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Zusammenfassung

Gegenstand dieser Arbeit ist die Untersuchung der Moglichkeiten ein
Composite-Fermion-Modell fiir den fraktionalen Quanten Hall Effekt aus der
relativistischen Quantenelektrodynamik abzuleiten . Die wesentliche Motiva-
tion hierfiir ist den Spin des Elektrons, betrachtet als relativistischer Effekt, in
das Composite-Fermion-Modell mit einzubeziehen. Mit einfachen Argumenten
wird gezeigt, dass eine spezielle Chern-Simons-Transformation der Dirac
Elektronen in vier Raumzeit-Dimensionen im Niederenergielimes zu einem
Einteilchen-Hamiltonoperator fiir Composite-Fermionen mit entsprechenden
Korrekturtermen, etwa Rashba- oder Dresselhaus- Spin-Orbit Kopplung und
die Zitterbewegung fiihrt. Des weiteren stellen wir einen Mechanismus vor,
der Quantenfelder, definiert auf dem vierdimensionalen Minkowskiraum, quan-
tenmechanisch auf drei Dimensionen projiziert. Das fiihrt zu einer relativis-
tischen Quantenfeldtheorie in drei Dimensionen und im Speziellen zu einer
relativistischen Composite-Fermion-Feldtheorie in drei Dimensionen. Rela-
tivistisch bedeutet hierbei Kovarianz unter einer Untergruppe der Poincaré-
Gruppe. Die Projektionsabbildung kann mit der Projektion in ein (relativis-
tisches) Landauniveau beziehungsweise in ein Composite-Fermion Landauni-
veau kombiniert werden. Das fiihrt zu einer quasi relativistischen Quanten-
feldtheorie auf einer nichtkommutativen Ebene. Quasi relativistisch bedeutet
hierbei, dass die Kovarianz beziiglich der Untergruppe der Poincaré-Gruppe
auf der Skala der magnetischen Lange gebrochen ist. Die von diesem Ansatz
resultierenden phanomenologischen Theorien werden diskutiert und erlauben
eine systematische Untersuchung der Effekte vom Spin und der Kondensation
in ein Landauniveau. Wir erwarten von den relativistischen Abhandlungen
Korrekturen im Sinne von Spin-Orbit-Kopplungs-Effekten. Von der Projek-
tion in Landauniveaus erwarten wir eine Modifikation der Dispersionsrela-
tion und ebenso eine Anderung der Composite-Fermion-Masse. Im Limes,
in dem die magnetische Lange verschwindet, sollte dann die Theorie mit
dem herkémmlichen Zugang zu den Composite-Fermionen iibereinstimmen.
Die Chern-Simons-Theorie ist ein zentraler Aspekt der Composite-Fermion-
Theorie und ihre Quantisierung unumgénglich. Deshalb rekapitulieren wir die
BRST-Quantisierung von Chern-Simons-Theorien mit kompakter Eichgruppe
und diskutieren die phanomenologischen Konsequenzen in einem Composite-
Fermion-Modell mit Spin. Die Verbindung zu Wess Zumino Witten Theorien
wird aufgegriffen und eine mogliche Beziehung zwischen der Zentralladung der
entsprechenden affinen Lie Algebra und dem composite Fermion Fillfaktor
aufgezeigt.



v



Abstract

The purpose of this thesis is the investigation of the possibilities to derive
a composite Fermion model for the fractional Hall effect from relativistic
quantum electrodynamics. The main motivation is to incorporate the spin
of the electron, considered as relativistic effect, into the composite Fermion
model. With simple arguments it is shown that a special Chern Simons trans-
formation of the Dirac electrons in four spacetime dimensions leads in the
low energy limit to a single particle Hamiltonian for composite Fermions in
three dimensions with correction terms such as Rashba- or Dresselhaus-spin-
orbit coupling and zitterbewegung. Furthermore we provide a mechanism to
quantum-mechanically project the quantum fields defined in the four dimen-
sional Minkowski space to three dimensions. This leads to a relativistic field
theory and especially a composite Fermion field theory in three dimension.
Relativistic now means covariance under a subgroup of the Poincaré group.
This projection map can be combined with the projection onto a (relativistic)
Landau level or composite Fermion Landau level respectively. This results in
a quasi relativistic quantum field theory on a noncommutative plane. Quasi
relativistic means that covariance under the subgroup of the Poincaré group is
broken at the scale of the magnetic length. The phenomenological models re-
sulting from this approach are discussed and allow a systematical exploration
of the effects of the spin and the condensation in a Landau level. We expect
from the relativistic approach corrections in terms of spin-orbit coupling ef-
fects. From the projection onto Landau levels we expect a modification of
the dispersion relation and a modified composite Fermion mass. In the limit
where the magnetic length vanishes the low energy theory should correspond
to the common approach to composite Fermions. The Chern Simons the-
ory is a central aspect of the composite Fermion theory and its quantization
indispensable. Therefore the BRST quantization for Chern Simons theories
with compact gauge group is reviewed and the phenomenological consequences
within a composite Fermion model with spin are discussed. The connection to
Wess Zumino Witten theories is recalled and a possible link between the cor-
responding central charge of the related affine Lie algebra and the composite
Fermion filling factor is pointed out.
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Chapter 1

Introduction

In 1879 E. Hall [Hal79] discovered that a magnetic field perpendicular to a thin conducting
plate leads to a voltage drop perpendicular to an applied current and magnetic field, the so
called Hall Voltage. The Hall resistance defined as the ratio between the Hall voltage and
Hall current is observed to be proportional to the applied magnetic field and zero if the field
is turned off. Already classical electrodynamics covers all effects of the classical Hall effect.
The model tells us that charge carriers are deflected by the magnetic field which leads to an
accumulation of charges at one side of the conducting plate. The result of the annihilation
of the generated electric force and the magnetic force is a linear dependence of the Hall
resistance from the magnetic field B:

B

Ne€

Ry =

and the antiproportionality of the total number n. of the electric charge carries for instance
electrons with charge e. It is therefore possible to determine the number of charge carriers by
measuring the Hall resistance. Important for this effect is that the conducting plate is very
thin, therefore we would like to have at best a two dimensional charge carrier system. The
industrial development of semiconductors made it possible to realize quasi two dimensional
electron system in Metal-Oxide-Silicon-Field-Effect-Transistors (MOSFET). In 1980 von KI-
itzing then observed a quantization of the Hall resistance in such a structure at temperatures
of about 1.5K and below [KDP80]. The high accuracy of the quantized Hall resistance in
terms of the von Klitzing constant Rk,

Ry =" with j=123... and Ry =%~ 25812807k,
] &

defines not only a standard resistor but is also suitable to determine the fine structure constant
a = pgcoe? /(2h) with high accuracy. For the discovery of this integral quantum Hall effect
von Klitzing was awarded the Nobel price in 1985.

The investigation of new techniques such as molecular beam epitaxy (MBE) made it pos-
sible to produce cleaner two dimensional electron systems where the mobility of the electrons
is significantly improved. The realization of high mobility electron systems between GaAs
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and Al,Gaj_,As crystals provide more insight into the physics of low dimensional electron
systems at low temperature. Already in 1938 Wigner proposed a crystal like configuration of
an electron gas if the Coulomb repulsion exceeds the kinetic energy. Being in the search of
such a Wigner crystal in two dimensional electron systems Tsui, Stormer and Gossard made
the observation of Hall plateaus in magnetotransport experiments in between the plateaus
found by von Klitzing [SCT'83]. However, these plateaus are not related to the Wigner
crystallization but were linked by Laughlin in 1983 to the condensation of electrons into
quasi particle excitations obeying fractional statistics [Lau83]. For their discovery of the
fractional quantum Hall effect and for the explanation Tsui, Stormer, Gossard and Laughlin
were awarded the Nobel price in 1998.

Since then the fractional quantum Hall effect belongs to the most active research fields and
nearly every theoretical community has contributed some ideas and often deeper insight not
only in the fractional Hall effect but also into fundamental configurations of matter concerning
for instance the spin and statistics in low dimensions and the connection to topology. For
example the concepts of topological gauge field theories [Wit89] and supersymmetry [DGS89],
originally discussed in the context of quantum chromodynamics and (super) string theory
[Wit95], arise naturally in quantum Hall systems. Also the field of noncommutative field
theory, discussed in terms of the quantum structure of spacetimes at the Planck scale [DFR95],
has a special but natural realization in the physics of the quantum Hall effect. Indeed the
mathematically rigorous treatment of the integer quantum Hall effect is realized within the
concept of noncommutative geometry [BvS94, Con90] and there are attemps to apply the
techniques of noncommutative geometry also to the fractional quantum Hall effect [MMO5].

On the other hand the progress made in production techniques, especially the improve-
ment of molecular beam epitaxy in nano engineering, lead to cleaner electron systems and
improved mobility. In high mobility samples combined with a cooling well below 1K there
emerge finer and finer Hall plateaus and with special prepared (doped) samples new effects
can be measured in particular what concerns the spin of the charge carriers [MFHac™00,
KSvKE00, TEPWOT].

The quality of being a macroscopic quantum effect and its connection to topological
quantum numbers and braid group or fractional statistics is the basis for the idea that the
fractional Hall system is a possible candidate for the realization of a quantum computer
Wan06].

One promising approach to the theory of the fractional quantum Hall effect was intro-
duced by J.K. Jain in 1989 [Jai89]. He transformed the electrons in a quasi two dimensional
system with strong magnetic field into composite objects consisting of an electron with an
even number of flux quanta attached to it. This idea came from the observation that the
longitudinal resistance shows up a rather symmetric magneto oscillation around the filling
factor 1/2. This motivates the postulation of a condensation into quasi particles, the com-
posite Fermions. At filling factor 1/2 the composite Fermions are exposed to a zero total
magnetic field at least at mean field approximation while at filling factor 1/3 there is one
further flux quantum per electron and leads to a filling factor for composite Fermions of one.
Therefore the fractional Hall effect for electrons is roughly speaking mapped to the integer
Hall effect for composite Fermions. Being able to describe rather successfully many effects
in the fractional Hall effect, there are many open questions left especially what concerns the




impact of the spin of the electron. There are some phenomenological approaches to incor-
porate the spin of the electron in terms of spin pairing to describe for instance polarization
effects [MMN*02, KMM*02b].

From quantum electrodynamics it is well known that the anomalous magnetic moment
of the electron is a relativistic effect. In the spirit of Wigner particles are irreducible repre-
sentations of the covering group of the Poincaré group and the electron is a representation of
a relativistic particle with intrinsic SU(2) symmetry. For electrons in the low energy regime
there appear for this reason correction terms such as spin orbit coupling or zitterbewegung. It
is well known that such effects have influence of the behaviour of electrons in two dimensional
electron systems. For instance the Rashba spin orbit coupling is discussed in the context of
spin Hall effects [Win03]. Having realized that the spin of the electron is a relativistic effect
we may wonder how the spin of a composite Fermion should be understood. This is the origin
of the motivation of this thesis. We will discuss the possibility to derive composite Fermions
with spin from relativistic quantum electrodynamics. The main problem is that quantum
electrodynamics is defined in four rather than in three dimensions. Furthermore we have to
explain how to attach flux quanta in this regime. We will provide an answer to both how to
attach flux quanta and how to project the quantum fields to three dimensions. This leads
to a relativistic composite Fermion theory with spin in three dimensions, however relativistic
then means covariance under a subgroup of the Poincaré group. Then we push the analysis
forward to quasi relativistic composite Fermions in a lowest Landau level or lowest composite
Fermion Landau level and quasi relativistic now means that the covariance is violated at
the scale of the magnetic length. This quasi covariant model is a realization of a quantum
field theory on a noncommutative plane and therefore highly nonlocal which should lead to
a distortion of the dispersion relation.

