
again is the same as saying that 4 = 1 in the dimensionless description. This is
exactly where we find the “self-dual” solutions! This is analogous to the case of a
superconductor, where the self-dual point is found when & = v/2), where X here is
the London penetration depth (cf. section 2.4.4.)

We have also seen that the CSGL theory is equivalent to the Ginzburg-Landau
theory of Helium-II in the limit /i — oo. In dimensional units, this limit becomes

meé“ — 00 , or in terms of the statistics parameter 6 (using equation (3.40)),

mA
— — 0. (3.90)
20

40r, equivalently let y — co while keeping ﬁ constant

SIn this section we will temporarily return to dimensional units
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We observe that when 6§ = 0, we return to the Ginzburg-Landau theory. This is not
surprising, since it means that the particles we are describing are bosons. Further-
more, when the interaction between the particles (which is given by A) is strong, we
approach the Ginzburg-Landau limit.

In the limit 7, it — oo, i constant, we found that the CSGL theory approaches
the MCS theory. In terms of the dimensional parameters, we find that

Po
=20,/ — 91
91/)\mr, (3.91)

so the condition ﬁ constant becomes pyo constant.

= >

3.6 Self-dual Vortices

As discussed in section 3.4, the CSGL system has a “self-dual point” at u = 1. The
energy is then given by equation (3.45). When we insert that the current vanishes at
infinity this equation reduces to

1 ®
E = / 5I(D1+ iD2)p|*d?x + 5 (3.92)

where @ is the total flux. Since we now know that the flux is quantized by equation
(3.57), we find that

1
E = / 5D+ iD2)p|*d?x + Ts. (3.93)

When the Bogomol’'nyi equation (3.47) is satisfied, the energy is simplified further to
E = 7s, (3.94)

so that it is linear in the vorticity of the vortex. For a vortex (3.48), the Bogomol’'nyi
equation becomes

ﬁ_s—a
dr  r

f (3.95)
This gives a simple expression for the current,

df

0 S—«

- 2
= = 3'96
J — T =ra (3.96)
which may be inserted into (3.55), solving this equation:
day df 1d ,
7 Tu

an(r) = O — S (7(r))*
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By using this answer with (3.95), we find that

s —«

2
)f&%—%dﬂﬂﬂ+2P—Lﬂﬂﬂf&%=ﬂ—2Cﬁ-
(3.97)

P+ e - (

r

Comparing this to (3.56), we see that we must have C' = % for consistency. This
means that ag is completely solved in terms of f:

(L= (f(r)?). (3.98)

N |

aop(r) =

From equation (3.95) we find

dinf
dr

r s —a. (3.99)

Differentiating and inserting (3.52), we arrive at

d dinf o
%’I" dr —T‘(f 1)7
V2 f?2 =2(f*-1). (3.100)

Equation (3.100) has a strong resemblance to the Liouville equation,

V2 1np(r) = 2yp(r), (3.101)

/ 2
which has the general solution p(r) = %%, where g(z + iy) is an arbitrary
function. The most general radially symmetric and nonsingular solution to the Li-
Lyn -

2
p [45]. Unfortunately, no solution has
0

ouville equation is p(r) = f{% [(7;—0)” + (
been found to equation (3.100).

As shown in section 3.4, the energy takes a particular simple form at the self dual
point. Tafelmayer[41] has shown that for vortices this point signifies an important
change in the properties of the system. For y < 1, the energy of n vortices with unit
vorticity is larger than the energy of one vortex with vorticity n. For pu > 1, the
situation is reversed. The effect is shown in figure 3.1. This means that for y < 1, a
system with several “small” vortices would be unstable, as the vortices would tend to
join into one “large” vortex. We consider this to imply that the physically significant

(for the sake of the QHE) region for u is p > 1.

3.7 Vortices in Motion

3.7.1 Adiabatically Moving Vortex

To find the wave function for a vortex moving in a “CSGL fluid” at rest at infinity,
we will make an approach similar to that used by Duan[46] to compute the mass of a
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Figure 3.1: The crossing point for s = 1 and s = 2 vortices. From [41]. Note that in
these units, A = 2u.

vortex in superfluid *He. This approach was also used by Myklebust[25] to compute
the wave function for an adiabatically moving vortex in a superfluid. We will assume
that the time dependence of the problem only appears as

o(r,t) = ¢(r — vt), (3.102)
where ¢(r) may be expressed as
¢(r,0) = f(r)[L+ A(r,0)]e", (3.103)

with f(r) the solution of the vortex equations for a static vortex (Equations 3.52—
3.56). We will also assume as a first approximation that the vector field is unchanged
apart from a Galilean transformation:

Ao(r,t) = A (r — vt) + v - A (r — vit), (3.104)
A(r,t) = A% (r — vt), (3.105)

where A5 and A% are the fields from a static vortex. Inserting this into equation
3.11 and separating into real and imaginary parts gives the following equation from
the real part when we linearize in A:
S v 1
Zvp = v - A4 22N — Viva-tezn (3.106)
r f 2
We have here used that the fields from the static vortex solves equation 3.11. vy is
the 6 component of the vortex velocity v. Assuming further that A is slowly varying
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at least far from the vortex core, this equation simply gives

5p=2f2\ = ‘S_va@, (3.107)

where a(r) is given by equation (3.52). As opposed to the situation in a superfluid,
the deviation from the static wave function is exponentially damped®. However, the
density change is still linear in the vortex velocity and dipole like, with the greatest
deviation along a line perpendicular to the motion. We will come back to the problem
of vortices in motion in the chapter 5, where the connection between MCS theory
and CSGL vortices will be established.

3.7.2 Interaction Between Vortices

So far, the discussion has been for a single vortex in an infinitely large system.
However, this is not a situation likely to appear in the real world. In a quantum
Hall system, we indeed expect there to be so many vortices that they will condense
into a homogeneous “fluid” under certain conditions. One might then wonder how
these vortices will affect each other. We know that in a classical fluid, two vortices
with the same vorticity will circle around each other and two vortices with opposite
vorticity (i.e. one vortex and one anti-vortex) will be forced to move with a constant
speed along a line perpendicular to the line between the vortices. Will this be the
behavior of vortices in CSGL theory?

The answer is no. The reason for this is the exponential damping of the vortex
tail in CSGL theory: A vortex situated far from another vortex will not sense the
other vortex at all, except for the vector field a, which will give the vortices statistics
according to the Aharonov-Bohm effect. In a more realistic model which might be
made by including the (real) electric field caused by the fact that the vortices are
charged or the Coloumb interaction between vortices instead of the ¢%-interaction in
the CSGL theory, one would also expect an interaction between the vortices.

3.8 Numerical Solutions

3.8.1 Vortex Form

We have obtained numerical solutions to the dimensionless vortex equations (3.52),
(3.55), and (3.56) by use of a relaxation method with a mesh spacing of 0.05. The
relaxing method is described in appendix D. Solutions have mainly been studied for
vortices with vorticity £1, and only for 4 > 1. For completeness, the solution for
the Ginzburg—Pitavevskii—Gross equation without the electromagnetic fields has also
been found.

Figure 3.2 shows the electron charge density and the current density for two
vortices (fig. 3.2a,c) and two anti-vortices (fig. 3.2b,d) with the parameter choices
=2 and p = 16. The density is seen to quickly attain its asymptotic value of

6Since s — o = w is exponentially damped by equation (3.67).
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Figure 3.2: Typical vortices and anti-vortices
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Figure 3.3: Vortex size as function of y

1. Furthermore, one can see that the maximum of the current is at the edge of the
vortex. The vortex clearly has a positive charge, while the anti-vortex has a (negative)
charge surplus outside of the core. Based on the discussion in section 3.5.2, this is
what we would expect.

The most staggering difference of y = 2 and p = 16 (anti-)vortices on figure 3.2,
is for anti-vortices. Comparing the charge density on figures b and d, we see that the
charge density for a u = 16 vortex is much less than that for a y = 2 vortex, even
though we know that the total charge for a u = 16 vortex is 8 times that of a yu = 2
vortex. This clearly shows how the size of a vortex grows when pu increases.

The size of a vortex was also calculated by defining it as the point where the
integrated charge had reached 99% of its total value. The size of a vortex and anti-
vortex was found to be equal within 1% for all values of i, and was also found to be
almost perfectly linear in u for g > 1, as is shown in figure 3.3.

The size of the core was defined as the point with maximum current density, and
is plotted in figure 3.4 for both a vortex and an anti-vortex. The core size is seen
to be approximately constant for large values of u, but to rapidly decrease for small
p-values.

3.8.2 Comparing CSGL and GL Vortices

As discussed in section 3.5.5, one would assume that the solution of equation (3.56)
approaches that of the corresponding equation for GL theory as yu — oo. In figure
3.5 the charge density for successive values of u is plotted in the same graphs. Both
vortices and anti-vortices are plotted. In figures ¢ and d is also the density for a
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Figure 3.4: Core size of vortex and anti-vortex as function of p

GL (anti-)vortex plotted”. It is evident that the solutions for CSGL theory really
converge into that of GL theory for large u, however p must become quite large for
the different theories to be approximately equivalent.

As one would expect, the core size as shown in figure 3.4 also converges to that of
GL theory. The size of the whole vortex (figure 3.3) diverges. This is also to expect,
since the vortices in GL theory are not exponentially damped, and thus in a sense
has infinite size. The fact that the vortex size is linear in u shows that there is not a
uniform convergence of the CSGL vortex into the GL vortex, but rather a pointwise
convergence. This is also expected since for all finite values of u, the CSGL vortex is
exponentially damped.

3.8.3 Vortex Energy

The behavior of the energy as p varies, is shown in figure 3.6, in both a regular and
semilogarithmic plot. This figure also shows a fit of the energy values for u > 8 to a
logarithmic form F = aln u+b. One clearly sees that the logarithmic form postulated
is a good approximation. The fit was made using linear regression on energy values
for 4 > 8. The result of the fit was @ = 1.101 £ 0.002 and b = 0.212 = 0.006.

3.8.4 Comparing CSGL Vortices with MCS Fields

The connection between Maxwell-Chern-Simons theory and CSGL theory was dis-
cussed in section 3.5.6. The conclusion was that there is a connection in the limit

"Recall that a vortex is identical to an anti-vortex with the same vorticity in GL theory
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T, L — 00, ﬁ constant. In figure 3.7 we have plotted the dimensionless MCS B-field
given by equation (2.110) with the charge ¢ arbitrarily set to ¢ = 27. The total
CSGL magnetic field as a function of ﬁ multiplied with —p? is also plotted. It is
evident from the figure, where the CSGL field is plotted for the two cases yp = 16 and
= 256, that the MCS and CSGL solutions agree in the limit 4 — oo.



54

Chapter 3. Chern-Simons-Ginzburg-Landau Theory




Chapter 4

Extensions of the CSGL Theory

4.1 Maxwell Chern Simons Ginzburg Landau Theory

4.1.1 Dynamical Magnetic Field

For CSGL theory, we have treated the magnetic field purely as an external field, with
no dynamics. Since the externally imposed field is very strong, it is assumed that the
dynamics has little influence. The dynamics of the total electromagnetic field would
be given by adding a Maxwell term —iFWF M to the Lagrangian (3.10), giving a
“Maxwell Chern Simons Ginzburg Landau” (MCSGL) theory.

In this section, we will include only the dynamics of the magnetic field, but still
assume that the electric field is negligible. We will therefore not include the full
Maxwell term, but only the magnetic field part proportional to B2. The motivation
for this is to find a connection between the CSGL theory and the Ginzburg—Landau
theory of superconductors, which was discussed in section 2.3.3. In the GL theory
the magnetic field is also the only field which is considered dynamical.

Adding the dynamical term for the magnetic field to the Lagrangian (3.10), we
get

* * o 1 <t 2
= 0" Dob + 56D — S (6] — po)? + b0, 0,0, - 2 (B =B,
(4.1)

where pq is the magnetic permeability. We have subtracted the external field Bt
in the dynamics term, since this field is assumed to be kept constant by external
devices.

Performing the rescaling (3.35) to go to dimensionless variables, we find

N |

kY 7 #1242 1 212 2 [LW/UAAA K 12
= 6" Db+ 56D — 510 ~ 1) + e ada. - S (B-2) L @)

I

where £% = 2:;7222. We have used (3.21), B™' = £po, as the external field B®. The

constant k corresponds exactly to the k used in the theory of superconductors[16].
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Note that the definitions of x in this section and in section 2.3.4 differs. This is
because the Cooper-pairs in a superconductor consist of two electrons, and therefore
have twice the mass and twice the charge charge of the electrons described by CSGL
theory. For a superconductor, this parameter decides whether it is a type-I or type-II
superconductor. Vortices only appear in type-II superconductors, for which 2 >
)

The introduction of  into the Lagrangian shows that the CSGL theory with added
magnetical dynamics has one more dimensionless parameter than the CSGL theory
discussed in the previous chapter. This addition of one dimensionless parameter
signals that there is one more length scale included in this theory than in pure CSGL
theory. This length scale is associated with the electron charge e, which in the two-

dimensional world has the dimension! of ﬁ

The Lagrangian (4.2) gives the same equation as our CSGL Lagrangian, equations
(3.37)—(3.39), with the addition of one of Maxwell’s equations. For easy reference,
we repeat all the equations here:

. 1 X
iDo + 5Di¢ = (66 — 1)¢ = 0, (4.3)
e da; = ¢* 9, (4.4)
,ueij(ﬁjao — 80aj) = ji, (4.5)
ij 2
€70;BB = =" (4.6)

From the last equation, it is evident that as k — oo, B approaches a constant value,
which must be equal to the externally imposed field Bext = % Thus, for large values

of K, the B2-term has little influence and the MCSGL system reduces to the CSGL
system. It is also evident that in the p — oo limit, we are left with GL theory as
the Chern Simons-term loses influence, parallel to the discussion in section 3.5.5. We
have thus established the connection between CSGL theory with magnetical dynamics
and the GL theory of superconductors. If we let both x and p approach infinity, it
is evident that both the real and the statistical field will vanish, and we are left with
the Ginzburg-Landau theory for Helium-II. If we call the Ginzburg-Landau theory
for superconductors “MGL theory” to distinguish it from that of He-II (which has
no Maxwell field), we can draw the following diagram to illustrate the connection
between the theories:

—00

MCSGL X2, MGL
H”l l“*“ (4.7)

—00

CSGL GL

!The dimension of e may be seen by demanding that the action S = I Ld3z is dimensionless.
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4.1.2 Energy

We will return to dimensional variables in this section to compute the energy density
for the MCSGL theory. From the Lagrangian (4.2), it is evident that the only change
in the energy density from equation (3.20), will be the addition of an energy term for
the dynamical magnetic field. Thus the energy density is given by

1 A 1 2
E=—D¢|* +edop+ =(p— po)> + =— (B — B™)". 4.8
2 DOP + edop+ 5o = po)* + 3 - ( ) (4.8)
From this expression one can see that if B®' = ﬁpo, as in section 3.2.1, the

ground state will be exactly the same as in the CSGL theory, i.e. a constant density
p = po and a constant magnetic field B = B®Xt,

4.1.3 Vortices

We proceed straight to the discussion of vortices in MCSGL theory. As in section
3.5 we will look at rotationally invariant vortices located at the origin,

o(r,0) = f(r)eise. (4.9)

From the energy expression (4.8), we see that we must have the same conditions on
the total electromagnetic field and on the density field as in section 3.5.1. Assuming
radial symmetry, we may choose A" (r,0) = 0, A%(r, 0) = A%(r), giving B = %%(7&49).
Setting

= - 4.1
a=ra 2,“7 ( 0)
0 r?
=rA’ + — 4.11
B=rA”+ o (4.11)

we find the following set of equations:

2
F10) + = () (ﬂ) F(r) = 2a0(r) f(r) + 2 [1 = (F(r)*] () =0,
(4.12)
—pyr) = === (2 (1.13)
el (r) = v+ r(f(r))* = 0. (4.14)
S0) = 150 = (s — alr) = B () (4.15)

These equations are quite similar to the corresponding equations (3.52), (3.55) and
(3.56). The difference is the addition of the field §(r), which contains the dynamical
magnetic field. As we discussed in section 4.1.1, and as is evident from equation
(4.15), this field vanishes is the limit K — oo, where we regain the CSGL theory
discussed in chapter 3.
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To find the asymptotic form of the vortices in the MCSGL theory, we might use
the ansatz

f(r)— 1= CK, (%) , (4.16)

where C' is a constant and ( is an unknown length scale, as we did in section 3.5.3 for
the vortices in CSGL theory. If we insert equation (4.16) into the above equations
for the MCSGL vortex, we find the following equation for the length scale (:

(8% + 4t — (4R + 2022 + K22 = 0. (4.17)

Dividing by &2 and letting k — oo, we get
4Ct — 42+ 2 =0, (4.18)
which is excatly equivalent to equation (3.69) for the length scale of a CSGL vortex.

Thus, we see again that we find the pure CSGL theory in the x — oo limit.
The solutions to (4.17) are

G- 202 K2% 4 1% 4 AR — 4R2p2 + p2 — 44 (4.19)
4Kk? + 8p? ’ '

& — 2uk? + p? — PP\ /ARA i — 4R2p2 + P2 — 4k4 (4.20)
N 4k? + 8u? ’ '

4.1.4 Topological Invariants

As we commented in the previous section, equation (3.50) in section 3.5.1 for the
asymptotic behavior of the electromagnetic field still holds in MCSGL theory. Thus,
the total magnetic flux is still quantized according to

/dzxeijai(aj + Aj) = 2ms. (4.21)

However, this quantity is no longer equivalent to the charge as in equation (3.58).
This is because the “real” field A, now includes a dynamic part and is no longer
constant. Thus, the charge of the problem is no longer quantized. For the same
reason, the angular momentum is also no longer a topological quantity.

In the limit K — oo, where the pure CSGL theory is found, the field A,, approaches
the constant external field and equation (4.21) again describes that the charge is
quantized. In the limit 4 — oo, the statistical field a, vanishes, and equation (4.21)
becomes the dimensionless equivalent of equation (2.96), saying that the magnetic
flux is quantized.
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Figure 4.2: Size of MCSGL vortex with p = 2 as a function of .

4.1.5 Numerical Studies of Vortices

The equations (4.12)—(4.15) have been solved numerically for a selection of values
for the constants k and p. In figure 4.1a we show how the value of k£ modifies the
structure of a vortex. For small values of x, the vortex becomes much more localized,
in the sense that the electron density more quickly approaches the constant value.
This is further established in figure 4.2, where we show how the size of the vortex
varies with k. The size has been calculated by a procedure equivalent to that in figure
3.3, but since the charge is not quantized, we have used that the size if defined as
the point where the total integrated magnetic field has reached 99% of its quantized
value. From the figure it is evident that the size approaches a constant value as k
increases, and from the previous discussion we know that this must be the size of a
corresponding CSGL vortex.

Figure 4.1b shows the magnetic field for the vortices shown in figure 4.1a. Figure
4.1c shows the energy density and figure 4.1d the current density for three different
choices of values for x and p.

In figure 4.3 we show that it is not only the size of the vortices that diminishes
as k decreases. The same is true for the total energy, which is plotted in this figure
as a function of k for p =2 and p = 4.

The charge of a vortex with k = 1, kK = 10 and the charge of a CSGL vortex is
plotted as a function of p in figure 4.4. The figure shows that for small values of p,
1 < K, the charge is almost equal to that of a CSGL vortex, which is linear in u. For
larger values of u, the charge decreases and approaches a constant value as y — o0.
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4.1.6 Self-Dual Line

In the GL theory of superconductors, the self-dual point occurs at k% = %, corre-

sponding to the boundary between type-I and type-1I superconductivity. For CSGL
theory, we know from section 3.4 that there is a self-dual point at y = 1. For the
combined MCSGL theory, we would then expect self-duality at a line in (u, k)-space.
We can find this line by examining the dimensionless energy density as we did in
section 3.4:

2

e~ (5-1) 4 Lok + Lo -1y
4 L 2 2

K2 11 N , )
= |B———=0-1[9]")| +5[(D1+iD2)¢|
4 pow 2 (4.22)
1 1 1 2
L ) (1-10?
(375~ 5) 019
1 .. 1 . . . .
+ 570, [2—i(¢* i — $0;0%) — (A + d’)|¢|” + A7 + o
The self-dual points are found when
1 1 1
=0 4.23
2 2u  4k? ’ (423)
where the energy is minimized by
(Dl + ZDg)gb =0, (424) 63
11 ) 5
B = m + ?(1 — |o]%). (4.25) o]
K37 I
5]
The line (4.23) marks the boundary between SR
“type-I” and “type-II" states of the MCSGL sys- o I TRr T e

tem, as shown in figure 4.5.

On the self-dual line, the energy of the ground

state given by (4.24) and (4.25) is Figure 4.5: “phase diagram” of
MCSGL theory

E=m7s (4.26)

just as in the CSGL case (see section 3.4).

As an additional note, we see that the two solutions for the length scale, equations
(4.19) and (4.20) are equal excactly at the self-dual line (4.23).
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4.2 Two-Component CSGL Theory

4.2.1 Spin Effects in the Fractional Quantum Hall Effect

The discussion in chapters 2 and 3 did not take into account the fact that electrons
have an intrinsic spin. We have, in effect, assumed that the electrons are fully polar-
ized, i.e. all spins point in the same direction. This was originally assumed to be the
case because one believed reversing spins was disallowed for energy reasons, since the
external magnetic field is very strong. However, B. I. Halperin[47] pointed out that
in GaAs the g-factor of the electron is in fact rather small, and thus gives a small
Zeeman energy.

There are also other effects that are comparable with intrinsic spin effects. In
multi-layered systems, electrons gain an additional quantum number that depend on
which layer the electrons are in. In a two-layer system, electrons in the upper and
lower layers would thus be analogous to electrons having spin up and down, respec-
tively (for a review of double-layer quantum Hall systems, see [48].) Additionally, in
certain systems (e.g. Silicon systems) there is an additional “valley” symmetry that
can be treated as spin[11]. We will here concentrate our discussion on the intrinsic
spin of electrons which couple to the magnetic field with a Zeeman term.

The effect of including electron spin in the microscopical model has been studied
in numerical finite system size studies where the g-factor may be varied (see e.g. [49]
for a review.) For large g, we know that the system is polarized, the question is
what happens when g — 0. The theoretical studies show that for even integer filling
fractions, nothing happens, while for odd integer and Laughlin (%) filling fractions
the ground state remains polarized, while the excitations change dramatically[11].

For odd or Laughlin fillings and small g, the naive quasiparticles corresponding
to (polarized) CSGL vortices and anti-vortices are no longer the lowest lying charged
excitations in the quantum Hall system. As g is reduced, the lowest energy excitations
increase their spin and size while the charge stays the same. In the limit ¢ — 0, the
quasiparticles have a divergent size and a macroscopic spin with non-trivial spin
order. These configurations are known as skyrmions.