From an experimental point of view it is then interesting what the influences of such
theories are for instance on the composite Fermion mass. From the relativistic approach we
expect at least correction terms coming from the SU(2) spin. The noncommutative extension
we expect to correspond to the commutative model in the limit where the magnetic length
vanishes, this might happen in the scaling limit where the correlation length diverges.

The quantum field theory of composite Fermions require a Chern Simons theory in three
dimensions, this is a topological field in the sense that it does not depend on a metric it is
therefore a general covariant theory. The approaches we introduce in this theses also require
a quantization of the Chern Simons fields and therefore we review the BRST quantization of
Chern Simons theories and point out the corresponding effects in a phenomenological SU(2)
Chern Simons/composite Fermion model. Furthermore the Chern Simons theory corresponds
to a Wess Zumino Witten theory on Manifolds with boundary and we give a possible link
between the central charge of the corresponding affine Lie algebra and the composite Fermion
filling factor.

This thesis is organized as follows: In chapter two we review the theory of quantum Hall
systems. We introduce the main concepts and models to describe the integer quantum Hall
effect and explain the difference to the fractional Hall effect and motivate why new concepts
are required in this regime. Therefore we introduce the phenomenological quantum field
theory of composite Fermions especially with incorporation of spin effects. Since the spin is
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considered as a relativistic effect we propose in the next chapters a mechanism to formulate
a relativistic composite Fermion theory based on usual quantum electrodynamics.

In chapter three we discuss the connection of relativistic quantum electrodynamics in four
dimensions with the theory of three dimensional composite Fermions by a simple gedanken-
experiment. This model will be replaced in chapter four by a concrete mechanism. Chern
Simons theories play a central role in the theory of composite Fermions furthermore it is a
topological gauge field theory which has to be quantized. Therefore we review the mathemat-
ical framework of topological field theories and a modern quantization procedure, the BRST
quantization for Chern Simons theories. The connection of the mathematical treatment of
pure Chern Simons gauge theories and the phenomenological approach of SU(2) composite
Fermions is pointed out. Furthermore the BRST method might be important when we dis-
cuss the field theory of composite Fermions projected to the lowest Landau level since there
we obtain a noncommutative Chern Simons theory which has to be quantized and the BRST
quantization should provide the correct framework. Furthermore we recall how the Chern
Simons theory on a three dimensional manifold with nonempty boundary is connected to
a chiral conformal field theory on the boundary, more precisely to a Wess Zumino Witten
model and how one can derive the corresponding affine Lie algebra. A possible connection
between the central charge and the composite Fermion filling factor is explained.

In chapter four we introduce a formal method to project quantum-mechanically the rela-
tivistic quantum electrodynamic theory in four dimensions onto three dimensions by freezing
out the third spacial component. This projection can be combined with the projection onto
the lowest (relativistic) Landau level or with the projection onto the lowest composite Fermion
Landau level respectively. The completely projected fields are a special realization of a field
theory on a three dimensional noncommutative spacetime where the time commutes with the
spacial coordinates. The connection to quantum field theory on noncommutative spacetime
is pointed out, especially to noncommutative Chern Simon theories. The phenomenological
theories of composite Fermions resulting from these mechanisms are discussed and further im-
pacts for experimentally observable data are pointed out. It seems that this method opens a
rather large playground for constructing field theories in lower dimensions from higher dimen-
sional theories and allows also the treatment of more general theories defined by Wightman
distribution rather than by action principles. The last chapter provides a conclusion and
outlook.



Chapter 2

Introduction to Quantum Hall
Systems and Composite Fermions

2.1 Quantum Hall Effect

In the classical Hall effect [Hal79], a strong magnetic field |B| = B, is applied perpendicularly
to a thin metallic plate figure (2.1l Classical electrodynamics tells us then that charged
particles with mass m and charge e move in an orbit with cyclotron frequency

we =e€eB,/m.
In a first approximation of that system the thin metallic plate is replaced by a classical two
dimensional electron system. Let n. be the number of classical charged particles with charge
e. If we apply an electric field E the circular orbits drift perpendicular to E with velocity

|E|/|B|. The resulting current density j is such that the electromagnetic forces vanish:

jAB =n.eE.

1

Figure 2.1: A schematic view of a Hall System. A magnetic field is applied perpendicularly to a
thin metallic plate and an electric field in x direction leads to a Hall current in y direction.
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Figure 2.2: Schematic view of a silicon MOSFET a) and the corresponding band structure with the
confinement potential [JJO1].

The scattering-time is short compared to the cyclotron frequency, which leads to a small
component perpendicular to the field E, the Hall current:

j=n.eBAE/B].

This leads to the definition of the Hall current, being a linear function of the number of
charge carriers:
of = nee/|B|.

The current is either positive or negative depending on the charge e and thus on the material.
In the quantum Hall effect 1981 [KDP80], von Klitzing, Dorada and Pepper explored the
behaviour of a two dimensional electron system at temperatures around 1K, see figure(2.3. By
applying the Hall setup to a Si-MOSFET they observed a quantization of the Hall resistivity.
The observation of plateaus in the Hall resistivity shows a quantum effect, which is used to
determine the fine structure constant o = e /hc with high accuracy. In a first naive approach
the two dimensional electron system consists of non-interacting electrons with no disorder.
The corresponding one-particle Hamiltonian (Landau Hamiltonian) is given by

H=_-—(p-A>~ 2.1.1
—(p-A) (2.1.1)
Then the operators K; = p; — A; satisfy the commutation relation
[Kl,KQ] = theB

and the Hamiltonian can be rewritten to

K2
= om

The corresponding energy levels are called Landau levels:

Epn = (n+1/2)huw,. (2.1.2)
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Figure 2.3: Observation of the quantum Hall effect [KDP80]. The Hall voltage forms plateaus while
the longitudinal voltage drops at these plateaus.

They are highly degenerated since the system is translation invariant. It can be filled by
np = eB/h charge carriers per unit area or of flux quanta ¢g = h/e per unit area respectively.
The ration between the number of electrons n, per number of flux quanta ng

Ne
=< 2.1.3
v = (213
is called filling factor. The filling of Landau levels can be combined with the drift velocity.
The Hall current is then expected to be

II| = n(e?/h)|E|, (2.1.4)

with n being the number of filled Landau levels and j is in direction perpendicular to E. It
follows that the Hall conductivity is an integer multiple of (e?/h):

oy =n(e?/h), (2.1.5)

when the Fermi level is in between two Landau levels. These rather simple formulas connect
the Hall conductivity linearly with the quantum number n, however it does not explain the
occurrence of plateaus.

The explanation of the integrality of the Hall conductivity on the plateaus with simulta-
neously vanishing direct conductivity was given by Laughlin in 1981 [Lau81] . He used gauge
invariance of the Hamiltonian together with a special topology of the sample see figure [2.4.
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The Hamiltonian (2.1.1) in the Landau model A = (0, Bz, 0) with the Landau levels (2.1.2)
is solved by the Landau states

(@) = %ei%n(x —Xp), (2.1.6)

where the normalized eigenfunctions

L g sy (2.1.7)
Vv /7lgn! l

depend on the Hermite polynomials H,, n € N. X = —k:QZ?B and lp := /h/eB is called
magnetic lenght. Applying adiabatically a magnetic flux ¢; along the center of a cylinder
with lenght L changes the wave number in azimuthal direction by e¢;/h and a change by
A¢p = ¢ leads to a shift of 27/ L and a shift in X;. This however is the same as transporting
one electron from one edge of the cylinder to the other and in the n’th Landau level a
shift of one flux quantum corresponds to a transport of n electrons. When the lenght L is
finite and the Hall voltage |E| is fixed, the Landau levels are no more degenerated due to
the presence of edge states and form a straight line by |E|/L. A shift by one flux
quantum A¢ = ¢ gives then an energy shift of AE = ne|E| and thus the Hall current
in equation (2.1.4). The Laughlin argument can also be described in flat R? in form of
a singular gauge transformation [BvS94]. On the two dimensional space R? an exterior
magnetic filed |B| = B, is applied perpendicularly to the plane. A flux ¢(¢) is then pierced
adiabatically through the origin, see the right side of figure 2.4. By slowly varying a flux
¢(t) an electromotive force is created. In symmetric gauge and polar coordinates A(r,6) =
(—3Brsind — 5 sin0¢(t), 2 Brcos f + 5+ cos 7 (t)) the Landau Hamiltonian is given by

ol o0 ool —ih erB  ep(t)\2
H= o[ = 123 hrar—i—( =0+ o + Qﬂ)] (2.1.8)

for an adiabatic varying flux and the corresponding eigenstates

2
A 2me(t) _r_ 2mwed(t)
G (1 0,8) = comge ™ (rflg)™ T 5 e B LT R (r2)12) (2.1.9)
depend on the Laguerre polynomials
1
Ly = a0 a™), neN, acR
n!

The Landau levels are labeled by n, the orbital angular momentum by m € Z, and ¢,
is the normalization constant. A change of the flux ¢(t) = ht/er by one flux quanta for
example from ¢ = 0 to t = 7 transfers a state 1, ,,, to a state 1, ;41 up to a phase e 0.
Assuming the filling factor v is an integer, the change in the flux corresponds to the transport
of the state with lowest angular momentum of each Landau level to infinity. On a large circle
C' around the origin with radius R the current density is given by j = —ve/(2rR7) and
the strength of the electric field on the circle is |E| = —0:(¢(t)/(2nrR)) = —h/(eR7) and
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Figure 2.4: The illustration of Laughlins argument in the cylinder geometry on the left [Lau81| and
in flat R? on the right [BvS94].

the Hall conductivity is ¢ = j/|E| = v(e?/h) and corresponds therefore to the statement
of the cylinder geometry. A rigorous mathematical framework was found by Avron and
Seiler based on the ideas of Laughlin and also Kohmoto, den Nijs, Nightingale and Thouless
[TKNANS82], which we will see in the next section. However the theory depends on the
sample topology and this contradicts experiments. It also gives no answer of the crucial
impact of localized electrons due to impurities leading to the fact, that the occurrence of
plateaus cannot belong to gaps in the spectrum of a one particle Hamiltonian. Bellissard
proposed the mathematical framework of noncommutative geometry [Con90, JMGBO01] to
extend the arguments of Thouless et al. to disordered crystals and showed that the occurrence
of plateaus is due to the finiteness of the localization length near the Fermi level. For a
detailed overview see [BvS94] or in the context of noncommutative geometry also [Con90,
IV.6]. Avron and Seiler then showed the connection to charge transport and experiments
within this mathematical framework [JEA94].

2.1.1 Topological Origin of the Quantum Hall Effect

We will sketch the arguments of Avron and Seiler [ASS83] for the quantized Hall conduc-
tance, constructed on the combination of general gauge invariance and periodicity of wave
functions in a nontrivial topology. The model is based on the works of Laughlin [Lau81
and also Kohmoto, den Nijs, Nightingale and Thouless [TKNdN82|, who relate minimally
coupled many body systems to topological invariants such that the systems remain invariant
under small variations of i.e. impurities. At zero temperature and a strong, fixed magnetic
field perpendicular to the two dimensional electron system the phenomenological effective
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Figure 2.5: Topological origin of the Hall effect: The periodic boundary conditions are incorporated
via the flat Torus T2 = R?/Z2, by cluing (identifying) together the opposite boundaries.

Hamiltonian is given by

H(t) = Y 5 -(~ih, — eAGy) + V()
p

where A = Ay + ¢1A1 + ¢p2 Ao, with the fields A; normalized such that

/ (dX, A7,> = 57;]' and / <dX,A> = ¢j .
Cj Cj

The potential V' (x) is some essentially self adjoined operator which plays the role of a periodic
potential for example in a tight binding model [TKNdN82]. The system is assumed to be in
a non degenerated state. The periodic boundary conditions are Incorporated by taking the
flat torus T2 as base manifold, see figure [2.5. We can now remove two cuts C; in order to
get a star shaped region in which we can represent the A; as pure gauge fields 9; A(x). The
battery voltage V7 is then replaced by a time dependent flux

gbl:—/c (dx,B) = =V} .

With a gauge transformation the vector potential A is reduced to Ag while the wave functions
get a phase v = exp{ie/h(¢p1A1 + ¢p2A2)}. The system is periodic as ¢; increases with
a quantum ¢y = h/e, since A; changes by unity if we winds around Cj, see figure [2.5.
Furthermore the system has to be in a normalized, non degenerated state w. The current
density operator is given by

. € .
Jp = evp = —(=ihV, — eA(xyp))
m
and the variation with respect to ¢; is then

ji=—0sH =35> {ip Ai}.
p
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Then we have

I = w(j) = —/dxl...dxn D A ()Y
p

Thus the current I; is a response function of ¢;. We simplify our argumentation and use
¢; = tV7 to get the Schroedinger equation

—ihV;0p,1 = H(¢1, dp2)9.
By differentiating with respect to ¢;, j # ¢ we obtain for the evaluation in a state

—ihV1 (), D, 0pyp) = — I + ihV1 (D, 0, Dy 1))

and we can define the Hall conductance by Is = oV} by

on = ih(0p, (¥, 0p, %) + (0, ¥, 0, ¥0)) — (D, ¥, Dy ¥). (2.1.10)

From these rather naive considerations we obtained an explicit formula for the Hall conduc-
tance and we will see that it is related to a topological invariant. This formula however can
also not describe the occurrence of plateaus. To explain this fact more carefully we have to
include disorder in a thermodynamic framework of Fermions in two dimensions. We introduce
a new parameter pu, the chemical potential denoted as Fermi level in the zero temperature
limit. The value of an observable O in the thermal average of a free Fermi gas at tempera-
ture § = 1/kpT, is defined in the Gibb’s grand canonical ensemble via the trace over a finite
volume V for example a square box centered at the origin:

(O)pu = Vlgnoo Try [fs,u(H)O]. (2.1.11)
The Fermi distribution or weight function is defined by
o= (14 Hm)~ (2.1.12)
and gives the charge carrier density for a suitable chemical potential p

Nop = ‘}Enoo Try [fo,u(H)]. (2.1.13)

The charge carrier density depends only on the spectral projection E,, of the Hamiltonian in
the zero temperature limit and is thus invariant under variations of u in a spectral gap. The
current can be defined in terms of the position operator x and the Landau Hamiltonian

ie

1
h

[H,x] (2.1.14)
If we switch on an uniform electric field E the current has a time evolution given by the
Heisenberg equations of motion

i= %[(H — ¢Ex), x| (2.1.15)
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and its solution is given by the current I = Iy + il5 in complex notation
ie —iwet
I(t) = EE + e . (2.1.16)

When we take the thermal and the time average of the current the initial data Iy vanishes
and we observe the equation for the current (2.1.4) in complex notation I = I1 + il5:

t /

dt

I = lim —
t—oo /g t

(I},

= = lim Try[f,u(H)] (2.1.17)

e
= n=k
B
We proceed with the definition of the trace per unit volume to be able to calculate the average

of an observable say A in a unit volume:

T(A):= lim TrvlAv]

—_— 2.1.18

with |V being the volume and Try, Ay denote the restriction to that volume. V can be
considered as the square centered in the middle of the origin. The average over quasi momenta
of an observable in a periodic crystal can be described by such a trace. It is a positive linear
functional and the cyclicity of the trace is preserved.

Transport and the Kubo-Chern Formula

The following considerations follow the works of Bellissard et al. however for the mathematical
exact proves of this analysis we refer to [BvS94, Con90]. In linear transport theory the
Greenwood-Kubo formula is widely accepted and in good agreement with many experiments
despite the fact that one does not really know the precise domain of validity of the linear
response approximation [BvS94]. To derive the Kubo formula we assume again the charge
carriers to be spin-less Fermions described by the Landau Hamiltonian H. When an electric
field is turned on the time evolution of the current I can be represented by the one parameter

automorphism group nf:

Z.t(erEx) . t(H—eEx)

I(t)=nF(I)=¢  n TIe & & (2.1.19)

To calculate the response we need to calculate the time average. It is proved that the
projection along the electric field E of the thermal and timely averaged current vanishes.
More precisely the projection defined via the Heisenberg equation of motion

E-I(t) = %nF(H) (2.1.20)

vanishes in the limit 7" — oo in the time average:

.1 T nt(H) — H
Th—I};oT/O at B-1(t) = T (2.1.21)
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We have to include collisions effects within the relaxation time approximation and this can
be done by adding a collision term to the Hamiltonian for example with delta like potentials

W(t)=> Wnd(t —t,) (2.1.22)
neZ
with t,, being the collision times 0 < t; < --- < t,, and the collision operators W,, commute

with the Hamiltonian H. We now want to average the current taking collision effects into
account. With the abbreviations Ly (1) = (i/h)[H,I] and Lw,(I) = (i/h)[H,I] the time
evolution for random variables { = (7, = t,, — tp41, Wp,) of the current is again given by a
one parameter automorphism group

n—1

nEy = et (En= ) TT 595 elti—ti-1)(En=5) (2.1.23)

)

j=1

and the time average of this operator is given by

5 :5/0 dt e (e )e. (2.1.24)

The average over ¢ is denoted by the brackets ()¢ and § > 0. The random operators W, can
be implemented as an average

R(I) = (eWn/hemiWn/hy, (2.1.25)

and the time evolution operator is then given by:

0
5+ —Ly+E-V

e = (2.1.26)

The average of the current can be expressed via the trace per volume and by using the relation
e B/
IguE(0) = _ET(fﬁ,u(H)ng(Z[Ha x])) (2.1.27)

and the definition of the inner product via the trace (A|B) = 7 (A*B) this can be rewritten

1
4+ £ —Ly+e/hE-V

2
Igue(d) = % > Ei(0ifs,u(H)|

i=1,2

(i[H,x])). (2.1.28)

The Kubo formula we obtain if we consider only linear terms in E. Then we can perform
the limit 6 — 0. Furthermore it is enough to consider the operator (1 — &)/7 — Ly. The
commutator of the Hamiltonian with the x-operator is a derivative an can be expressed by

VH =i[H,x|. (2.1.29)

In terms of quasi momenta k;the nabla operator is given by V = (9, , Ok,) and is translated
in the case of formula (2.1.10) to V = (04, ,04,). The current in linear response is given by

Ig .k =0E, (65)= <_”JLH ‘;;f > (2.1.30)
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with & being the conductivity tensor, obtained via the Kubo formular

2
e 1
i = — (0; H)|——— 0;H). 2.1.31

9ij = (0; fB,u( )‘hl_Tﬁ iy ) ( )
This is a valid formula for the conductivity of the integer quantum Hall effect when the
electric field is vanishingly small, the temperature is zero and the relaxation time 7 is finite.
In this limit we define the Fermi projection which projects the spectrum onto levels lower
than the Fermi energy:

Pr = lim fg,(H) (2.1.32)
B—o0 "
Then the Kubo formula for the integer quantum Hall effect can be rewritten in the limit of
zero temperature and infinite collision times if the Fermi level is not a discontinuity point of
the density of states of H and the direct conductivity vanishes [BvS94]:
2

% (27i)T (Pr[0;Pr, 9 Pr)) (2.1.33)

On the two torus T2 the Hall conductance is related to the first Chern character [ASS83] and
is an integer multiple of (e2/h):

Uij =

e2

o1 = -Ch(Pr) (2.1.34)

and the Chern character is given by the Kubo formula

o .

Ch(Pp) = /T2 %[%TT(PF(]Q,kg)[aklpp(k‘l,kQ),akQP(k‘l,k‘Q)])], (2.1.35)
wherein the trace per volume is replaced by the integral over k space divided by ¢ € N
denoting the g-periodicity of the system. This formula is a thermodynamic derivation of
the naive approach (2.1.10). In the mathematical language the integrand corresponds to a
complex two form on the torus and the integral corresponds to the first Chern class or Chern
number, which is characterized by an integer number. We will introduce Chern classes and the
theory of (principal) fiber bundles in the next chapter since they appear also in the quantum
field theory of the fractional quantum Hall effect, here we just comment the connection to
mathematics. Chern classes classify complex fibre bundles. A complex fiber bundle can be
constructed by the map k = (ki, ko) € T? — Pp(k1, ko) the base manifold is the two torus
and each fiber is isomorphic to C? so the space T2 x C? with the map from above defines a
smooth fibre bundle if the Fermi level is in a gap. Ch(Pr) is then a topological invariant and
insensitive to perturbations added to the Hamiltonian, in particular it is an integer number.
We may comment that mathematics tells us that the Chern character of the projection Pp
is equal to a densely defined cyclic cocycle on a C*-algebra defined by the time evolution
operators 77?( f(H)) [Con90, II1.6]. This is the subject of the noncommutative extension of
cohomology. The corresponding formalism provide the robustness of the integrality of the
Hall conductance. Indeed we ignored the mathematical subtleties and difficulties completely
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in our derivation since this would exceed the intention of this theses, so we recommend the
works of Bellissard and Connes.

Having shown the connection between a topological invariant and the Hall conductance,
we have not jet explained the occurrence of plateaus. For this reason we have to include
disorder.

2.1.2 Incompressibility and Disorder in the IQHE

In the experimental observation of the quantum Hall effect the Hall conductivity op forms
plateaus and in addition the longitudinal (direct) conductivity oy, vanishes at these plateaus.
This effect is rather successfully described by including disorder effects leading to localized
(bounded) states in the bulk of the sample. In hetero junctions there are different possibilities
for impurities for example the influence of the doped ions having long range order Coulomb
potential or density fluctuations in the compounds i.e. aluminium concentration is usually not
homogeneous and can vary [GG87]. At low temperature phonon scattering can be neglected
and also photo-emission and the disorder scattering should dominate the system. Therefore
non-dissipative effects like Anderson localization may be considered.

The disorder effects can be incorporated by adding random potentials to the Hamiltonian.
This will create new states with energies in between Landau levels which can be measured
by the density of states (DOS). Roughly speaking it broadens the Landau levels to Landau
bands and removes its degeneracy. Therefore let N(E) be the number of eigenstates of the
Hamiltonian per unit volume below the energy E:

i <
N(E) = lim #{(eigenvalues of H|y) < E}
V—oo ‘V‘

(2.1.36)

Degenerated eigenvalues have to be counted by their multiplicity. The derivative with respect
to the energy defines the density of states DOS(E):

d

DOS(F) := d—EN(E) (2.1.37)
In the absence of disorder this gives a sum of delta functions at the Landau levels. We want
to argue that the direct conductivity vanishes when the Fermi energy is in the region of
localized states. The Hall current is then carried by the extended states, the edge states. If
the spectrum has no localized states the Hall conductance changes with the change of the
filling factor. In the free Fermion gas there can be no quantum Hall effect for that reason.
Within the plateaus the Fermi energy should thus vary continuously while the conductivity
value should not change when the number of charge carriers is varied. We may introduce a
random potential

Hp=> V(xi—yj) (2.1.38)
i#j

wherein the disorder potential V' (x; —y;) describes the potential of an impurity sitting at y;.
For the potential a Gaussian shape is usually used to simulate a random potential landscape.
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The Fermi energy is fixed by the localized states at their corresponding eigenvalues, see figure
[2.6. Since correlator functions of the localized states decay exponentially these states can not
contribute to the transport [KM93, LR85|. It is generally believed that at zero temperature
the localization lenght diverges at specific energies close to the center of the Landau bands
with an universal exponent being independent of the band index [HK90, Huc95, KOKO5].
This divergence occurs if the impurities become electrically neutral in the average, therefore
the influence of the impurities decreases close to the band centers. For the discussion on the
criticallity, the connection to the universality of the Hall effect and the relation to universal
quantum phase transitions we refer to [KOKO05].