4.2.2 The Non-Linear o-Model?

To understand the structure of the non-polarized excitations in spin-extended CSGL
theory, it is educative first to consider a greatly simplified model for spin systems
known as the non-linear o-model. Approximating the electron spin as a classical
vector field n(r), with n? = 1, the Lagrangian for this (non-dynamical) model is

1
L= —ips(V -n)?, (4.27)
where p® is the spin stiffness. It is possible to deduce this Lagrangian as the leading

term of the CSGL Lagrangian extended with spin[51], when ignoring dynamics.

2This introduction is largely based on the review in the thesis by Lillieh66k[50].
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Figure 4.6: The spin configuration of a Z = 1 skyrmion. From [50].

The states of this system can be characterized by a topological invariant, the
winding number Z. This number, which may be any integer, comes from the fact
that the vector field n(r) is equivalent to the mapping of a sphere onto a sphere[50] 3.
The ground state with n = const has winding number Z = 0, but there may be
excitations with any winding number. By solving the equations of motion that follow
from the Lagrangian (4.27), one finds that simple solutions with winding number Z
may be described by

w(z) = (;)Z (4.28)

where z = z + iy and w = 2("11_77:%’) (see e.g. [52] for a review of the non-linear

sigma model.) A visualization of the state with Z = 1, taken from [50], may be seen
in figure 4.6. The state has spin down in the middle and spin up at infinity. On a
closed curve around the middle of the skyrmion, the spins will circle once around the
z-axis. It is impossible to continuously transform this configuration into the ground
state with all spins pointing up.

In the FQHE, g # 0 and this will give the excitations a finite size. We will use
the term skyrmion for all excitations with a non-trivial spin order even though they
have a finite size.

4.2.3 Adding Spin to CSGL Theory

To introduce a spin freedom into the CSGL system described by (3.10), it is necessary
to make two changes: Replace the scalar field ¢ by a two-component field (¢1, ¢2), and

3The spin field n(r) must align with the external magnetic field as r — oo, so the points at infinity
may be identified with the north pole of a sphere
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add a Zeeman term —% gupBoio?¢ for the interaction of the spin with the external
magnetic field B. pp is the Bohr magneton, g is the (effective) gyromagnetic ratio
for the electron, and ¢* is a Pauli matrix. The Zeeman term may also be interpreted
as a difference in chemical potential for the upper and lower component[40]. We then
end up with the following expression for the Lagrangian:

2 1 A\
L= ;qzi(ié‘o — ey + )b+ 58N (V —ied)?o — S(670)* + gewaﬂayag,
(4.29)

where up, k = 1,2 is the chemical potential for the upper and lower component,
respectively.

4.2.4 Energy and Ground State

The energy density of a field configuration of the two-component system is

1 A
E=—|Do|” + eAop + = p° — p1p1 — pi2p2. (4.30)
2m 2

For a constant solution, the energy is clearly lowest if all electrons are in the state
with highest chemical potential which implies that the ground state is fully polarized
and has a uniform density,

e
91=4 3 = Vo (4.31)
¢2 = 07

if 1 > pe, and if the magnetic field is at the plateau middle B = %
With the above definition of pg, the chemical potentials p11 and ps may be written
H1 = Apo, (4.32)
2 = Apo — guBB. (4.33)

That the ground state is polarized independently of g is in agreement with the
microscopical theory as discussed in section 4.2.1. If ¢ = 0, the ground state is
degenerate, as all SU(2) transformations of (4.31) have the same energy. The system
would have to “choose” a specific ground state, which would lead to spontaneous
symmetry breaking. The g = 0 case is not physical for the case of intrinsic spin, where
there will always be a coupling between the spin and the magnetic field, however it
might be physical for the other cases mentioned in section 4.2.1.

4.2.5 Rescaling
We perform a rescaling according to (3.35), and introduce a rescaled effective gyro-
magnetic ratio in terms of

gupB
Apo

§= (4.34)
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This rescaling produces the Lagrangian, again suppressing the marks on the rescaled
fields,

L= 61000~ Ao +1)6+ 361 (V — i) — (610)* - 90562 + ™ a,d,a,.

2
(4.35)

By extremizing this Lagrangian we find the following field equations:

. 1 . .
—(Za() — Ay — ao)gbl = 5(01 +iA; + Zai)2¢1 — (p — 1)¢1, (4.36)
. 1 . .

—(Za() — Ay — ao)gbg = 5(01 +3A; + Zai)qug — (p -1+ g)¢2, (4.37)
1€ d;a; = p, (4.38)
pe (Dja0 — doay) = j', (4.39)

where we now have the following expressions for the (rescaled) particle and current
densities:

p(r) = p1(r) + pa(r) = ¢1(r)"¢1(r) + ¢da(r) da(r), (4.40)
jir) = 2% {610+ iai + 406 — (3 + eas + iAo} (4.41)

4.2.6 Self-Dual Point

Rewriting the energy as in equation (3.44), we find

1 1

£ = SI(D1+iD)1 + 5 |(Dr +iDs)ol? + (5 B ﬂ) (1617 + 621 = 1) + gloal?,

2
- 1 . , 1
+e90; | D 5= (610501 — k0i1) — A (|61 + 9o = 1) | — 5. (4.42)
Pt 24 2
It is obvious that for 4 = 1 and g > 0, the energy is minimized for ¢o = 0 and
(D1 4+ iD3)¢p1 = 0, as in section 3.4. So at the self-dual point p = 1, the skyrmion
solution that minimizes the energy is the fully polarized one.

4.2.7 Skyrmions

We will need an expression for the wave function of a skyrmion. As shown in figure
4.6, the spin should point up at infinity and down at the origin, and for s = 1, the
spins will describe one turn around the z-axis when moving on a closed loop around
the origin. In general, the spins will turn s times around the z axis on such a loop.
The simplest wave function describing this configuration is

o1(r) = fi(r)e™,

bolr) = folr), (4.43)
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where we have made the gauge choice of keeping the phase of ¢o constant. Inserting
this form into the field equations for the two-component model, equations (4.36)—
(4.39), we arrive at the following equations for a static skyrmion with winding number

(topological charge) s

)+ 2 - (2

)+ 2 -

2
a(r)> F(r) = 2a0(r) f1(r) — 2((f1(r))?

+ (fo(M))? =D fi(r) =0, (4.44)

r

a(r)

2
—) falr) — 2a0(r) folr) — 2((1(r))?

+ (£(r)* =1+ 9)fa(r) =0, (445)
pay(r) + 20 (1) - D g2 =, (4.46)
el (r) 4 (A ) + () = 1) = 0. (4.47

These equations reduce to the vortex case for ¢o = 0, so the polarized solution
studied in the previous chapter is also a solution of these equations.

The equations (4.44)—(4.47) have been studied by solving them numerically for a
range of the dimensionless parameters p and g.
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1.00 —

0.75

Figure 4.7: Spin per
charge of skyrmion
with p =1.1

The qualitative behavior for skyrmions is shown in figure
4.8, where the electron density and spin density as well as the
energy density for three skyrmions with different parameters
are shown. When p grows, the skyrmions are “smeared out”
to a larger area. With g decreasing, the skyrmions also grow,
but here it is mainly the spin density that is being spread
out over a larger area. Figure 4.9 shows how the size of the
skyrmion grows as g decreases. The size has been computed
with the same definition as in section 3.8.1, i.e. as the point
where the charge of the skyrmion has reached 99% of its total
(quantized) value.

When g increases, the spin of the skyrmions decreases until
finally, for large enough g, only fully polarized solutions are
found, as shown in figure 4.7.

The differences of skyrmions with different topological
charge are illuminated in figure 4.10. The figure shows that
while the charge density is extremal at the center of the
skyrmion for |s| = 1, the extremum of the charge density

occurs in a ring around the center for |s| > 1.
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Figure 4.8: Four skyrmions with different parameters.
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4.2.8 Crossing of s =1 and s = 2 Skyrmions

One important feature found by Lillieh66k et al.[53] is that a charge-2 skyrmion has
lower energy than two charge-1 skyrmions for low enough values of the parameter g.
The effective g-factor g used by those authors is not exactly the same as the effective
g-factor used in this thesis. Lillieh6ok et. al. considered a non-linear o-model with a
Coloumb potential, with parameters adjusted to fit the microscopical theory for the
fractional quantum Hall effect. Their effective g-factor is defined as

__ guBB
g = eQ—/GE’ (4.48)
where € is the electromagnetic permittivity. This is the ratio of the Zeeman energy
to the characteristic Coloumb energy. In contrast, our definition (4.34) is the ratio
of the Zeeman energy to the chemical potential. Lillieh6ok et. al. found that when
G <8.9-1077, the lowest lying charged excitations are charge-2 skyrmions.

This behavior has been qualitatively reproduced in our studies, as shown in figure
4.11. As is evident from this figure, the crossing point g¢ varies with y, and this is
studied in figure 4.12. This figure shows a “phase diagram” for CSGL theory with
spin, the phases shown are described in table 4.1.

The line given by gc, which is the line separating the S; and Sy phases, is seen to
reach a maximum around p = 2, and approach zero as y — 1. As p approaches 1, the
skyrmion solutions disappear. This displays the fact that the polarized solutions are
the ones with lowest energy at the self-dual point (or line as viewed in (u, g)-space)

w=1.
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Figure 4.12: Phase diagram. The phases are explained in table 4.1.

2.0 4.0 6.0 8.0 10.0

‘ Phase ‘ Stable quasiparticles

P,

Spin polarized quasiparticles with charge 1

Py

No stable quasiparticles

S1

Skyrmions with charge 1

S

Skyrmions with charge 2

Table 4.1: Description of phases displayed in figure 4.12
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Chapter 5

Duality to
Maxwell-Chern-Simons Theory

5.1 MCS and CSGL Theory

In section 2.5 we gave a short review of the Maxwell-Chern-Simons (MCS) theory.
We stated there that it was a theory designed to model a system of anyons. We have
also stated that the quasiparticles in the fractional quantum Hall effect are anyons.
Thus, we might be able to describe them (possibly as an approximation) with the
MCS theory or an extension of it. In section 3.5.6, we showed how the total magnetic
field in CSGL theory approached that of MCS theory in the limit r, 4 — oo when
ﬁ is held constant. However, the connection between MCS and CSGL theory is
stronger than that. We will show that the CSGL equations of motion and the CSGL
Lagrangian is indeed equivalent to an extension of the MCS equations and the MCS
Lagrangian.

In field theory, the word duality is used to describe the connection between the-
ories that equivalently describes the same phenomenon, but where topological exci-
tations or quasiparticles in one theory are replaced by fundamental particles in the
other. We will show that MCS theory can be derived as an approximation from
CSGL theory, where the vortices in the latter become charged particles in the former
theory. We can therefore say that there is an approximate duality between CSGL
theory and MCS theory. There has been a considerable study of this duality in the
literature (see e.g. [54, 55, 56]).

5.2 Simple Analogy

This section will be an introduction to the more rigorous treatment of the duality
between CSGL and MCS theory in the following sections. We will show that one can
find an analogy to MCS theory simply by making substitutions in the field equations
for CSGL theory. We will in this section assume that the external field A* is a
constant magnetic field such that equation (3.21), B*™t = ﬁ p0, holds. In the context

73
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of the quantum Hall effect, this implies that the system is on the middle of a plateau.