Laughlins gedankenexperiment from the previous section can now be extended to the
disordered system. Therefore the Corbino disc geometry may she’d light on the mechanism,
see figure In principle the sample consists of three concentric areas: The bulk area with
a weak random disorder between 7} < 75 and the impurity free, clean edge areas between
r; and r,. Thus the delta like Landau levels are broadened in the bulk region. We assume
that the broadening is smaller than the inter Landau level spacing. The difference in the
gedankenexperiment of Laughlin from the previous section is that we have to distinguish
between extended and localized states. Indeed while only the extended states can be affected
by the adiabatic variation of a flux sitting in the center of the sample, the localized states

E A
3_

Fermi level

extended states

-
.
S
a

o
|

i Il
L Ly

B;>0 B;>0 Density of states
no scattering scattering

@
1
o

Figure 2.6: A schematic plot of the energy in terms of the density of states [JJ01]. The static
random potential leads to a broadening of the Landau levels into Landau bands. The localized states
corresponds to the incompressible region of the spectrum while the extended or delocalized states
at the band centers correspond to compressible regions where the localization length diverges and
exceeds the system size.
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Figure 2.7: In the Corbino disc geometry (left) the energy bands (right) contain a weak random
potential in the region 1} < r < rf while the edge regions are clean [Hal82]. The Fermi level is in a
gap in between the Landau bands.

can not change especially their occupation remains unchanged. If in the disordered region
all states below the Fermi level are localized there is no possibility for a charge transport
by varying the flux since the localized states are not affected. This leads to the observation
that extended states do exist within localized regions. In particular if the Hall conductance
jumps from one integer to an another the localization length must diverge in between. The
incorporation of the disorder to the Kubo Chern formula in a mathematically satisfactory
way is highly nontrivial. In particular the property of the Hall conductivity being related to
a topological invariant, the Chern number, needs further concepts if we introduce impurities.
To introduce these concepts here would exceed the intention of this theses so we refer the
interested reader to the works of Bellissard et al. [BvS94, Con90)].

2.2 FQHE in the Wavefunction Picture

In 1982 Tsui, Stormer and Gossard made the observation of a quantized Hall plateaus of
pzy = 3h/e? with simultanious minimum in p,, at T < 5K [SCTT83]. In figure 2.8 the Hall
resistivity ond longitudinal resistivity are plotted in the regime of the fractional Hall effect.

2.2.1 Interaction and the FQHE
Laughlin Wave Functions

In the seminal paper of Laughlin [Lau83] it is shown that the interaction in the two dimen-
sional electron system can be explained by a condensation in a new state of matter in the
lowest Landau level — at least for filling factor 1/3 by numerically diagonalizing the Hamil-
tonian for three and four electrons. The solutions 1 of the Hamiltonian of a single spin-less
electron coupled to an external, constant electromagnetic background field perpendicular to
the two dimensional electron system is modified in the presence of electron-electron inter-
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Figure 2.8: Hall resistivity and longitudinal resistivity in the fractional Hall effect [St099].

action. In the lowest Landau level the ground state is replaced by a product of Jastrow
functions

vi= [ fai— ) e 3 o,
i<k
with f(z) being a polynomial in z with odd degree. Due to conservation of the angular
momentum the wave function is given by

Yy = [ [(zi — 2)" e~ 2 lal? (22.1)
1<k
and excitations are generated by piercing infinitely thin solenoids in z; and passing flux
quanta adiabatically through. This would result in the transformation 1, — 1.
2.2.2 Jains Wave Function Picture of Composite Fermions

In [Jai89] it is proposed that the electrons in a fractional Hall state condense in quasi par-
ticles consisting of an electron, binding an even number of flux quanta. The wave functions
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describing such composite Fermions are trial wave functions, constructed analogously to the
Laughlin wave functions (2.2.1). Roughly speaking the strong interacting electron system is
mapped to a quasi non-interacting system of composite Fermions. At least at mean field level.
However, the Laughlin wave functions are derived by approximating the electron interaction
for example from a Haldane pseudo-potential [HR85], while here it is just proposed to ’shift’
the interaction into the wave functions. There are also attempts to construct Jains wave
functions from a rational chiral conformal field theory (RCFT) [HCJV07b, HCJV07a] thus
by universality criteria derived from conformal field theory. We will comment on this later on.
The meaning of Jains wave functions is so far not completely understood. Especially there
are fractions where in this picture the composite Fermions build generations of quasi-particle
excitations where the composite Fermions start to interact and form themselves Landau levels
and a second generation of composite fermions can be constructed. We will return to that
subject later.

In the discussion in the next section we will see how to attach flux quanta to a particle
in a mathematically satisfactory way and how cohomology plays a central role. Jain chooses
a pragmatically approach and starts from the Hamiltonian for N non interacting, spin-less
electrons in a two dimensional, non-relativistic system with constant background magnetic
field in z-direction. The magnetic field is considered to produce an average flux ¢o/p per
electron, with p being the filling factor. The flux attachment is represented via the Chern
Simons fields A; 1= —2meo/(2m) 2 ; Vil(zi — 2), with 0(z; — 2) defined by (z; — z) =
|z; — 2| exp{if(z; — z;)}. Thus A; are analytic functions on the space C—{z; € C| |z; — 2| =
0,i,k =0,1,2,...,N;i < k}. On this space the resulting wave functions are well defined

o 2k 2m
2m — H 1 )
+ <| —zk|> Ver

i<k

Roughly speaking we have attached so-called zeros or vortices to the particle (electron), which
are simply topological defects.

2.3 FQHE in the Field Theoretical Picture

We start with the following Low energy Lagrangian of the System:

L(x,t) = Lo(x,t)+ Lo(x,t), (2.3.1)
wherein the free part is given by
1
Lo(x,t) = vH0et)[ 5 -(p- eA(x))” + (2.3.2)
+i0; + p + eAo(x) | ¥ (x, 1) (2.3.3)

where p is the chemical potential and we assume that the spins of the electrons are completely
polarized due to the strong external magnetic field. We may propose a Coulomb interaction

Vix—y)=e’/elx—y|

Lobet) = 3 [ dvatx OV (x=y)oly.). (2.3.4)
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However, this will be important later. In the following we want to understand the mecha-
nism, which transforms electrons into composite Fermions. This is the so-called statistical
transmutation and is related to the Chern Simons transformation.

2.3.1 Statistical Transmutation

From the Lagrangian formalism we know that we can add a total derivative to the Lagrangian
without changing the equations of motion. We will see that by changing the topology this
total derivative term (exact form) has to be replaced by a close form and this mechanism is
then known as statistical transmutation.

The following arguments are based on Stokes theorem and Poincarés lemma on star shaped
sets, which manifests itself in classical electrodynamics. The difference to standard electrody-
namics is only the origin of the topology, which is produced not only by the sample topology
but by finite size effects in combination with repulsive interaction of electrons, forming an
incompressible state, an incompressible Hall fluid respectively. The flux is then quantized and
from a large scale point of view concentrated in one point. The crucial argument is not that
the flux is concentrated at one point thus described by a singular gauge field. The crucial
fact is that there exists a topological defect, which is from a more physical point of view a
finite area rather than a point. It turns out that cohomlogy arguments, more precisely de
Rahm cohomology, describe these effects. This is the discussion of differential forms which
are closed but not exact.

De Rham Cohomology

The de Rham cohomology is constructed on differential manifolds, where the key point is
Stokes theorem for differential forms
/ dw = / w,
M oM

where M is a topological space of dim M = n, dM its boundary and w is a (n — 1)-form.
We can therefore transform an integral on M to an integral on a subset on M and the class
of possible subsets is provided by homology theory. The elements [C] of a homology class
belong to the space Z,(M)/B,(M), where Z,(M) are all p-chains C for which 0C = ¢, and
B,(M) are all p-chains C for which C' = 9C (0C = 99C = 0), for some (p + 1)-chain C.
Due to the (adjoint) relationship between 0 and d we can identify the cohomology class [w],
and for the dual of Z,(M)/B,(M) we write [w] € ZP(M)/BP(M). So ZP are all co-chains
or p-forms w for which dw = 0 (closed), and B? are all p-forms w for which w = dn (exact),
for some (p — 1)-form 7. So we are interested for example in forms which are closed dw = 0
but not exact w # dn, this measures whether a space M is contractible to a point (trivial
cohomology) or not (nontrivial cohomology), which is a known result of Poincaré ’s lemma,
in other words it measures whether a space is simply connected or not. A simple example
for a two dimensional space, which is not contractible is the space R? — {0}. The de Rham
cohomology HP(M, R) := ZP(M)/BP(M) is defined as the p-th-cohomology group of M with
real coefficients.
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In principle exactly this standard textbook example [CN88] or [MG89] enters our frame-
work. A closed form which is not exact is given by the one-form

—y dr + x dy
=< = - 7 2.3.5
12 + y2 ’ ( )
defined on the space R? — {0}. We observe that it is closed

(y? — 22)(dy A dx — dz A dy)
(22 + 42)2

dw = =0,
but it is not exact w # df, 0 being a zero form actually a scalar function. In this case
we are tempted to use the angle function § = arctan(y/x) since 9,0 = —y/(x? + y?) and
9,0 = z/(2* + y?). However this function is only defined on R? — Ry, R} := {z € Rz > 0}
being the nonnegative x-axis since it has to be single valued. For being a total derivative
has to be a smooth function on all of R? — {0}. In this sense w is only exact on R? — R, and
there exists no total derivative on R? — {0} of w # d#.

First we have a look at the Lagrangian . Here we want to add the total derivative
Y +ipdf of the polar angular function 6(x; — x2), which is defined as the angle between the
rl-axis with the relative vector (x; —x3) between two particles. As we know now this is only
possible on R? — R, . So we cannot describe closed loops within this approach. From a path
integral point of view this angular function gives rise to a phase ¢ by

oIS — pilatm) Sk 6 ¢iSo,
with Sp being the action from the Lagrangian (2.3.7) and 6; — 0y < 7. The factor « is due
to the fact that the total derivative term in the Lagrangian is defined up to a fixed number.
If we want to describe closed loops we would prefer the closed form w from above instead of
df. The situation changes to
oiS _ gilotm) [yl w sy

If 69 = n#; then we obtain the usual Fermi statistics. What happens now if there is an
magnetic field applied? If we consider at first the space R? — {z,y € R|z? +y? > (4,15 > 0},
then closed forms around the circle are not exact since they cannot be shrunk to a point.
The phase is then given by the integral

@z% A:/dA.
00 o

Where now A = B/2(—y,x) B is the (Chern Simons) gauge field in symmetric gauge, which
coinsides on the closed path C' with w|c = A|c, C being for example the unit circle. A is in
this sense the real analytic continuation of w. B is the magnetic field entering the surrounded
area O. In the large distant limit where [ — 0 the magnetic flux (the phase) is then
concentrated in the origin. This means that the flux sits directly on the surrounded electron,
in the picture of two electrons from above. We chose here [ as radius since electrons perform
cyclotron motion with this radius. In this sense we do not need two electrons for generating
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this so called Ahrahnov Bohm or Berry phase. If the magnetic field is turned on, the phase
is determined by the flux through O and can be any if the flux is not quantized, so we obtain
anyon statistics. But if the flux is quantized the phase is fractional. This mechanism is
called statistical transmutation and does not depend on whether we have a relativistic or a
non-relativistic theory. It is a topological feature and as such general covariant. This means
it does not depend on the metric. In particular it defines a nontrivial de Rahm cohomology
since there are loops, which cannot be continuously transformed to a point, as denoted above.
If we have closed loops then n counts the windings on how often one particle moves around
the other and is called the winding number. The field A is then determined only by the
topology of the system and by evaluating the topology we can identify the phase ¢, which we
may attach to the particle. The upper ’local’ gauge transformation is called Chern Simons
transformation if we attach the topological defect to the particle and the field A generates a
nonzero electromagnetic field F = dA # 0.

There are different aspects to consider if we want to achieve the equations of motions for
the Chern Simons fields . At first of course there are the inhomogeneous d*F = — xj and the
homogeneous (structure equation) dF = 0 Maxwell equations. Electric transport properties
are rather described by Ohm’s law j = ¢E leading to the diffusion equation for the fields
A. Therefore we have to consider a quasi static system. This means that particles react
instantaneously on the fields. It should therefore be mentioned that Ohm’s law intrinsically
violates causality. We are interested in the case j = oE, where the conductivity tensor is
given by 0 = ogios + o laxo and will denote it as the Ohm-Hall law. The more general
case j = 0(E — a x B) might be interesting since it includes spin dynamics but this should
be discussed elsewhere. For Ay = 0 being a pure gauge, set to zero we derive from Ampére’s
law the diffusion equation V2A4; = 0;0;4;. This means the gauge fields .A; have a imaginary
‘mass’ o0;. In a fractional Hall state we require incompressibility, which means that the
longitudinal conductivity o; vanishes. Therefore we consider in the following only the case
where o; = 0. The fields A; become then massive if we move away from a Hall state thus from
incompressibility. From the structure equation (Faraday’s induction law) and the continuity
equation it follows that

jo = O'H/2 Eij.ﬂj.

We may also introduce the current two-form J = 1/2J,,dz" A dz¥ with

0 jy _jz
Jw) =1 —Jy 0 Jo
jz _jO 0

and the Hodge star operator x(-) in three dimensions. The equation of motion for the Chern
Simons current is then given by

j=—xJ=—xogF, & j=ogePF,.

If we want to implement these equations of motion then we get an additional term in the
Lagrangian

Los=ocg ANF=ocgANdA =op E“VPAH&,A,) >z (2.3.6)
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the so called Chern Simons term. In the case of a finite sample with boundary, we also have
to include a boundary term, but this we will comment later on in terms of edge currents.
Actually these are phenomenological equations and we may ask whether we can replace them
by a microscopic picture. At this point it is then more constructive and systematic to follow
the Yang-Mills construction to derive the field strength and then the current. So we define
the field strength via the covariant derivative D, = {9, — eA, + A} by

f,uzx:[D,u,Dy] = f:F—f:d(A—A).

This means that the electromagnetic field generated by A reduce the external field generated
by A. Indeed we may prefer this point of view when we introduce A = a + (a) as a mean
field (a) and some fluctuations a and propose Ohm’s law for the fluctuations only by the
assumption that eA = (a) and thus a Lagrangian term of oga A f.

2.3.2 Low Energy Effective Theory

The Low energy Lagrangian of the System is proposed to be
L(x,t) = Lo(x,t)+ Lcs(x,t) + Lo(x,1), (2.3.7)

wherein the Fermionic free part is given by

Lolxt) = d(xt)"[— %(p Ce(A(x) — Alx, 1) + (2.3.8)
+i0; + p + e(Ag(x) — Ao(x, 1)) ] ¥ (x, 1) (2.3.9)
and for the Chern Simons action we have
Los(x,t) = ——eP A, (x,1)0,A, (2.3.10)
Lo

When we later quantize the Chern Simons fields we will see that if we take Coulomb gauge as
gauge fixing, Ay becomes a Lagrange multiplier field while the other fields remain dynamical
(otherwise not!) and we can restrict this Lagrangian term to

LEE (x,1) = éeij/lo(x,t)@flj. (2.3.11)

We will discuss the the quantization procedure in more detail in the next section. The
interaction is proposed to be Coulombian V(x —y) = €?/e|x — y|:

Lobxt) = — / dyp(x, )V (x — y)p(y. 1) (2.3.12)

The equations of motions for the Chern Simons fields are obtained by varying the action with

respect to the fields A,
58

e
0A,

the zero component leads to the relation
e90;A;(x,t) = ¢oo p(x,1). (2.3.13)

This means that we can replace the charge density p(x,t) in the Coulomb part of the action
by ($¢o)~'e" 0iA;(x,1).
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2.3.3 Mean Field and Random Phase Approximation

The effective magnetic field acting on the charged particles is given by
b(x,t) = B— B = B — ppop(x,t) (2.3.14)

and we can divide the total electromagnetic field or Chern Simons field in a mean field and
a dynamical field respecting the fluctuations:

ay = Ay — (Ay). (2.3.15)

The average (A,,) is not a dynamical field and gives no interesting contribution to the equation
of motions. The only effect is that it reduces the external field and in some cases, at even
fraction, it completely eliminates the external field. Since 0;(A;) = 0 only the dynamical
part a, contributes to the equation of motions and this leads to the relation:

1 .
x,t) = — &Y 0;a;(x,1t). 2.3.16
p(x, t) %0 (1) ( )

We may now calculate the free propagator of the low energy free massive charge carriers.
The spin-less fields are given by

T/J(Xa t) = / él;.d)g (a+(k)6_i(kx_‘0t) + a(k)e—i(kx—wt)) '

The free part of the action is

2

Sp = /dxdt vhH(x,t)[ - 2p—m +i0; + p]Y(x, ). (2.3.17)

In Fourier space this is exactly

Sp = /dkdt vk, t) [w— % — ]k, t) (2.3.18)
N—————

[GO(k,w)]~1

and the low energy Fermionic Greens function is (e > 0):

2

GOk, w) = [w — ;—m — p + design(w)] L. (2.3.19)

Random Phase Approximation

In the random phase approximation (RPA) the two-point function of the propagator of the
gauge field is calculated up to second order time dependent perturbation theory. Therefore
the Chern Simons fields have to be quantized first. Here we face the problem that the Chern
Simons Theory is a gauge theory, usually a U(1) but also U(1)®@SU(2) or U(N) fields are
discussed. In gauge theories we have to incorporate gauge invariance and the uniqueness of the
Cauchy data. To satisfy the Cauchy problem we have to fix the gauge. So far the quantization
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in the Chern Simons composite Fermion picture is performed in Coulomb gauge fixing. From
usual quantum electrodynamics it is well known that the advantage of Coulomb gauge is, that
there are only physical degrees of freedom left in the theory, only the transverse modes are
included. As an effect of Coulomb gauge the zero component of the gauge field Ay becomes
a Lagrangian multiplier resulting in a constrained equation, the Poisson equation. However,
there is also a disadvantage namely there appear terms violating intrinsically causality and
this terms have to be eliminated in the propagator by counter-terms. For this reason the
Gupta Bleuler Method in Lorentz gauge is used to circumvent the handling with counter-
terms. Furthermore in the case of more complicated gauge theories especially nonabelian
gauge theories, but also gauge theories on noncommutative spaces, the method of Becchi,
Rouet, Stora [BRS76] and Tyutin [Tyu] called BRST quantization is preferred. It can be
viewed as a generalization of the Gubta Bleuler method and is a central aspect of the Batalin
Vitkovsky formalism [BV81] in the geometric quantization procedure [BV81], [AKSZ97] and
for an introduction see [Fio03]. Now that we have a low energy theory, which violates causality
at a fundamental level we may think that this fact might be ignored but this we should not do.
The theory should always be thought as a low energy limit of a relativistic theory, like in the
situation of the hydrogen atom. Then we have to perform in the same way as in the covariant
formalism. More concrete this means the counter-terms required in the Coulomb gauge have
to be included also in a low energy theory. The impact for the Chern Simons gauge theory is
similar. Either we choose Coulomb gauge and evaluate suitable counter-terms or we choose
Lorentz gauge and the Goupta Bleuler method or the BRST method respectively. This will
be discussed in the next chapter in this section we perform the Coulomb gauge method.

Let us now turn to the free gauge field propagator. The quantization procedure requires
a unique Cauchy problem so we fix the gauge. The Coulomb gauge 9%a;(x) = 0 is also called
transverse gauge since only transverse modes, the physical modes are left and the longitudinal
modes are eliminated from the beginning. This can be seen best in momentum space. The
Coulomb gauge condition is here k‘a;(k) = 0. In the two dimensional plane it is clear that
we can only have one longitudinal mode and one transverse mode. If we choose for example
the z-direction as the direction of the momentum then clearly a, = a;, = 0 and a, = ar is
the physical mode. Without fixing a coordinate system we have

10 21{ +a k
kE
We now quantize the theory and define the operators to evaluate the free gauge field prop-

agator and the S-matrix defined by the interaction Hamiltonian. The quantum fields in
momentum space obey the following relations:

a = (ar,ar) =: a1

ag (k) = ap(=k), af (k)= —ai(—k). (2.3.20)
The part of the action with Chern Simon fields can be written as

gt
Sag = = /dxdt ap0;a; 2.3.21
“ ©Po 0% ( )

gt gmn /
+——-= [ dy O;ai(x,t) V(X —y) Onan(y,t).
2o ) W j(x,t) V(x—y) (v,t)
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Instead of the Coulomb potential we may consider here also a screened potential, for example
a Yukawa like potential. Then in Fourier space the action is given by

dkdS) iek sz(k)
S:/ k,N)a} (k,Q —Za1(k, Q)i (k, Q). 2.3.22
G ()WO( Jai (k, Q) + (WO)Ql( Jaq (k, ) ( )
We rewrite it in terms of the free Greens function
LQ’C) iek
(D), (k,Q)) = ( o l:g@(k)) (2.3.23)
PP (B¢0)?
and obtain:
kd)
So = / ?2:) (e, Q)[DY, (k, )] Ly (k, ). (2.3.24)

The Fermionic fiels interact with the Chern Simons gauge fields through the interaction part
of the Lagrangian (2.3.7)

S =~ [ar dkdqz{ (k)™ (k + 4, g (a, Dok, ©) (2.3.25)

2 / <27?>2 W (@ )0 (K + @, Hag (g, t)ay (o DYk — t>}

Were v, and w,,, are the vertices with contribution

—e, — 0
T a (2.3.26)
g €7kig5,  p=1

2

e i
w/.tll = _—mqq/qzqiéﬂlé’jl (2327)

The propagators are given by the expectation value of the time ordered product:

(T a,(q, )af (d,0)])) = iDu(a,t) (2.3.28)
(T, )T (K, 0)) = iG(k,1) (2.3.29)
Tt denotes the time ordering with respect to the times tq,...,%¢,. The interaction

term can be treated in a perturbative S-matrix formulation. The formal S-matrix is defined
through the Dyson series

Sy = Texp{i/dt/dm §(x% — YN (@) Ling ()} (2.3.30)

_ (N)
= I—I—Z N' SM (2.3.31)
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T denotes the time ordering and I is the identity. We introduced for the time being formally
an adiabatic switching function from Schwartz space A(z) € S(R?) to get a well defined

expression. The N-th coefficient S[(i\][ ) of the Dyson series is given by

S[()]\T) = /da:l coodzpN(z): Lo (1) oo N @) Ling (20): (2.3.32)

We may remark that a S-matrix is formally unitary S;\] S = S S;\] = 1 if the interaction

Hamiltonian
(1) = [ do 5 = O\ @) (2) (2.333)

is symmetric: H (t) = H{\ (t)T. Then we only have to show that the interaction Hamilto-
nian is symmetric but this is given by construction.
The Dyson equation for the gauge field propagators D(q, §2) is formally given by

Dy = D), + D} 17" Dy, (2.3.34)

The self-energy part II is called the exact irreducible polarization function and DO is the free
propagator

(ap(a, t)a, (d,t)) = i(=1)"DO(q,t — t')5(q — q'). (2.3.35)

We will call the lowest order approximation II of the polarization function II the random
phase approximation together with the free Fermionic Green’s functions. In diagrammatic
terms the Dyson equation can be drawn as:

AMWVVWWW = Ay - (2.3.36)

The thick wiggled line corresponds to the exact propagator, the thin wiggled line to the
free propagator and the shaded area represents the exact polarization. The lowest order
corrections to the free gauge field propagator is given by (e > 0)

dkdw
(2m)
v (k,q) GOk +q,w+ Q)G (k,w) v7(k,q) Dy, (q, Q).