The analogy to MCS theory starts with the hydrodynamical analogy of section
2.3.5; equations (2.65) and (2.67), and the CSGL equations (3.11) and (3.12). Written
in terms of the total (real and statistical) fields € = e + E®* and B = b + B**, the
latter two equations become

Exi=—"pv+E™ x 2, (5.1)
1

B:VXA:—%WBM, (5.2)

where 2 is a unit vector in the z-direction. B®™' and E®** are the external fields. In
addition to equation (3.21), we assume that there is no external electric field, i.e.
E®™' = 0, as before. The above two equations then imply that equations (2.65) and
(2.67) and the Lorentz force F may be expressed with £ and B only.

As in section 3.3, we make a transformation to dimensionless quantities, effec-
tively absorbing all parameters into the dimensionless constant p. In these units, the
external field plateau middle value is B™ = % The two equations above become

1
EXZ=——pv, (5.3)
i
1 1
B:__p+_7 (54)
T

and by using these we end up with the following expression for the Lorentz force F:

F=q&+Bvxz= (5.5)

1—uB’

In the following part of this section, we will be considering small deviations from
the ground state found in section 3.2.1, p = 1 + dp, v = dv and assuming that the
variations in the fields are slow (low frequency limit). All equations will therefore be
linearized in dp and dv, and in derivatives. In the dimensionless CSGL theory, the
potential in (2.67) is V = p — 1. Equation (2.67) becomes

aov
— +Vip—-F=0. 5.6
5 T Vor (5.6)
Combining this equation and equations (2.64) and (2.65) with equations (5.3) and
(5.4) we find the following equations:

B+VxE=0, (5.7)
S—Vx28—1£xz=Q (5.8)
n
1
V-E4+-B=0. (5.9)

I
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Equation (5.7) follows directly from (2.65), (5.8) follows from (5.6) by vector
multiplication with 2, while (5.9) follows from (2.64) and (5.4) by observing that
Vxv=-VxA=-5.

Equations (5.7)—(5.9) are equivalent to the field equations in Maxwell Chern Si-

1

mons theory, equations (2.98)—(2.100), with a coupling constant p — — .

5.3 Lagrangian Approach

5.3.1 Introducing Vortices

In the hydrodynamical analogy of section 2.3.5, the assumption was made that the
phase of the wave function is an analytical function of the coordinates, and therefore
that there are no vortices in the system. Thus, we ended up with the source-less MCS
equations (5.7)—(5.9). We will now use a less transparent, but more rigorous method
to derive the approximate duality between CSGL and MCS theory, that also takes into
account the possibility of vortices. Following Arovas and Freire[57], who have done
a nice review of the corresponding duality between GL theory and regular Maxwell
dynamics, we would like to transform the Lagrangian of CSGL theory (3.10) into the
one for MCS theory (2.97). We start with the dimensionless CSGL Lagrangian

1
L = gb*(zao — A() — ao)gb =+ 5([5*(0@ + Z'AZ' + iai)qu

1
— 5@~ 1%+ ge“””a“&,ag. (5.10)

The transformation starts by substituting ¢ = \/ﬁeis e’X. This is analogous to the
hydrodynamical analogy of section 2.3.5, but since we will now also consider the
possibilities of vortices in the system, we introduce the field x(x) as the part of the
wave function containing vortices. Therefore, this part need not be an analytical
function. After making this substitution, we arrive at

£/ = =pl00S + Qox + Ao + a0) = E(DS + 0 + Ai +a)?

Vp)? 1
- % - 5(,0 - 12+ ge“””a“&,ag, (5.11)

where we have left out a total time derivative term %aop.

5.3.2 The Hubbard-Stratanovich Method

The Lagrangian (5.11) contains a squared term —£(9;S + 0;x + A; + a;)?, which
we would like to simplify. This is possible with the introduction of a Hubbard-
Stratanovich field. The idea behind the Hubbard-Stratanovich method is that we
find a new Lagrangian such that integration over the new field gives us back the
original Lagrangian. We achieve this as follows: Imagine a Lagrangian £ = a¢?,
and that we would like the field ¢ to appear linearly only. The solution is to consider
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a Lagrangian of the form Lo = —B1? + 2v1¢, where ¢ is a new dynamical field

introduced to linearize the Lagrangian in ¢. It is easy to see that integrating £ o over
2

W gives us L5 = L-¢?, so that if 7 - «, Lo is essentially equivalent to L.
2 B B

Introducing a Hubbard-Stratanovich field Q(x) into equation (5.11), we find

. 1 A\v/ 2
L" = ~p(0oS + dox + Ao + ao) — Q"(9;S + Oix + Ai + a;) + %Qz . 82)
1
- 5(,0 - 12+ ge“””a“&,aa. (5.12)

Note that integrating over Q! gets us right back to £’. We may now integrate over
S, which gives the constraint

V-Q+ oy =0,Q"=0. (5.13)
This means that we may write
p— 1= EijaiZj, QZ = Eij(ajZO - 8ozj). (5.14)

To keep track of some constant terms when making the above substitutions, we also
introduce a non-dynamical gauge field z,, satisfying € O;zj = 1 and dpz; = 0 = 2.
We see that this makes us able to rewrite the coupling between the vortex field and
the Hubbard-Stratanovich field as

Q"0 x = ["70,(Zs + 25)](0uX)- (5.15)

5.3.3 Vortex current

The interaction term (5.15) may be rewritten, by leaving out a surface term, as
—(Zy + 25)€"70,0,x. We now claim that the field J#* = e*¥?9,0, is in fact equal
to the 3-current charge density of vortices. It is obvious that J# will be non-zero at a
point xg only if x is not analytical at this point. Imagine then that there is a vortex
at xg with charge s, so that x will have the property that it changes by 27s when
moving in a closed loop around z¢. Integrating J° over a neighborhood S of z( gives
us by the theorem of Stokes,

/JOdS: Vy - dl = 27s, (5.16)
S aS

so that integrating J over a larger area simply gives the total topological charge of the
vortices in this area, multiplied by 27. The analogous to the MCS charge of a CSGL
vortex is thus ¢ = 2ms. Since the definition of J# also guarantees that 9,J" = 0, we
must then have that J# is the 3-current density of vortices. By introducing J* and
Z" into (5.12), we end up with the Lagrangian

E2
2(1 - B)
1 (VB)?

— §B2 — m + Ee“l’gau&,ag. (517)

L = —(Zp+ zu)J" — V7 (Ay + ap)0u(Zo + 20) +
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Here we have introduced the fields E = -~V Z°—9yZ and B = V x Z. Note that these
definitions are not equivalent to the previous definitions of E and B. Integrating over
the original field a,, we finally arrive at

1 17 vo (o
Loew = =7 B P + (770, A, = J7)(Zo + 25)

1 BE? (VB)?

21-B 8(1-B)
So far, we have made no approximations, and this new Lagrangian describes our
system just as well as the original (5.10). We see that linearizing (5.18) by leaving

out the two last terms, gives us a Lagrangian similar to the Maxwell-Chern-Simons
Lagrangian:

1
- ﬂe“””(Z“ + 2,)00(Zo5 + 25) + (5.18)

1
Elin = _ZF,LU/FHV + (Euygaz/A,u - JU)(ZO' + Zo‘)

1
— 5= (Zu+ 5)0(Zs + 2)- (5.19)
I

This Lagrangian gives the following equations of motion:

1 1
V-E+(=B+ B> - -)=J° (5.20)
Iz Iz
: 1
VxB:—E—-2x(—-E—-E™)=1]. (5.21)
n

Here, B™* and E®™' are the external fields related to A*. In addition, Faraday’s
equation (5.22) follows directly from the definitions of E and B,

B+ V xXE=0. (5.22)

On the middle of the plateau of the FQHE, we have E®*' = (0 and Bt = % in
our dimensionless units, and this gives the familiar MCS equations;

1
V-E+-B=J" (5.23)
n
.1
VxB:—E—-—:xE=1J. (5.24)
n

Note that the only change from equations (5.8) and (5.9) to equations (5.23) and
(5.24) is the introduction of the vortex 3-current (J°, J). This current could also be
introduced into (5.8) and (5.9) by realizing[25] that V9SS = 9yV.S — J x 2 when
there are vortices present.

Another thing to note is that there is no dynamics in the field J#. All the
dynamics of the vortices is hidden in the field Z# in the same manner as the vortices
in the original model receive their dynamics from the fluid.

As a last note, if we are not on the middle of the plateau, we still have Bt = % pin
the ground state, so that %B+BeXt —% = 0. Thus, if we rename + B+ Bext —% — %B,
then we will have exactly the same system as (5.23) and (5.24), where B = 0 and
E = 0 in the ground state.
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5.3.4 Units and Dimensions
Returning for a moment to dimensional units, we find that we must introduce a new

“speed of light” ¢ to write the Lagrangian in a simple form such as (5.18). Defining

A 1
c= /222 and 0o = =0 (5.25)
m c

makes it possible to express equation (5.18) in dimensional units:

Laow = =20 F P 4 TP (Z 09, 0, = ) (Zy + 2)

mpy BE*  mpo(§VB)?
2¢c1-8 g1-5) "

m
BP0 o (2, + 2,)0,(Zs + 25) +

o (5.26)

where £ = ﬁ In CSGL theory, ¢ corresponds to the speed of sound, and £ is in fact
V/2 times the coherence length defined earlier.
In dimensional units, Z# is defined by

p—po= ”—fe“aizj, Q' = poe (9;Z0 — D Z;). (5.27)

5.4 Vortices in Motion

5.4.1 Lorentz Transformations

Before we go on to study the dynamics of vortices in detail, let us have a look at the
fields from a moving vortex as described in the MCS theory.

The fields from a static vortex at the origin, J? = 27s8(r), J = 0 have been given
in equations (2.101) and (2.102):

) (5.28)

)ér. (5.29)

The Lagrangian (5.19) is Lorentz invariant, thus to find the fields for a moving vor-
tex we only have to Lorentz transform the fields above. A Lorentz boost of the
electromagnetic fields in two dimensions is given by

B ' =~4B -8 X E, (5.30)
2
E' =7E- ——B(8-E)+18 x B, (5.31)
v+1
where 3 is the velocity of the moving frame (i.e. the vortex), and v = —=—. If

V1-62"
(B is small, we may linearize the second equation by leaving out the second term
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and approximate v by v &~ 1. Thus, the fields from a moving vortex, generated by
boosting the above fields, become

B'(r') = o (KO(;) + ﬁHKl(;)> ; (5.32)

E(r)) = r (Kl( )6, + 2 X 6K0(£)> (5.33)

I
where [y is the 8-component of the velocity.

In section 3.7.1 we discussed an adiabatically moving vortex in CSGL theory.
We found that the deviation in the charge density is given by equation (3.107).
Furthermore, equation (3.67) gives the asymptotic form of w = s — a. Using this
equation, we see that equations (5.32) and (3.107) are in fact equivalent (up to a

constant, which stems from the definitions of E in the duality to MCS theory) in the
asymptotic limit.

5.4.2 Vortex Dynamics

The dynamics of vortices in CSGL theory is still not completely understood. Since
the vortices represent quasiparticles, we would expect them to behave more or less
like ordinary particles. In theory, it should be possible to find an effective Lagrangian
for the vortices by integrating out the MCS fields Z# from equation (5.19).

In Coloumb gauge, equation (5.19) may be rewritten by leaving out surface terms
as

1 y 1 1
L= —§Z()V220 + [Emaj(AZ' + ;ZZ' + ;ZZ) — JOHZ() + Z()]
1 1 g .
+ 5(00202 +5(V x Z)? + [ (90A; — 9;A0) — J'][Z + ]
1 .
— ﬂe” (Zj + Zj)@()(ZZ' + ZZ) (5.34)

In this Lagrangian we may integrate out the Zy-field to produce

__1 2 130
Log = 47r/d$J(

1
+ 5(0021')

Hn(le — /)10, 1)
%(V X Z) [ Z'j(a()flj — ajAO) - JZ] [ZZ + ZZ]
=Lz 4 )00t z), (5.35)

where

- g 1 1
JO :Ezjaj(AZ'—F;ZZ’-F;ZZ')—JO. (5.36)
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But from equation (5.20) we see that to zeroth order, JO=0,ie.