GO(k,w) e DY (q,Q) (2.3.37)

1 _ 0 o

St = =D, (q,Quw” (q,q)/
dkdw
(2m)3

The self-energy part gives the free polarization function to lowest order perturbation theory

—I—Dgp(q, 0) /

dkdw
0 _ - PO
Hy,l/ = —iw’ (q,CI)/ (271')3

dkd.
+ z/ (%)“; v*(k,q) GOk +q,w+ Q)G k,w) v (k,q).

GOk, w) e (2.3.38)
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In term of Feynman graphs this corresponds to the approximation to lowest order in the
vertices:

AW WMAM+4MNVV\QV\ANVW+WV©VMW (2.3.39)

wherein the contribution of the free polarization function corresponds to the loops:

V. O .

The polarization function is analyzed in [HLR93] and [SH95] and it renormalizes the com-
posite Fermions effective mass in the small energy sector in the Fermi Liquids theory. The
relevant regime is defined by || < vpq < vpkp. The polarization function in this regime is
calculated to

me2 N Q'
—T(l + ZJ)—) 0
HO(Qa Q) ~ < 2 0 rd P i2p€2m| (2.3.41)
24m™m MURq
Then the approximated gauge field propagator is
1 _ ~ -~ _ .
D(q,Q) ~ 7Q< S+ 1| fnﬁq> (2.3.42)
§q iy it iBq 2

with the abbreviations 3 = e/¢®y and the potential like terms &, = —¢*V(¢)/¢®* and

& = &m/2n and 4, = 2p/kpq and v = p/m. The dominant component is Dj;. The
imaginary pole

2
2me*

Q=i 2.3.43
kpsqﬁ@(%q ( )

gives a slowly decaying mode where the decay time diverges for very small momenta.
Self-energy Correction for the Fermionic Two Point Function
The Dyson equation for the Fermion propagator is given by

Gk,w) =Gk, Q) + Gk, Q)2(k,w)G(k,w) (2.3.44)

and can also be understood in terms of irreducible Feynman graphs:

+ < O—(— (2.3.45)

——-

A
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The thick line corresponds to the exact propagator, the thin line to the free propagator and
the exact self-energy part is denoted by the shaded loop. The renormalized spectrum can by
calculated via the self-consistent equation

(k) = £(k) + Re(S(k, £(k))) (2.3.46)

with the free (k) and renormalized ¢* Fermionic dispersion. Then the quasi-particle lifetime
is

=Im(Z(k,*(k))) . (2.3.47)

The effective quasi-particle mass m* is defined via the relation

(i) =

= — 2.3.4
Syl (2.3.48)

If we take the derivative of (2.3.46)) with respect to k£ at the Fermi level we obtain

k k k k
11 = = + 852|k:kF_F + 8w2|w=8* . (2’3’49)
m m m m
which gives the relation
1l = 0| e
m’ _ 1= 0¥l (2.3.50)

m - 1 +8&’Z‘k:kp '

The Fermionic propagator in the random phase approximation is considered only up to the
first order in the gauge field propagator:

iGk,w) ~ iGk,w) (2.3.51)
-0 dk'dQ) IAVal'ya / - ~0
—iG" (k,w) Wvl(k, k)G (k'.w—Q)D11(k — k', Q)iG" (k,w).
7r
The Hartree correction and the first order contribution are neglected since they are only
uninteresting constants. In diagrammatic terms this approximation corresponds to

—_—= -+ - % < (2.3.52)

9

wherein the gauge field loop corresponds to the Fock type self-energy contribution. The
self-energy part in terms of the propagators is

/
(K, w) ~ i / %v%(k, K)GO(K,w — Q) Dy (k — K, Q) (2.3.53)
s

and it is convenient to introduce the difference

0X(kb,w) = X(k,w) — X(k,0) (2.3.54)
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explicitly given by:

o8 (k,w) ~ / Célz‘:gg 2(k, KDy (k — K, Q) (GO(K .w —w) = GO(K.w — Q). (2.3.55)

We introduce spherical coordinates ¢ = |k — k/| so v; becomes

) 222 » , k+k’
v = Wsm 6 and /dk = 2/ / ksm@ (2.3.56)
The angle 6 is between the two momenta and
. K24 B2 — g?\ 2\

At the Fermi level ¢ < kg ¢ € [0, 2kr] this gives sinf ~ ¢/k and v? ~ e’k /m?. The measure
can be approximated to one and the self-energy difference is

) 262kF

0X(k,w) 2r)Fm?

2kp
/ dQ/ / Din(g, (CO(K w — w) — GOk w — Q). (2.3.58)
The evaluation of these integrals is rather technical and is done only approximately. We start
with the integral over k' with small w, which we can approximate

/OO dk' (GO(K .w —w) — G (K .w—Q)) ~ (2.3.59)
0
1 w

- /
2 /_OO dk (w—Q —n+iesign(w — Q))(Q + e + design(Q?))

Near the Fermi energy the dispersion relation may be approximated by ;s ~ vp = 1 and this
simplifies the integral to

~
~

w © w

— d
2up J_ g (w—Q —n+idesign(w — Q))(Q + 1 + iesign(Q2))

M e@)ew - ).
UF

= (2:3.60)

For positive w (quasi-particle properties) the integral is calculated by closing the contour in
the upper half-space on the complex plane. Next we calculate

2kp 2kp 2
ge 2|
dg D11 = / dg (— —— +i 2.3.61
/0 ¢n 0 a eQ2 P} qu) ( )

=2 12
eP ¢ 2p|Q| 2p|€]
2620(111 (z = ) —In (z? — Ak ——

~2 ¢2 ) )

Being in the regime w < vpq, we are allowed to expand the integral with respect to Q/vpq
and this gives

2

~2 /12
Ep QbO(ln (ZZP|Q|) In ( 4kF 2¢2

2e? kg

) (2.3.62)
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and the self-energy difference is calculated to

keed®¢y | ePP0f \ kre@dt
0N~ ———— — 2.3.63
8m2m (87Te2kp ) 167m ~ ( )
Having calculated the self-energy we can perform a mass renormalization
=2 (2
* 590 Qbo
Mmoo Inw. (2.3.64)

This quasi-particle mass diverges due to the 1/q singularity leading to infrared divergences.
It seems that the correction 0% is exact in the limit w < vpg, which is shown in [SH95] by
evaluating Ward identities. These singularities of the single particle Green’s function of the
composite Fermions allows for a derivation of an energy gap [SH95]:

e2kpm 1
Alp) & ——

T @+ )n(2p 1 1) (2.3.65)

with p being the composite Fermion filling. In the regime where p is large the approximations
In(2p+ 1) = Inp and kp ~ /2/p/l leads to the energy gap:

2 e2m
A(p) = \/;m (2.3.66)

The interaction with the gauge field leads to incompressibility, which scales in the large
p limit with the suggested potential, interacting between the charge densities. It is in this
case the Coulomb potential. This scaling is expected also in terms of dimensional estimations
[HLR93]. Some experiments [DSTT94][PXS*99] [YST*99] near half and quarter filling factor

1L 1 L

suggests a large effective composite Fermion mass.

2.3.4 Low Energy Effective Theory With Spin

So far we considered in the whole framework only systems where the spin of the electrons
and composite Fermions respectively are completely polarized in a Landau band. It was long
time believed, that the strong magnetic field allows for such assumption, wherein for example
the Zeeman splitting is large enough [Hal84]. However, non fully spin polarized systems may
exist due to the special physical environment provided by the material of the sample. The
electron effective mass for example in GaAs and the small g-factor and leads in an estimation
to a Zeeman energy, which is about 70 times lower than the cyclotron energy [Hal83]:

MGans ~ 0.067mg
9GaAs —0.44
hweaans =~ 20TK

Ecans ~ 0.29TK.

Q

The Zeeman energy is known to be a relativistic correction, which appears when we perform
the low energy limit of the Dirac equation. The naive considerations about the Zeeman



32 CHAPTER 2. INTRODUCTION TO QUANTUM HALL SYSTEMS

energy gives then a clear indication that the relativistic effects might become important at
least in form of the spin and the corresponding correction terms to the energy.

So far only a phenomenological effective approach is present, trying to incorporate the
spin in the quantum Hall regime and in the composite Fermion model. A precise derivation
from a relativistic theory analog to the Hydrogen Atom is still an open question. We will
discuss this issue in the next chapters in more detail. First we will have a peek on the

phenomenological approaches [KMM™02a], [MMSKO05b], [MMN*02] and [KMM™02b)].

Lagrangian Formulation of the Effective Low Energy Theory With Spin

The proposed ansatz for the composite Fermion Lagrangian including spin degrees of freedom
is the following:

L(x,t) = Lo(x,t)+ Lcs(x,t) + Lo(x,1), (2.3.71)
Wherein the Fermionic free part with spin is given by
1 2
Lo(x,t) = ;l v (x,t)[ - %(p —e(A(x) — As(x,1)))" + (2.3.72)
+i0; + 1+ e(Ag(x) — Aos(x, 1)) | ¥s(x, ) (2.3.73)

where s stands for the spin degrees of freedom. The Chern Simons action changes in this
setting to

e

Les(x,t) o D P A (x,1) 0y Aps. (2.3.74)

s=T1,l

The quantization of the Chern Simons fields is later done for each spin degree separately in
the Coulomb gauge fixing assuming a pure Chern Simons theory. Ags becomes a Lagrange
multiplier field for each degree of freedom and we can restrict this Lagrangian term to

e

LED = 20 3 Al OiA; (2.3.75)

s=T1,l

This is a pragmatically approach to handle the Chern Simons term, including spin, but we
will discuss a more constructive and general formalism in the next chapter especially what
concerns the quantization procedure. Since it will turn out to become a problem of quantizing
nonabelian Chern Simons theories, we will then introduce the BRST quantization method.
The interaction is proposed to be Coulombian: V(x —y) = €?/e|x — y|:

Lobet) = =305 [ dypGatViotx = )poly.o) (2.3.76)

The equations of motion for the Chern Simons fields with spin are obtained by varying the
action with respect to the fields A,; where now each degree of spin gives its own equation of
motion:

05

=0
5Au5
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and the zero component leads to the relation
e90; A 5(x, 1) = Gy ps(X,1). (2.3.77)

This means that we can replace the charge density ps(x,t) in the Coulomb part of the action
by (pdo) 1e¥d;A;s(x,t). Due to the spin degrees of freedom the effective magnetic field
acting on the charged particles gets an index s:

bs(x,t) = B — Bs = B — ¢pops(x,1). (2.3.78)

We can also divide the total electromagnetic field or Chern Simons field with spin in a mean
field and a dynamical field respecting the fluctuations:

Aus = Aus - <~Aus>' (2379)

Again the average field (A,,) is not a dynamical field and gives no interesting contribution
to the equation of motions. Thus only the dynamical part a,s contributes separately to the
equation of motion and this leads to the relation:

1 ..
ps(x,t) = — €Y 0ia;s(x,1). (2.3.80)
do
The free Fermionic propagator is evaluated in the same way as in the spin-less case since we
work in the low energy regime where the Hilbert space Hy of particles with spin is divided

in two sectors, labeled by the index s. The free field operator acting on the vacuum |Q;) is
defined by

Ys(x,1) = / %zps(k, t) elllox—wt) (2.3.81)

Then the free part of the action is given by
2

Sp = Z/dxdt v (x,t)[ - P o+ ] s(x,t). (2.3.82)

2m

and in Fourier space by

2

S =3 / dkdt 4 (k. ) [ — f—m (k) (2.3.83)

[GO(k,w)]~1

with the same low energy Fermionic Greens function as in the spin-less case:

2

GOk, w) = [w — Qk_m — p +idesign(w)] 7L (2.3.84)
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Random Phase Approximation