€90 Z;(x) = pJ°(z) = p qké( )(r —1p), (5.37)
j

where we have inserted €/9;z; = 1 and used the (dimensionless) plateau middle value
Bt = % This equation may be solved, yielding

,u ) — )
— qu — i’fz (5.38)

Inserting this and J* = ", qx@id(r — 1) gives the effective Lagrangian[37]

1 i
Legr = 3 zk:qkelﬂq;Zxk + ,UZQkAO ry) — —eJ ZQkQZ k|I‘ rz|2

I 2
+7;qwz5(rk—rz ZAk, (5.39)

where the last term ), Ay comes from the second and last term of equation (5.35)
and contains the self-energy of the vortices[37].
For one single vortex, disregarding the last term of (5.39), we get the equation of
motion
&UJ 0Ap(x)

_ r). 4
ot M o (5.40)

This equation suggests that that the vortices are massless, since that would imply
that the Lorentz force ¢(E 4+ Bv x %) vanishes, and this is exactly what the above
equation is saying (remember that in our dimensionless units, B = l.) However, we
must remember that we used a rather crude approximation to derive equation (5.38).

The third term in (5.39) describes the anyonic nature of the vortices. The contri-
bution to the action from this term on a path where one vortex is interchanged with
another is[37] AS = 37—

The fourth term shows how the vortices “inherit” the delta function interaction
between the electrons. If we had used another form of the interaction, we would have
another term here.

5.5 Enhanced Vortex Dynamics

The effective Lagrangian for vortices in the previous section, equation (5.39) was
derived using a crude approximation, and contains self-energy terms A, which were
not calculated. Using a more accurate method, we would like to improve on this
situation.
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As in the previous section, we would like to transform the MCS field equation
(5.19) into an effective Lagrangian for the vortices, by treating these as point particles.
We will do this by integrating out the MCS fields Z# using the MCS propagator,
which has been found by Lgvvik, and which is given in equation (2.105). This is an
alternative to the approximation used to find equation (5.38), that hopefully will be
more exact. Our goal will be to find a Lagrangian similar to the Lagrangian for a
classical particle in an electromagnetic field,

L= %MVQ +Qv-A+QAy(r), (5.41)

where M the mass and () the charge of the particle, v is the velocity of the particle
and A and Ag describe the (external) electromagnetic field. We will here follow D.
P. Arovas and J. A. Freire[57], who have used a similar procedure for vortices in GL
theory. In parallel to Arovas’ and Freire’s results, we will find that an expression
like (5.41) may be found if we allow M and @ to be functions of the frequency, in a
manner that will be defined below.

5.5.1 Self Interaction

As noted at the end of section 5.3.3, all the dynamics of the vortices is hidden within
the MCS field Z#. The vortex field J* appears in the effective Lagrangian (5.19)
only as an “external” current with no dynamics of its own. We would like to extract
the parts of the MCS fields that give dynamics to the vortices so as to have explicit
terms in the Lagrangian for this. We start with the parts of (5.19) that connect the
MCS field to itself and to the vortex current:

1 1
Evortex = _ZF,uI/F“V - QWSJHZH — ﬂe‘“’”Zuang. (542)

We expect these terms to contain all the dynamics of the CSGL vortices, within the
approximation used to obtain (5.19). From (5.42) we might integrate out the field
Z" to produce

El

vortex

= —J,Dytos s (5.43)

where D{\‘/IVCS is the MCS propagator.

The MCS propagator is given in equation (2.105), but we will not need this
expression. Instead we insert into (5.43) the current density for one single vortex
moving in a path R(t),

JHx) = ¢B*6P (r — R(1)), (5.44)

where ¢ = 2ms is the MCS charge. 3* is the 3-velocity of the vortex, 80 = 1,
B = R(t). The expression D{\‘/IVCSJZ, is then simply the “retarded” MCS potential
Afft, given in equation (2.106). In that equation p was defined as y — — %, so with

our definition of u, the potential is

A1) = 3,(8) = peund (3°0) = () (5.45)
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B (t')at'.
(5.46)

g 0t =t — [t = R(#)]) cos (5@5 —Z —Jr— R(t’)|2>
Tm) = /_oo 27/t — D) — |r - R(1)|?

Inserting this expression into (5.43), we find

Svortex = — / dzJ” () Ay () = — / dPrqB (£)6@) (r — R()) A ()
= 51+ 1 (52(0) = Sa(n)) ,

(5.47)

where

Si= ¢ / B (15 (r - R(1))

B . TS

27 Az Bu(t)dt',  (5.48)

—00

Sa() = —¢* / B (15 (r - R(1))

e o /00 ot —t' — |I'—R(t’)|)cos(%)
NN

A4l !
Ao g t)dt, (5.49)

—00

and Ax is the Lorentz invariant interval between the events (t,r) and (¢',R(t')),
Az =./(t—t)?—|r— R(¥)|%

5.5.2 Frequency Dependent Mass

In equation (5.48) we can integrate out the delta function to get

—B(t)3 / R(t) — R(t')]) cos( AL
> qz/— dt/_ dt/(l (t) (t/»e(t t | (;)ﬂAl' (t )D ( - )
— 0(s R(u+s) —R(u cos( Az
qz/_ du/_ ds(1 — B(u)B(u+ s)) ( IR ( 2> x( ) (u)

(5.50)

where we have changed variables to v = t/ and s = t — ¢/, and where now Ax =
V=12 —|R(t) - R({)]2= /52— |[R(u+s) — R(s)[2. The theta function is zero
for |R(u+ s) — R(u)| > s, which corresponds to s < 0 as long as the vortices move
with sub-sonic speed. We therefore integrate s from 0 to co, where the theta function
is always unity.
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The Fourier transformation of the classical action S = ffooo %M v2dt is easily
found to be S = [*° 1 Mw?|r(w)|?dw. With this in mind, we would like to express
the self-interaction in the form

o1 2 2
Seett = Setatic + / dog M@ R@) + .. (5.51)
—0o0

i.e. as an approximation to a free particle, but with a “mass” M (w) that may depend
on the frequency w. To achieve this form, we need to approximate the cosine in S1;

A7) g VPV P g, (552)
cos(—) = cos ~ cos(—) + —V (u, s)sin(—), )
% % B 2p %

where V(u,s) = Ww, the average speed of the vortex between the times u

and u + s, which is of order (. In this approximation we have assumed that ﬁ <1

and V(u, s) < 1. The former may be justified since the cosine will fluctuate quickly
whenever this is not the case, and thus the contribution to the integral will vanish.
The latter is just the assumption that the vortex moves slowly.

Using the ‘slow-moving’-assumption, we also approximate the ﬁ part as

—~ -1+ %Vz(u, s)), (5.53)

and end up with

S = —¢ /00 du /000 ds(1— B(u)B(u+ s))
1

122 s S =2 . S
X o [(1 + §V (u, s)) cos(;) + EV (u, s) sm(;) . (5.54)

We will now Fourier transform this expression with respect to u. This will give a
contribution equal to that of a static vortex, which we will ignore for now, and a
contribution proportional to |R(w)|2. We ignore higher powers of V(u,s) and 3.
Some practical properties of the Fourier transform,

/_00 duB(u)B(u+s) = /_00 dwe™* B(w)B(-w) = /_00 dw cos(ws)w?|R(w)]|?,
(5.55)

| iR+ ) - R@P = [ du (Rt o) - 2R+ 5) RO + R(w)P)

—00

s /_ " o (1= cos(ws)) |Rw)[2 (5.56)
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give us
- © dw [ ds s (1= cos(ws))cos(+)
__ qstatic 2 hated hatd 2y 2
S1 =857+ ¢ /_oo 27T/5 . {cos(ws) COS(M) 22
1 — cos(ws)) sin(£
L) <H>}WQ|R(W)|2
JSwW
static g [T dw 2 2
= 5] +q / %M(w)w IR(w)|*, (5.57)

where we have introduced an ultraviolet cutoff § to accommodate for the fact that
the vortices are not really point particles. Without this cutoff, the integral for M (w)
diverges. The cutoff is probably not necessary if we include terms with higher deriva-
tives in the Lagrangian[57].

The quantity M (w), which is interpreted as a “frequency dependent mass”, can

foo cos(§)

be computed using the cosine integral function Ci(z) = — [ — -d§ (see appendix

B for properties of the cosine integral):

Wt 4+ 1 0 Wi +1 0 Ci(%)
M(w) = —WCI((WMJF 1);) - WCI((WM - 1);) t 32,2
cos(wd)sin(2)  sin(wd) cos(L)  cos(wd) cos(2)
n wo noy T
2uw?o 2wé 2w242
cos(%) sin(%)

w282 2uw?s (5.58)

Observe that if we let 4 — 0o, we end up with the same expression as Arovas and
Freire[57], as one would expect:

lim M) = — {Ci(|w|5) 41

—00

— cos(wd)  sin(wd) } |

352 3 (5.59)

The interesting limit, however, is letting w — 0, i.e. taking the low frequency
limit. To first order in w, assuming w < %, we get

1 0 0
- —= — -) . .
M 5 (cos('u) + Cl(u)> (5.60)
This means that the frequency dependent mass of a vortex in CSGL theory has a well
defined low frequency limit, disregarding the cutoff parameter . This is in opposition
to the similar case for a superfluid. To calculate the value of M in this limit, one must
either find a value for the cutoff §, or make a more thorough calculation retaining the
term proportional to (VB)? in the Lagrangian (5.18). A natural value for § would
be the vortex radius, which in these units is

§=1. (5.61)
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5.5.3 Frequency Dependent Charge

To compute Sa(u), we need to differentiate the last integral in equation (5.49). One
part of the result will contain a delta function, which will be nonzero at Axz = 0 only.
It is evident that in this case So(u) = S2(0) and so the two contributions from S9 to
S will cancel. Differentiating the rest of the expression is straightforward, using

:L')u' — x/:u
HAp = L T
OAr = =, (5.62)
TR
o+ COS(A—) =— sm(&)u, (5.63)
UAx
we arrive at
Y b 0(t —t' — [R(t) — R(t)])
_ / v (gl
Sa0 == [ at [~ dveunp o) T T
1 Az cos(4E)
Zsin(2) - TR
[M sin( . ) Ar (xt = 2. (5.64)

To compute this expression, it is useful to note that

e 87 (BNt (a# — a') = (t — )B(1) x B(!)
+(B(t) = B(1) x (R(t) = R(t)). (5.65)

Inserting this, and doing the same change of variables as in the previous section, we
get

o0 o0 1 1 . Az, cos(S
SQ(M) = —/ dU/O dSW [; SIH(T) — Az

—00

{sB(u+5) x B(u) + [B(u) — Bu+ s)] X [R(u+s) —R(u)l}. (5.66)

Now we approximate in the same fashion as in the previous section, using

cos(SF) 1 V(u,s) s 1 s
w2t 8) 1 Sy LS
Ax . cos(us) + 5 [ COS(M) + . SIH(M)] (5.67)
1 Azx 1 s s =2 s
—sin(—) = —sin(—) + =—=sV (u, s) cos(—), 5.68
p (M) . (M) 212 (u, s) (M) (5.68)
and find
1 [ o 1 1 ]
Sa(u) 2 ) du ; ds [; sin(—) — ;cos(;)
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Proceeding to Fourier transform this expression, we arrive at

So(p) ~ — T [ ds [wssin(ws) + 2(cos(ws) — 1)]
oo 2T Jo

sin(})  cos(%)

s2 s3

iwR(w) x R(w). (5.70)

It remains to make an interpretation of this term. The interaction term for
a classical particle in an electromagnetic field is L,y = Qv - A, where A is the
electromagnetic vector field. If this field is a constant magnetic field, we can use
A= %Bi X r, and so the interaction term becomes
1
Lp= iQBr X V. (5.71)

If we now Fourier transform and let A = %QB be a function of the frequency, we find
Lp = iwA(w)R(w) X R(—w). (5.72)

The interpretation of the term u[S2(0) — Sa2(w)] thus is that the particle (i.e. the
vortex) has a frequency dependent charge, which is contained in the term A(w). It
should be noted that this term appears in the Lagrangian even if we in equation
(5.42) left out the terms where the external field appears.