The difference in the random phase approximation to the case without spin comes only from
the spin mixing part in the Coulomb interaction term of the Lagrangian. The quantization of
the gauge field is done separately for each spin degree of freedom, which means that also here
the Hilbert space of Chern Simons particles is divided into two sectors labeled by the index
s with vacuum [Q2). In Coulomb gauge the fields a(k,2) = (a1, az2) = (ar,ar) satisfy the
same relations as in the case without spin:

aars(k) = aps(—k), afs(k) = —a15(—k). (2.3.85)

and therefore the gauge field part of the action is given by

Sg = /dxdt apsO;Qis 2.3.86
a WO Z 0s9ia; ( )

zygmn /
dy 0;a;s(x,t) Vg Omns (Y, t).
3Gan? | ¥ (x,1) Vi (x —y) (v,1)

Since the action is non diagonal in the fields a,, due to the Fourier transformed interaction
potential we may introduce gauge field combinations diagonalizing the action part:

aut = 3lay £a,)] and vice versa : ayy = auy £a, . (2.3.87)

However, then the free gauge field part changes to
1 dkdS?
52 / e al (k,)[DY,, (k, )] ava(k, Q). (2.3.88)

with the free gauge field propagator

0 - V(Qk) 504 + —ip%0
(Dul/a(k7 Q)) = 290(150 OEk (2389)
ek
or respectively the inverse propagator
(0 s
(D;Owa(ka Q)) = <_@ kQVEDk)Oé ) . (2.3.90)
Pho FPPT Tt

The S-Matrix contribution from the interaction part of the Lagrangian changes only in such
a way that we have an index s labeling the spin degrees of freedom but since there is no
mixing assumed it gives no effect:

S = -% Jae | % ) {vus<kq>w:<k L g au(a e r)  (23.91)

1 dq’ / / /
+5 / ﬁwﬂus(qa a)¢f (k+a,t)aus(a, tavs(d', )s(k — g vt)}-
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The v,,s and wy,,s are the known vertices which do not depend on the spin degrees of freedom:

—e, — 0
v = 4 y K (2.3.92)
—ng £7kigj, p=1
2

€ i
Wyys = _mqq,qzqz'(s,ul(syl- (2393)

This transformation in our approach leads to a simultanious contribution of D™ and D~ in
a fixed combination of s with s’.

The interaction term can be treated in the same way as in the spin-less case so we can
define the corresponding S-matrix via the Dyson series. The two point function defines the
propagators:

(T a0 (@ D (@, 0))) = iDpwa(d,)daerd(a — ) (2:3.94)
(T [ (k, 1) (k,0)]) = G (K, )5 (2.3.95)
The free polarization function to lowest order in the Dyson equation is with € > 0
. o dkdw TWe
I, = —iy w(q,q) / P GOk, w) e (2.3.96)

dkd
n Z/ﬁ v2(k, q) GAk +q,w+ 2)GO(k,w) v (k,q).

Close to the Fermi energy in the regime |} < vpq < vpkp the polarization function is

—me (144 0 )

H%LQ)%( o M e s (2.3.97)

0

The polarization function does not depend on the spin therefore it corresponds to the case
without spin. The approximated gauge field propagator is then

1
Dy(q,Q)) = .3.
) 0 @has 7@ — 0] P (2:3:95)
o [+ @0 +r-(a) — 0l —iBg) (2.3.99)
iBq ¢(a)
We use the abbreviations ((q) = e2m(1—|Q|/qug) /7, v+ = —4¢*V (q)/$d0, 7— = —q*€?/12rm

and 7 = 2e2p/mus. The dominant matrix elements for small momenta and small frequencies
are D11, with o = £, ay = 4¢V(q)/P*¢3 and a— = (€2 /127 +47 /3> ¢3) /m. For the Coulomb
interaction we neglect the term «_ and from analytic continuation we obtain the retarded
propagator

—q
a1 (q)g* + a_gq® — inQ

(2.3.100)

-
jagay)
|
¢

(2.3.101)
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with the complex poles at

0, = —i (2.3.102)

Q. = —i

(2.3.103)

The effective interaction expressed in terms of the propagator in an analysis in [Bon93] is:
Vigerr = —v1s(k, @urg (K, ~@) (D114 (@, @) + (205 — D1 (q, Q). (2.3.104)

The Fermionic self-energy in terms of the dominant symmetric configuration of the propaga-
tors is calculated in [MMN*02]:

6% (k,w) ~ 2/ Cék/Td)? v1(k, kK)2D11 - (k — K, Q) (GO(K,w — Q) — GOk, —Q)). (2.3.105)

With the relation

2kr 2kp _ 9 .\ 1/3
/ dqDy, :/ dq 4 _gn~-— 7”/§< : > (2.3.106)
0 0

a_q® —in 9 \a2Q

the self-energy difference part is approximated to:

.\ 1/3
T i
0k, w) ~ — | —= 2/3 2.3.107
k)~ 7(am) (2.3.107)
and has the effect that the mass diverges near the Fermi level with w?/3 instead of the
logarithmic divergence in the case without spin.

2.3.5 Modified Low Energy Theory with Spin

In the Lagrangian (2.3.71) also a modification in the Chern Simons term is discussed [MR96],
being also relevant in the second generation composite Fermion model [MMSKO5a|. The
coupling constant of the Chern Simons term

e
Log(x,t) = —— > e PAug(x, )0, Ay (2.3.108)
$P0 =
is turned into a real valued symmetric matrix (Ogy) allowing to tune the filling factor for
each spin degree of freedom.

Los(x,1) CNT O, Aas(x, )0 A; (2.3.109)

pP0 =

The task of a proper quantization of such an expression we shift to the next chapter in the
sense that this approach is just a special case of a minimal coupled SU (2) nonabelian Gauge
field with Chern Simons action. A SU(2) Chern Simons action is also discussed in terms
of bi-layer Hall effects [Bon93|, where both layers are coupled via the su(2) gauge fields,
denoting the occurrence of an isospin or pseudospin respectively. When we include the spin
degrees of freedom in both layers then the ©-matrix is the special realization where the spins
in the layers are converse.
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Mean Field and Random Phase Approximation in the Modified Spin Model

We take the same approach as in the previous section and quantize the Chern Simons field
for each spin degree of freedom separately or in the diagonalized fields respectively, within
the Coulomb gauge method. The classical equations of motion for the fluctuating fields

Aps = -A;Ls - <AH3> (2.3.110)

give the relation for the particle densities:

Gops = Y Ouy €90;a54. (2.3.111)
The matrix can be diagonalized by introducing the new fields [MR96]|,[MR97|:
u+ = Qaup + Q| (2.3.112)
0y = 601%06 (2.3.113)
p(x,t) = pp(x,t) £p(x, 1) (2.3.114)

The densities can then be rewritten in the form:
pop+(x,t) := 0y €70ajs(x,1). (2.3.115)

Different combinations of the ¢; can be fixed. So we may choose 0 = 0 and 0; = 0; # 0,
which results in the relation p; = p| and we may consider cooper pair formations, bosons with
charge 2e. This is the situation where the inverse of the ®-matrix diverges since (©71)y; =
0;/ (9%—95). The mean field can be defined for each spin pairing or spin polarization separately.
This is a main feature of this approach it allows for example different filling factors for different
spin polarizations. If we require Fermionic statistics then the 0’s are not independent and
fulfill the equation

1 1
— 4+ —=2n, nel. (2.3.116)
0y  0_
The mean magnetic field of the mean gauge field in[2.3.110] can be defined in the diagonal
representation with the mean densities:

(Bs) = %) (2.3.117)
01
or in terms of the spins respectively
(By)) = (o). (2.3.118)
Oy

The corresponding filling factor can be expressed in terms of the filling factors corresponding
to the different spin polarization. The spin resolved filling factors of the composite Fermions
are defined via the equation:

piy = ¢0<§”>. (2.3.119)
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tThis gives the relation for the total filling factor:

V=1 + v = w (2.3.120)
When we move away from an even denominator filling then the fluctuating fields as become
larger and the composite Fermions form themselves Landau levels so called composite Fermion
Landau Levels (CFLL). How we can handle composite Fermions in (composite Fermion)
Landau levels we will discuss in chapter [4] The filling factor of composite Fermions can be
described in terms of the spin resolved magnetic field.

vy = %. (2.3.121)

Where the magnetic field with respect to the spin b4 can be recovered from the diagonal
fields b4 via:
1
by = §(b+ +b_). (2.3.122)
In terms of the diagonal representations of the # matrix we may also define the filling factors

Lo o) (2.3.123)

by

These equations give an expression of the total filling factor in terms of the spin resolved
composite Fermion filling factors:

L pr +p, +4pipy /60—
L+ (1/04 +1/0-)(pr +py) +4prp, /(046-)

(2.3.124)

We see immediately that we recover the Jain’s sequence if we take the limit of completely
spin polarized particles:

b1l

v=—2" _n opeN. 2.3.125
Cy— p1y ( )

In this sense we can discuss within this approach non fully spin polarized Hall states. The
z-component of the spin has always to be a good quantum number in this setup. This is
true for stationary states, however in terms of transport the z-component might not remain
a good quantum number due to spin orbit interaction. We will comment on this issue in the
next chapter. With the parameters #+ we can now tune the systems polarization and may fit
spin resolved experiments. For example if we assume that spin up and spin down composite
Fermions experience the same effective magnetic field, this corresponds to the limit 6_ — oo
and the total filling factor is given by:
Prtp|

v = . 2.3.126
2n(pr +p;) +1 ( )
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This gives again the Jain’s principal sequence. The Chern Simons term can also be expressed
in terms of the diagonal representation:

e ..
Los =~ ;eaam €900 (2.3.127)

However, in terms of the Lagrangian, the limit §_ — oo has to be taken carefully since this
leads to an undefined singular Lagrangian term. Thus in that limit the field a,,_ has to vanish
simultaneously. Otherwise the Chern Simons term is no more defined and meaningless. It
corresponds to the theories for partially polarized Hall states described in [MR96]. The incor-
poration of SU(2) Chern Simons fields [LF95] and [BF91] respectively differs from that ap-
proach since an additional cubic term is needed in the nonabelian Chern Simons Lagrangian,
which is missing in this approach. Furthermore, if we perform a Chern Simons transformation
with local spin 1/2 fluxes (flux-attachment to electrons or composite Fermions) we can not
systematically obtain the ©-matrix approach since for the attachment for SU(2) fields i.e.
spins we have to perform a local SU(2)-Chern Simons transformation which automatically
generates a corresponding coupling to a Lie(SU(2)) valued gauge field. The corresponding
Lagrangian is a nonabelian Chern Simons Lagrangian. In this sense the ©-matrix approach is
a pure phenomenological approach which can only be justified by heuristic arguments rather
than fundamental gauge principles. The implementation of a SU(2) symmetry need some
care what concerns a quantization in a perturbative treatment. In [MR96] the quantization
is performed in terms of Witten’s approach to invariants [Wit89], however a perturbative
treatment requires a different approach [AS91]. In the next chapter we introduce a proper
quantization procedure for general Chern Simons theories with semi simple compact gauge
group as symmetry group in the composite Fermion picture and discuss the SU(2) example.

2.3.6 Spin Resolved Experiments

In the previous section we developed some possibilities to implement the spin degrees of
freedom in the theory of composite Fermions in fractional Hall states and in the next chapters
we will extend these models in the sense that the spin is treated as a real SU(2) symmetry
in a relativistic Dirac equation. The spin can be interpreted as a relativistic effect in this
manner starting from a relativistic equation may shed more light on the physics of a Hall
system. However, we should also clarify what physical impacts of such theories are accessible
to experiments. For the hydrogen atom the relativistic effects are known and can be perfectly
described by quantum electrodynamics. A similar approach for Hall systems however does
not exist so far but might be crucial for experimental predictions.