We now proceed to calculate A(w):

Aw) = p[Mw, 1) = Aw, 0))], (5.73)
AMw, p) = /500 ds [wssin(ws) + 2(cos(ws) — 1)] [Slzig) _ Cozgﬁ)]
2w 3 | o 2w .
= (7 - ﬁ)cﬂwﬂ - 1|;) - (7 + 5—)Ci(jlwp + 1)

3 .0 3 ) 5
+ —Ci(—) + — cos(wd) sin(—) — — sin(—
2 (M) s (wd) (M) s (M)
1 1
5 cos(wd) COS(%) + 52 cos(%). (5.74)

The cutoff ¢ is not necessary when the full expression for A(w) is calculated, because
A(w) is finite as 0 — 0:

-1 3
lim A(w) = 2wln s — —In|w?u® —1]. (5.75)
5—0 wp+1 2

In the limit 4 — oo, we find that A vanishes,
1
3

) (5.76)

Aw) =~ —(4+ gln(oﬂ,uz))% +O(
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just as we would expect, since this term does not appear in the Lagrangian when we
start with GL theory without the Chern-Simons term[57]. Expanding A(w) for small
w, we further arrive at

Aw) = —g,uwz +OWP), (5.77)

so the Sy term of the Lagrangian does not contribute in the low frequency limit.

5.5.4 Full Lagrangian

To summarize, we write down the full Lagrangian for a free point vortex which we
have found in this section:

L(w) = Lgtatic + %M(w)w2|R(w)|2 + A(w)iwR(w) x R(—w), (5.78)

w22 w22 Ci(L
M@ﬁz——ﬁijKWM+U%W——ﬂijKWM—U%%F )

4p2w? 4p2w? 212w?
cos(wd) sin(%) sin(wd) cos(%) cos(wd) COS(%)
+ - +
2uw?o 2wé 2w202

[ (0

cos(2)  sin(2
o) (“), (5.79)

2w202  2uw?d

wp—1 3 9 9

A = 2wl - —1 —1). 5.80
@) =2t (|20]) - D2 - (5.50)

The Lagrangian is written down as a function of the frequency w rather than the
time ¢ and is thus the Fourier transform of the regular Lagrangian L(t). § is a cutoff
of the order of the vortex core size, with 4 = 1 the natural choice in these units.

Both M(w) and A(w) have logarithmic singularities! at w = % This behavior
is seen in figure 5.1. In addition, we see in this figure that the mass is occasionally
negative, and for certain values of u it is even negative in the low frequency limit
w — 0. It is difficult to interpret this behavior physically, and it might signify that
the approximations we have made is not valid, at least not for all w.

5.6 Non-Lorentzian Corrections

The Lagrangian (5.18) contains a term proportional to (VB)?2, which was left out
in the linearized low frequency approximation (5.19). Keeping this term, we end up
with the linearized Lagrangian

1 1 1
L= =g Fub™ = 2"t 5 20,25 5(VB)*. (5.81)

'note that Ci(x) is singular at = 0, see appendix B.
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Figure 5.1: Plots of M (w) and A(w).

In the Ginzburg-Landau case, Arovas and Freire[57] have found that adding this
term makes the vortex propagator converge in the s — 0 limit, so that the cutoff §
used in the previous section would not be needed. Furthermore, they found that the
frequency dependent mass is strictly positive when including this term. With (5.81),
the “photon” propagator becomes

4- K2 . AM? .
K2(4 — k2) — 4029 T kAR (4 — k2) — 4n?] M
1 AM
Y 1.A
24— K2y — b2 0o R e ) — 1]

Dy =—

(5.82)
_|_

-71.0
€tk

where M = % We have not been able to use this propagator to integrate the fields
Z* out of the Lagrangian.

In dimensional variables, the Lagrangian (5.81) is?

1 1 1 s 1 9
L= _ZFWFW — EJ“Z“ + ﬂe‘“’ 2,0y 2y — §(§VB) , (5.83)
where & = Avlﬂpo = % and ¢ = 4/ % is the speed of sound. The field equations
become
o;FE'— —B = p, (5.84)
I
. & 2 L
EijajB - F"— —EijE] — —Eijajv B = =7 (5.85)
K K ¢

%as can be seen by dividing equation (5.26) by mpn
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For a point vortex, we have p = ¢d (2)(1') and j = 0, and by solving the last
equation for E and inserting into the first, we arrive at

E(r) = uVB(r) — MTéVVQB(r), (5.86)
2£2
wVB(r) - F2-(V2)2B(r) - B(r) = ngd (x). (5.87)

Using rotational symmetry, the equation for B(r) = B(r) becomes

M2£27"3B””(7“) + 2M2£2T2B/”(T) _ #2(527" + 47"3)3”(7“)
+ 12(E2 = 4r®)B'(r) + 4r°B(r) = —4pgr®s® (r).  (5.88)

Unfortunately, it does not seem to be easy to solve this equation to find the fields
B(r) and E(r). Worse, even if we could solve it, the Lagrangian is no longer Lorentz
invariant, so we could not find the fields for a moving vortex by Lorentz transforming
it. We will therefore leave the subject of non-Lorentzian corrections to the MCS
duality.

5.7 Plane Waves

We will again consider plane wave excitations of the FQHE system. This time we
will look at excitations from a CSGL state where j = 0 and p = po (i.e. as in the
ground state of the system), but where we will also assume that there is a constant
density of vortices present in the system. In the dual representation, such excitations
of the electrons correspond to excitations from the ground state E = 0 and B = 0.
The plane waves of CSGL theory are represented by electromagnetic waves in MCS
theory, and the vortices by charged point particles, which act as sources for the fields.
Ole Martin Lgvvik[34] has studied this system and found a dispersion relation for it.

To study this system we will need an equation for the influence of the electromag-
netic field on the vortices, in addition to the MCS equations (5.20)—(5.22). We will
here make use of the frequency dependent mass and the frequency dependent charge
found in section 5.5. We will initially assume that apart from the interactions with
the MCS fields, the vortices are free. The Lagrangian (5.78) is the Lagrangian for
free vortices. In addition, we may extract the interaction with the MCS fields from
the Lagrangian (5.19). Disregarding for a moment the frequency dependence of M
and A, the total Lagrangian becomes

L= %MVQ +Ar X v+ qV - [Z(R) + 2(R)] — ¢Zo(R). (5.89)
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The total set of equations of motion for the system may then be written

8B + €19, B9 = 0, (5.90)
-1
E" + ;(B + uB™t —1) = J°, (5.91)
€19;B — O E' + EEZJEJ =J, (5.92)
glE' + €1VI(B — 1)] + 269VIA = M8,V (5.93)

By looking at equation (5.91), we see that the ground state of the system must
be such that B 4+ puB* — 1 = pJ°. We know that on the middle of a plateau in
the FQHE, B*™t = % and B = 0 in these units, and there are no vortices. This
corresponds to the relation

e

B™ = —p (5.94)
M

for the original CSGL field. As B®** is increased, we expect the latter relation (5.94)
to continue to hold, so that the change in B®* is absorbed into B and there will still
not be any (free) vortices. However, at some point we expect B to reach a maximum,
and vortices will start to appear. We therefore expect B to be a small constant B¢
in the ground state.

We will now assume that E and B oscillates around the ground state, analogous
to the treatment in section 3.2.2:

E = Eje!(kv—«t), B = Bye!kv=«t) | B (5.95)
We also assume that the vortices in the system are brought into collective oscillations:
J = qJoethr=et) g0 — gNpeilkr=d | N, (5.96)

where N¢ is the constant background density of vortices with charge ¢ = 2ws. We
define longitudinal and transverse components of Eg and Jg as:

k- Eg = kEy, k-Jo = kJy, (5.97)
kX Ey=kEy, kxJo=kJy.. (5.98)

Inserting equation (5.90) into the oscillating part of equation (5.91) gives

. 1 w

’LwE()” + —Fp1 = —qNy, (5.99)
I k

while the longitudinal component of equation (5.92) is

) 1
’LwE()“ + ;E()J_ = qJ0||. (5.100)
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This shows that
wNg = ]{JJ0||. (5.101)

Substituting By from equation (5.90) into the transverse component of equation
(5.92), we find

7 1
qJoL = ;(wz —k*)Eoy — ;Eo”. (5.102)

Since the only charges in this system are the vortices, we have J = NgoV. We
insert this into equation (5.93) while assuming that the oscillatory part of B in this
equation may be omitted. This is a valid assumption provided that the following
holds[34]:

lpol < gN, (5.103)
kEG (12, 1 2\ , PoEoL 1 Po
—= | k — — —_— —F —. 5.104
‘quQ Tt )T qgNwp < Wit oL+ k ( )

We find the following for the longitudinal and transverse component, respectively:

—in(w)J()” + bJ()” = qNcEy + qJor(B. —1) 4+ 2A(w)Jo, (5.105)
—Z'wM(w)J()J_ + bJ()J_ = chE()J_ — qJ()”(BC — 1) — QA(LL))JO”, (5106)

where we have now included the w-dependence of M and A explicitly. We have also
included a damping factor bV (w) on the left hand side of (5.93). Substituting Jg
and Jy, from equations (5.100) and (5.102) then gives a homogeneous set of linear
equations for Eq and Eo,

A B\ (Ey\ _
(c D) <EOJ_ —0, (5.107)
A= w?M + ibw — ¢*N¢ + L Byg, (5.108)
1
. 2 _ ]{32
B= —%(WM +ib) — ig™ Brs, (5.109)
C = %(WM + ib) + iqwBrs, (5.110)
2 ]{32
D = M(w? — k2) + ib= — ¢*N¢ + L Bgg, (5.111)
1

where Brg = Bc — 1+ %A(w).
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which can only be solved if the determinant AD — BC' = 0. This gives the wanted
dispersion relation:

1
2 _ 2
k = w — F
ﬁ,uzNC(sz + ibw)w? + No(Mw? + ibw) — p?¢> NEw? + 2ugNe Brgw?
w? —(Mw? + ibw)? + ¢>Ne(Mw? + ibw) + ¢?Biqw? '

(5.112)

We note about this relation is that if no vortices are present, we end up with the
simple dispersion relation

k= w? — s (5.113)

showing that the excitations are massive, with a mass % This is the well known dis-

persion relation we have found before, but without the k*-term. This term is missing
since we have made a long wavelength approximation. This “vacuum” dispersion
relation is independent of the external magnetic field.

The dispersion relation is plotted in figure 5.2, where the density N¢ of vortices
is gradually increased. At some values of w, the value of k is seen to grow or decay
very rapidly. These points correspond to divergences in the dispersion relation of
the damping factor b is set to zero. Near these points, there are regions where k
diminishes as w grows. This phenomenon is called anomalous dispersion.

The points where the undamped system has a divergent dispersion relation may
be regarded as resonance frequencies for the system. From the dispersion relation
(5.112) we can find these points by setting b = 0. The divergent points are then
found where the denominator in (5.112) is zero, i.e. at w = 0 and

2 2
w="1 (chj\é;r Bug) (5.114)
At this point, Lgvvik found that the MCS theory has a narrow window of propagation.
However, since the mass M and effective magnetic field Bgg are dependent on the
frequency, equation (5.114) may be fulfilled at several points. This is what we see in
figure 5.2, where there are two resonance points with an area where plane waves may
propagate between them.

The two separated areas where Re{k} > 0 in figure 5.2c,d may be interpreted
as two different kinds of excitations. One can see that the single type of excitation
for the “vacuum” system with no vortices, splits up into two modes, with the lower
energy one having a higher value of % than the “regular” mode, which has a higher
energy.

In figure 5.3, we have plotted the dispersion relation for the same parameters as
in figure 5.2, except that y = 25. We see that qualitatively the results are the same,
but one difference is evident: The mass of the lowest lying excitation increases when
the density of vortices is increased before the new type of excitation appears.
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Figure 5.2: Plots of dispersion relation (k(w)) for p = 2, b= 0.02 and B¢ = 0.1, and

a varying density of vortices.

It would be nice if these phenomena could be related to phenomena in the frac-
tional quantum Hall effect. However, there is a question of whether this model is a
good description of the FQHE, and if so which values of © would be physically rele-
vant. There is also the mentioned problem with the frequency dependent mass M (w)
being negative. As there seems to be several problems in interpreting our model as
a description of the FQHE, we have chosen to present the results without further

discussion.
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Chapter 6

Conclusion

In this thesis we have studied some aspects of vortices in the Chern-Simons-Ginzburg-
Landau (CSGL) theory for the fractional quantum Hall effect. The purpose has been
to give a self-contained, comprehensive presentation of the properties of vortices in
the CSGL theory, including results already obtained in the literature as well as our
own results. We have provided some analytical results of CSGL theory, including
how the charge and spin of vortices is given by their topological quantum number,
and the asymptotic shape of the vortices far from the core. We have also reviewed the
properties of the self-dual point of CSGL theory and its implication for the energy of
vortices.

One major goal of the thesis has been to show how the Ginzburg-Landau (GL)
theory for superconductors and superfluids and the Maxwell-Chern-Simons (MCS)
theory for anyons in an electromagnetic field are connected to the Chern-Simons-
Ginzburg-Landau theory. This has been studied both analytically and numerically.
We have shown how the equations for the CSGL theory reduce to those of the GL
theory in a certain limit, and how the MCS theory solution also may be obtained as
a limit of the CSGL theory.

The main focus of the thesis has been the numerical results. We have solved the
CSGL equations for a vortex numerically for a range of the dimensionless parameter,
and shown how the size and energy of a vortex depends on this parameter. We have
also studied the connection between the CSGL theory and the GL and MCS theories
numerically, and found support for our analytical results.

In addition to the pure CSGL theory, we have studied some natural extensions
of the CSGL theory. The first extension we have studied is the addition of a dy-
namical magnetic field. We have shown how the charge is no longer quantized when
the magnetic field is made dynamical. The main study of the extensions has been
numerical. We have shown how the inclusion of a dynamical magnetic field changes
the size, energy and charge of a vortex, and we have found that the self-dual point
of pure CSGL theory extends to a self-dual line.

The second extension we have studied is the extension of the CSGL wave function
to a two-component spinor. We have shown how this extension allows another kind of
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vortex solutions, known as skyrmions, and studied some properties of these objects.
Again, the main study has been numerical. We have shown how the size and spin of
the skyrmions depend on the effective gyromagnetic ratio, and we have reproduced
qualitatively results found by a different kind of study of a spin-dependent model
for the fractional quantum Hall effect: that the lowest lying excitations for some
parameter values is doubly charged skyrmions. Using our numerical results, we have
obtained a phase diagram for the spin dependent CSGL theory.

The last part of this thesis has been devoted to the duality between the CSGL
theory and the MCS theory. We have made a detailed derivation of the duality
starting from the Lagrangian of CSGL theory. We have also attempted to use this
duality to find a better description of the dynamics of vortices and a dispersion
relation for a system with a gas of free vortices. Unfortunately, the results we have
found have been difficult to interpret, so we have decided to present the results
without attempting to give a full interpretation. We can only conclude that in this
area there is still room for further study.



Appendix A

Notation

A.1 Abbreviations

2DEG Two-dimensional electron gas.

CSGL Chern-Simons-Ginzburg-Landau.

FQHE Fractional quantum Hall effect.

GL Ginzburg-Landau.

GPG  Ginzburg-Pitaevskii-Gross.

IQHE Integer quantum Hall effect.

MCS  Maxwell-Chern-Simons.

MCSGL Maxwell-Chern-Simons-Ginzburg-Landau.

QHE  Quantum Hall effect.

A.2 Symbols

Greek indices (p,v,...) can have values 0, 1, or 2. Latin indices (i,j...) can have
values 1 or 2. Components of 3-vector quantities are written as v# (contravariant) or
vy, (covariant), where v; = —v*. Components of 2-vectors are written as v?, while the
2-vector it self is written in bold face: v. Where indices are repeated, they are to be
summed.

A¥(x) Electromagnetic (gauge) field.
at(x) Statistical gauge field.

At (x) Total gauge field, A* = A* + a*.
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'U“
M

ZH(x)

Magnetic field (physical), B = € 9; A,
Statistical magnetic field, b = €% d;a’.

Total magnetic field, B= B + b.

Covariant derivative, D, = 0, + ieA,,.
Energy.

Electric field (physical), E? = —9; A% — 9y A".
Electron charge (e = —|el).

Statistical electric field, e’ = —9;a® — dpa’.
Energy density.

Total electric field, £€ = E + e.

Electromagnetic field tensor, F,, = d,A, — 9, A,,.

Real part of wave function, f(r) = |¢(r)|.
Particle current density.

3-current density.

Lagrangian functional.

Lagrangian density, L = [ Ld%z.
Effective electron mass.

Momentum.

Charge.

Coordinate vector.

Radial coordinate, r = |r|.

Time coordinate.

Velocity.

3-velocity, v = (1,v).

Space-time coordinate, z# = (t,r).

MCS electromagnetic field (used in chapter 5).

Complex coordinate, z = x + y.
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a(r) afr) = r[A%(r) + a®(r)].

G+ 3-velocity, ¥ = vH.
gl V= T
o+, Kronecker-delta: 6+, = {1 p=v
0 p#v
et Totally antisymmetric tensor: €12 =1, M7 = /TH = —¢VHo
¢ Length scale of exponential decay of vortex, see equation (3.75).
0 Polar coordinate.
K Dimensionless parameter of MCSGL theory, k2 = i)(‘)?;.
A Parameter of CSGL theory. In section 2.4.4, London penetration depth,
A= uo%'
7 Parameter of CSGL theory and MCS theory.
7 Dimensionless parameter of CSGL theory, i = TZ—QA
P Electron density, p = ¢*¢ (In section 4.2, p = ¢T¢).
pY Resistivity tensor, j* = p“ EJ.

PH Hall resistivity, pg = p*Y.

oL Longitudinal resistivity, pp, = p**.

o Conductivity tensor, B = g% jJ.

o Hall conductivity, og = o™¥

or, Longitudinal conductivity, oy = ¢™*

¢(r)  Wave function (bosonic).

x(r Asymptotic form of 1 — f(r) as r — oo, see section 3.5.3.

Asymptotic form of ag(r), see section 3.5.3.
In section 2.3.4: Destruction operator for electrons

Asymptotic form of s — a(r), see section 3.5.3.
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Appendix B

Special Functions

This appendix summarizes some properties of two kinds of special functions used in
the thesis, based on Butkov([58].

B.1 Modified Bessel Functions

The modified Bessel functions are solutions of the equation
d? 1d m?
—+—— |1+ —= =0 B.1
[dxﬁm (+$2)]f<m> , (B.1)
where m in general may be and real number, but we will only consider the case where

m is an integer. There are two kinds of modified bessel functions. The modified bessel
functions of the first kind, I,,(x), are given by the power series

S xm+2k
In(z) = , =0,£1,42,.... B.2
(z) kz::o Kl(m+ kylgmi2e " (B-2)
The functions I,,, obey the following equations:
2m
Im_l - Im+1 = 717’)1(1:)’ (B3)
m Al (x)
ILyi1=—1, — B.4
== )+ S (B.4)
I,
Lyt = " () + @) (B.5)
T dx
d
%[l'mlm(l‘)] =" -1 (x), (B.6)
d —m —m
L ()] = 2 g (). (B.7)

The asymptotic form of I,,(x) as z — oo is given by

In(z) = + O D). (B.8)
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The modified Bessel functions of the second kind, K,,(x), are defined by

(=)™ [0_p(x)  Oly(x)

These functions have a logarithmic divergence at the origin. They obey the following
equations:
2m
Km1(x) = Ky (z) = _?Km(l’)a (B.10)
m dK,(x
Kpi1(z) = —Kp(x) — A, (B.11)
T dx
m dK,(x
Kp1(z) = —;Km(x) - (ZB( ), (B.12)
d
T Ko (@) = —2" Ko (2), (B.13)
d _
%[l'_me(l‘)] =2 " Kpyi(x). (B.14)
The asymptotic form is
m 3
Ky (z) = 2—6_96 +O(z™2). (B.15)
x

B.2 Sine and Cosine Integral Functions

The sine and cosine integral functions, Si(x) and Ci(x) respectively, are defined in
terms of integrals:

oy [ sin(§)
Sl(ﬂ:):/o 7 dg, (B.16)
Ci(z) = —/ Cozﬁdg. (B.17)

While Si(z) vanishes at the origin, the function Ci(x) has a logarithmic singularity[59]:
Ci(z) = v + In(z) + O(z?), (B.18)

where v is Euler’s constant,

n
1
v = lim ( E - — ln(n)> ~ 0.5772156649. .. . (B.19)
i

n—oo \ 4
i=1
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The Path Integral Method

This appendix provides a concise introduction to the path integral formulation of
quantum mechanics. It is based mainly on Peskin and Schroeder[60] and Shankar[61].

C.1 Path Integrals in Quantum Mechanics

In the 1940s, Richard Feynman invented a completely new formulation of quantum
mechanics. The path integral formulation does not use a wave function or state
vectors. Instead, it provides a way to directly calculate the amplitude for a process
where a particle moves from one position to another, using the classical Lagrange
function of the system. It produces the same results as and is equivalent to the more
well-known Schrédinger and Heisenberg formulations.

The path integral formulation states that to find the amplitude for a process,
calculate a phase factor e”5F®)] for each possible path x(t) of the particle, where
S[z(t)] is the classical action for the path. Then sum all these phase factors to get
the (total) amplitude. The amplitude for a process where a particle moves from x;
to xy during a time 7" may then be written

(g e HHT |z;) = Zeis[m(t)] = /Dx(t)eis[m(t)], (C.1)
z(t)

where we have introduced the path integral measure Dz (t).

To use the above expression, it is necessary to find a way to calculate the functional
integral. The customary way is to discretize in time, reducing the continuous path
x(t) into a set of points z(ty), where t, = t;+ke, k =0,1,2,..., N. Letting xj, = z(tx,
we then define the measure Dx(t) as

N-1

11 %. (C.2)

k=1

. dl‘ldl‘g tee dI‘N_l

Dx(t) N

Ql -
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The integral over all paths is then reduced to N — 1 integrals over R. The constant
C appearing in (C.2) may in general depend on the “mesh spacing” e = % We must
also discretize the action. For a particle in a potential V(x), the discretized action

becomes

g mfd 1 ., = m (Tg41 — zg)> Tht1 + Tk C
=/ t ima:— —>Z;) 7—6‘/ — 5 . (C.3)

We may now calculate the value of the constant C' by considering the contribution
to the total amplitude from the last time slice. By (C.1) and (C.2), we have

(@sle™ T |z;)
[ dznaa - (wp—ana)? L (mptana —iH(T—e)
B /—oo C exp |:Zm2—6 — 1€V f <$N—1| € |xz> :

(C.4)

We may then use the fact that the first term in this expression will tend to a delta
function as € — 0, so that we may expand in powers of (xy_1 — z¢):

. oo _ 2
(] e HT |z;) = / dry_1 exp [Zm%] [1—ieV(zs)+ -]

2

2
Oz ¢?

: [1 + (zN_1 — zy) + - ] (zp|e ™ HT=9) |2,y . (C.5)

1
8.CL‘f 2

This integral may be easily evaluated, yielding

- 1 (27 e 52 .
(5] €T |y) = (—— —fff> i€V + g + O gl e ).

cV m 2m Oz ¢?
(C.6)
In the limit € — 0, we must then have C = % Comparing terms of order € in
the above expression, we then have
ile oy = [-2 v @il Ty, )
8T 2m Oz ¢?

which is simply the Schrodinger equation. Thus we have justified the claim that the
path integral formulation is equivalent to the Schrédinger formalism.
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C.2 Path Integrals and the Aharonov-Bohm Effect

In section 2.2.4 we explained the Aharonov-Bohm effect

by stating that particles pick up a phase factor when
moving around a string of flux. This statement is eas- - .
ily understood using the path integral formalism. For )/ . B0
a particle in an electromagnetic field, the classical La- | U/:
grangian is ' 1

1 .5 . N
L=gmi®+gi- Ar) - go(x),  (C) -

Figure 2.5: The Aharonov-
Bohm Effect

where m is the mass and ¢ is the charge of the particle.
For a purely magnetic field, the vector field A gives the
magnetic field B by V X A = B, and the potential
¢ vanishes. Thus, the contribution to the phase factor for a path r(¢) going one
complete turn around the solenoid is

. te .

QIAS _ i [ L(x(t)dt _ ez’ASOe(qutf 1”-A(r)dt) _ ez’ASOe(iqu-dr)’ (C.9)
where €250 i the contribution to the phase factor for the same path when there is
no magnetic field. The last integral may be evaluated using the theorem of Stokes,
giving

GIAS _ LiASy ,(iq [g P2V XA) _ (D50 gia® (C.10)
where S is the area enclosed by the path r(¢), and ® is the flux penetrating this area.
For a setup like the one in figure 2.5, where all the flux is contained in a small area
inaccessible to the particles, all paths circling the flux string once will thus gain the
same additional phase factor e™® relative to the phase they would gain if the flux

string was not there. This means that the total phase factor will have exactly the
same addition.
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Appendix D

Numerical Methods for
Ordinary Differential Equations

This appendix will provide a description of the relaxation method used for numerical
solution of the vortex equations in this thesis. The method used is based on the
method in the book Numerical Recipes in C by William H. Press et.al.[62] and this
introduction is based on that book.

D.1 Differential Equations and Boundary Values

Before we start the discussion about how to solve the differential equations (3.52),
(3.55), and (3.56) numerically, we will review some basic features of systems of dif-
ferential equations and their solutions. This discussion will be limited to ordinary
differential equations (ODEs), e.g. equations where all the unknown functions are
functions of the same variable, which we will call z.

First, we note that all systems of ODEs may be written on the form

Fl(yl?"'7yN;yi7"'7y§V;yi,7"'7y§<[;"'):0
F2(y17"'7yN;yi7"'7y§V;yi,7"'7y§<[;"'):0
(D.1)
Fy(yt, - - ,yN;yi,--. 7y§\[;yi,7"' >yx[§---) =0,
where y, = yr(z), y, = %f, etc., and F1 ... )y are given functions. We also note that
all such systems may be reduced to first-order systems only including a set g1, ..., ¥y
and their first derivatives g1, ... ,Q;v, simply by defining new functions g; = y; where

necessary. We will also assume that this set of equations may be brought onto the
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form

yi = fl(x>y17y27"' 7yN)
yé = f2(x>y17y27"' 7yN)

(D.2)
y?\/ = fN(x>y17y27' .- 7yN)7
which may be conveniently written on vector form
y' =f(z,y). (D.3)

In addition to the set of equations (D.3), we will need a set of initial conditions

g(y(z') =0, (D.4)

g'y@)) =0, glly@l) =0 (D.5)

Note that the number of equations, the number of unknown functions and the number
of initial conditions or the total number of boundary conditions must be the same.
When the conditions on the solution is given as initial conditions (D.4), the problem
consisting of (D.3) and (D.4) is called an initial value problem. The goal will then
usually be to find a solution on the half-line [z, c0) or (—o0, xp]. When the problem
is given as (D.3) and (D.5), it is called a two-point boundary value problem, and the
goal will (usually) be to find a solution on the interval between points z; and x.
There are three questions of particular interest when it comes to differential equa-
tions representing physical systems:
1) Is there a solution to the problem?
2) Is the solution unique?
3) Is the solution stable with respect to the initial conditions?
We will not go into detail on these questions, but we will mention a general
theorem applicable to initial value problems:

: of of of : : :
Theorem D.1 Let the functions f and By Dus T Dy be continuous in a region R

defined by x; < x < xp,yt <y < y{, oy <yn < yfi, and let the point (zg,y(xo))
be in R. Then there is a neighborhood of xo where there exists a unique solution
y = ¢(x) of the system (D.3) with initial conditions (D.4).

Note that the neighborhood where the solution is valid might be very small.
However, if we can find a solution which is continuous in some interval of x, the
theorem guarantees that it is unique.

For two-point boundary value problems, the situation is more complicated, and
it is not possible to say anything in general about the existence and uniqueness of
solutions.
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D.2 Numerical Methods

The basic principle behind all numerical methods for solving differential equations
is to approximate the continuous interval x = [a,b] on which one wants to solve
the equations with a finite set of points (a mesh) {x;}i=01,2,.. v, where zg = a
and xp; = b. The points z; are in the simplest methods equally spaced, so that
z; = a+ 1Az where Ax = %.

The very simplest method for integrating an initial value problem is FEuler’s

method. Tt involves approximating derivation with ill—g — %, i.e.

W tay) — ylo) = ylo) + At (D.6)
This method illustrates the general theory of most numerical methods for initial value
problems. One starts at one end of the interval, and then integrates towards the other
end. Such a method is not directly applicable to a two point boundary value problem,
where the solution depends on the boundary values in both ends of the interval.

One method for solving a two point boundary value problem is called the “shoot-
ing” method. The principle of this method is to use an iterative method like (D.6)
anyway, guessing the unknown function values at the first boundary point. One may
then compare the actual resulting values of the functions at the second boundary
with the boundary conditions at this point, correct! the guessed boundary values at
the first point if necessary and repeat this process until sufficient accuracy is reached.

For problems which are very sensitive to the boundary values, “shooting” is not
practical. Such problems will require very accurate “guessing” of the unknown func-
tion values at the first boundary, and will at best result in very slow convergence
towards the solution. The limited precision of computer systems might also have the
result that a sufficiently accurate solution can not be found. We have found that for
the vortex problem of CSGL theory, another method is superior by far, the so-called
relaration method.

To describe the idea of the relaxation method, we return to the problem of how
to apply Euler’s method (D.6) to a two point boundary value problem. If the set
of differential equations is linear, this is actually a solvable problem. Defining y , =
y(zk), (D.6) becomes

Yit1 = Yi + Azf(zg, yi). (D.7)

Written out for the whole interval, this becomes

y1 =Yyo + Azf(xo,yo)

y2 =y1 + Axf(zy,y1)
(D.8)

yu =ym-1+ Azf(xa 1, ya-1).

'In practice, a numerical method for finding the root of a function, such as Newton’s method,
would be used to find out how to correct the guessed values
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The boundary conditions are now in yg and yjs;. The above set of equations then
consist of M N equations and M N unknowns. This system may be solved with a
matrix method, although if the number of points M is large, we quickly get very
large matrices! Unfortunately, for non-linear equations there is no general method to
obtain an exact solution.

The relaxation method overcomes this problem by considering small deviations
from a set of trial functions {y} only. If we assume that we have a good approxi-
mation to the solution, {yx}, a better approximation y; = yx + dyx may be found
by linearizing equation (D.7) in 0y and solving it, which is now easy to do since the
system is linear.

D.3 The Relaxation Method

The relaxation method used to compute the results in this thesis uses a variant of
the Euler scheme (D.7). All function values are evaluated between grid points. This
results in the following scheme:

1

Ei. =yr — yi-1 — (zr — zp—1)f <—

1
5 (xk + TK—1), 5(}% + Yk—1> =0,

k=1,2,...,M—1. (D.9)
These M — 1 equations together with the boundary conditions

Ej = g'(yo) =0 (D.10)
Ey=g/(Yy)=0 (D.11)

defines our numerical problem. The vectors Eg and Ej; have only n’ and n/ com-
ponents not identical to zero, respectively, where n’ is the number of boundary con-
ditions at the first point and n/ is the number of boundary conditions at the last
point.

As mentioned, we will attempt to find a solution to this problem by considering
small deviations from a trial function y;. If we assume that y; is a good approx-
imation to the solution of the problem, we may expand the functions Ej(yx, yr—1)
by

Ei(yr, Yi-1) = Ex(¥i + Ay, Yi—1 + Ayk—1)

OE OE
E (yka Yi— 1 + Z k Ayn,k—l + Z b Ayn,kv (D12)

* O k-1 = Y.k
where Ay = yr—¥k, and yy is the true solution to the problem. Since Ex(yx, yr—1) =
0, for each interior point xy, kK =1,..., M we thus have the equation
2N
ZSJ, Aynka+ Y. SjnAyn-nk=—Ejrj=12,...,N, (D.13)

n=1 n=N-+1
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where (S;,,) is an N x 2N matrix for each k,

S, = 3§E2,i17 n=1,2...,N (D 14)
Jm — 0L i n:N+1;N+27’2N ' |

OYn_Nk—1’

At the boundary points, similar equations may be found. At the first point, we have

N OE,
ZS]nAyn(]:_E](]v ]:nf—l—l,nf—l—Q,,NSan J’O, (D15)
) ) ) ) ayno
n=1 ]
and at the last point we have
N
OFE;
S Sinlynar = —Ejn, j=1,2,...,078;, = 2 (D.16)

n=1 " ayn,M—i—l '
Note that for technical reasons, the matrix (S ) at the first boundary is defined only
for the n’ values of j from n/ 4+ 1 to N (recall that the total number of boundary
conditions, n’ + nf equals the number of equations N.)

The matrices (S;,) at each mesh point k£ may now be put together in one huge
NM x NM matrix S which obeys the equation

SAy = —E, (D.17)
and where the vectors y and E are given by

y = (YO7y17"' 7yM) (DIS)
E = (Eo,E1,...,Eun). (D.19)

Equation (D.17) may be solved by Gaussian elimination. Since the matrix has a
special structure where only elements close to the diagonal are non-zero, an optimized
Gaussian elimination procedure may be used, but we will not enter the technical
details here.

The procedure of solving equation (D.17) for Ay is repeated until the accuracy
of the solution is adequate.
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