In the late nineties the interests on spin resolved experiments emerged following some
discrepancies of the composite Fermion model. For the effective mass m* ~ 0.6m. at a
magnetic field of about ten Tesla B ~ 10T as published in [DYS'95] and [LNFH94] the Fermi
energy of composite Fermions is estimated to about ten Kelvin EEF ~ 10K. Taking the small
g factor of GaAs into account the Zeeman energy is estimated to about three Kelvin Fz ~ 3K
at B ~ 107T. The fact that Fy < EIQF then suggests that the system is completely spin
unpolarized. Experiments where they measured the composite Fermion wave vector [GPS*96]
suggest that the system is spin polarized at a magnetic field of ten Tesla. The investigation of
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Figure 2.9: The Spin polarization function . in terms of the perpendicular magnetic field B in
Tesla with details around v = 3/2, for (a): n, = 3.5x10 cm~2 and (b): ns = 5.5x10"cm~2 [KvKE99)].

the magnetic field dependence of the spin polarization of a two dimensional Fermion system
allows for the measuring of spin transitions between spin polarized, partially polarized and
unpolarized systems [KvKE99]. The whole spectrum of the system can be observed by
magnetoluminescense measurements, where holes where induced by laser pulses in a separated
d-doped Be layer parallel to the Hall system. The measurement of the circular polarization
of the light, emitted by the recombination of the holes with the electrons from the Hall bar,
gives then information about the spin polarization. The dependence of the spin polarization
function 7. in terms of the perpendicular magnetic field B at temperatures between 0.3K
and 1.8K is shown in figure 2.9 for two different fixed densities in a GaAs/AlGaAs hetero-
junction with d-doped mono-layer of Be acceptors. The magnetoluminescence signals shows
that the Hall state at v = 1 is always completely spin polarized in contrast to the many
other fractional filling factors, where the polarization differs with the densities. With a
back-gate-density modulation it is possible to keep the filling factor constant, which leads to
more precise results figure2.10. Here we see wide plateaus where the polarization is nearly
constant and a smooth transition between different plateaus with a generic “shoulder” in-
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Figure 2.10: The spin polarization -, plotted in terms of the magnetic field B: (a) the sequence
v=n/(2n—1) and (¢) v =1/2, 1/4. The filling factor is fixed with a back-gate density modulation

method [KvKE99|.

between, indicating a stabilization of the polarization. Since the temperature is very low we
may discuss a model where the transition is smoothed even at zero temperature. This is the so
called zero temperature smoothing (ZTS). These experiments show that the simplest model
of spin polarised composite Fermions is insufficient for a realistic description of the fractional
Hall state. Furthermore there is strong evidence that at half filling a spin transition occurs
from partially spin polarization at low densities and low field configuration to a complete spin
polarization at high densities and high field configuration observed in many experiments:
IDKK*99], [KvKLE99], [MFHac"00], [FHacBT02], [SFFT04] and [DPK*05]. This fact is
strongly supported by recent experiments [TEPWO07]| of resistively detected nuclear magnetic
resonance (RDNMR) methods [DMP*02]. In this method the coupling between the two
dimensional electron gas and the spin of nuclei by hyperfine interaction modifies the electronic
Zeeman energy FEy. This modification is due to a finite spin polarization {y creating an
effective magnetic field By and gives a Zeeman energy

E7 = gup(B + By)

with the GaAs g-factor of g = —0.44 and By = —5.3T if the nuclear spins of (¥Ga, sy =
3/2), ("Ga,sy = 3/2) and (" As, sy = 3/2) are completely polarized. In the nuclear mag-
netic resonance radio frequency method magnetic fields of about H; =~ 0.1uT are applied
parallel to the long axis of the Hall bar. This induces excitations, which reduces the polar-
ization of the nuclear spin and the electronic Zeeman energy E7 increases and modifies the
longitudinal resistivity if dp,./0FEz # 0. In figure [2.11 (a) the resistivity is plotted versus
the magnetic field and shows no evidence for a transition and (b)-(d) shows typical data of
RDMNR. In figure (e) the differential resistivity (Opz./0E7)/pze is plotted in terms of
the magnetic field at v = 1/2 and T" = 45mK, 100mK. The slope of the 7' = 45mK data
shows a strong evidence for a transition of the polarization form low field/density to high
field /density due to a peak of 0p,,/0F7 in the transition region.

Having elaborated the detection of the spin transitions we may ask for the spin-flip gap
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Figure 2.11: In the left figure (a):

Resistivity at v = 1/2 against the magnetic field B at T =

45mK. (b) Typical response of the resistivity around the NMR Line. (c¢) Typical RDNMR line. (d)
Temperature dependence of the RDNMR signal with peak at v = 1/2 and B = 4.01T. In the right
figure: (e): The differential 9p,,/0Fy is plotted against the perpendicular magnetic field at filling
factor v = 1/2: the T' = 45mK slope corresponds to the dots, and the 7' = 100mK slope to the circles.
The peak shows a strong evidence for a transition in the spin polarization. The nuclear spin relaxation
time 77 = (b) supports this evidence [DMP*02].

in fractional Hall states. This was first measured in experiments that take the temperature
dependence of the spin polarization into account [KSvKEO00] at v = 1/3 and v = 2/3. Fur-
thermore the spin-flip gaps allow for the determination of the composite Fermion interaction
energy. These experiments where first done with magnetoluminescence as described above.
In figure[2.12Ithe temperature dependence of the spin polarization function is plotted in terms
of the temperature. On the left 7.(T") is plotted for » = 1/3 and can be described at low
temperature via an exponential dependence

__A
Ve =1—2e BT,

This makes it possible to experimentally determine the energy gap in the spin-flip transitions.
A recent experiment on resonant inelastic light scattering shows that neutral spin textures
emerges at filling factor v = 1/3 [GDG™08]. A finite magnetic field parallel to the sample is
achieved by tilting the sample figure left of figure[2.13|

In figure[2.13]on the right the excitation spectra are plotted for different laser energies w; at
T = 70mK for v = 1/3 (B = 8T). The resonant light scattering spectra shows the possibility
to selectively excite the magneto roton mode and the spin texture mode by varying wj.
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Figure 2.12: In the left figure the temperature dependence of the spin polarization is plotted for
v =1/3. In the right picture for v = 2/3 [KSvKEQQ].

> k W
o.6f ' ' i
(c) sT &
0.55}
; e ol l —""/"}
R o e I o g ; v v *
g 05 i . E zW\szoag (b) v=1/3
= L = v=1/3 1520.95
0.45} 3
I P“I ; - 2] Amzom MR 520.85
| 297 - § ST 1520.08 L3
04 T B=88T BT~ _@z1520 mev,/?w
7 75 & 85 9 95 10 105 064 05 06 04 05 086
B (Tesla) Energy shift o (meV)

Figure 2.13: On the left: (a) Dispersion of the lowest magneto roton branch at v = 1/3.(b) The
sample ist tilted against the magnetic field. (c) Energies of the spin texture and magneto roton modes
at constant B, and varying B. Circles (squares) are the resonant peaks of the spin texture (magneto
roton) modes and the diamond is the transport activation gap [GDG'08]. On the right: The different
spectra of the spin texture mode on the right (a) and the magneto roton mode on the right (b) are
plotted in terms of the energy shift w for different laser energies w; [GDGT08].
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Chapter 3

QED and Chern Simons theory

The appearance of spin effects in a quantum Hall especially in a fractional quantum Hall
regime rises the question, how we could incorporate the SU(2) symmetry of charged elec-
trons. It has a long time been believed that at high classical magnetic external fields all
spin moments of two dimensional electrons are polarized. Now, there is the effect, that at
very low temperatures the system forms an Abrikosov lattice, consisting of flux tubes, which
are considered as being topological defects in the sample and they are described by singu-
larities of the gauge field. In such a situation the electron may feel a reduced external field
while binding flux-tubes to it and the polarization of the spin moment is reduced or vanishes
completely.

3.1 Quantum Electrodynamics on Background Electromag-
netic Fields

It is a matter of fact, that relativistic QED provides the most precise, accepted explanation
of the spectrum of the hydrogen atom and thus it is reasonable to ask for an explanation
in a Hall system, too. There are approaches which consider effects of QED indirectly from
a phenomenological point of view for example as Rashba spin orbit interaction or Darwin
terms and Zeeman terms, which provide in some Hall systems some new effects for exam-
ple Abrikosov or spin Hall effects. The appearance of charged mass-less Dirac particles in
graphene also motivates the question to properly incorporate QED in Hall systems. The
question of a formulation based on QED for the fractional Hall effect remains an open one.
More precise we would like to know whether a composite particle theory can be formulated
derived from a QED action and if so, does it give new insight for Hall systems? This is the
question we would like to address in this and the next chapter.

Though in QED there are many open questions especially in a description with background
external fields concerning for example the uniqueness of the vacuum, we try to formulate the
problem for Hall systems and remark the difficulties of a more consistent theory. Also we
address the question how to project quantum mechanically the relativistic QED (action) on
a 241 dimensional system in the next chapter, which is not completely understood so far.

The most general QED action for electrons in an external magnetic field with a parity

45
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violating term is
5= /d4 3[Y W} mpp — ep A Y — (157 Fu F*) — (152" Fuv Fpo) + JuAM]

where v is a Dirac spinor field, A, the classical external electromagnetic field, F* the
corresponding field strength tensor and J* the external electromagnetic current considered
as a constant function, which may change adiabatically with time. The total antisymmetric
term then gives just a contribution on a suitable boundary, usually pushed to infinity where
all fields are zero, so it is usually not considered.

The equations of motion for the massive Fermi fields coupled to an external magnetic
field are given by the Dirac equation in the 4-dimensional Minkowski space:

i(v* Dy —m)p =0

with D, = 0,, —ieA,. Now we perform a ’local’Chern Simons gauge transformation

vp — ¥ =@y
and the covariant derivative is changed to
D, — D, =0, —ieA, —iA,

and define the total gauge field
a, = eA, + A,

The standard Yang-Mills construction leads to the field strength tensor. This is a tensor
field, a two form on a hermitian line bundle, which is related to the curvature two form:

f=[D,Dl=da—aNa

or in local coordinates:
fuw = Ouay — dyay, — [ay, ay

where the last term can be dropped for abelian gauge fields. The Maxwell action is now given
in a certain spacetime region O as usual by:

SM:%/O]C/\*f.

In our situation we may have the further total antisymmetric term sometimes also called the
Pontrjagin action

SPJZ%/OfAf

leading to the famous Chern Simons action on the boundary 9O of the spacetime region O. It
is a straight forward calculation to show that for any local U(N) gauge theory a, € Lie(U(N))

trf A f =d(trW)
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is a total derivative of the Chern Simons three form W
W:a/\da—i-%aAa/\a

and by making use of the Stokes theorem the Pontrjagin action on O is turned to the Chern
Simons action on the boundary 0O:

/trfAf:/ trla Ada+ 2a AaAal.
@] 00

In the specific case of a U(1) theory this is reduced to

Scs = / a A da.
00

The cubic term vanishes, which means that the field connection forms commute in the U(1)
case. Later we will see that this changes if we project the fields onto the lowest Landau level.
In local coordinates the action is:

_ 3 nvp
Scs = / d’o "’ a,0,a,.
o0

It is reasonable to consider not only the abelian U(1) gauge theory on a commutative
Minkowski space but also in the lowest Landau level projection, which would result in an
U(1) gauge theory on a special version of the noncommutative Minkowski space and also it
is reasonable to consider local SU(N) C U(N) gauge symmetries for multilayer Hall Systems
or second generation of composite Fermions. We will comment on this in the next chapter.
For general non-abelian theories the gauge transformation can be performed by

U=e 9@ ¢ SUN), 0*ecCy(R)and a=1,...,N>—1. (3.1.1)

The traceless anti-hermitian operators T% generate the corresponding Lie algebra su(N) with
the usual commutation relation:

o 681 _ rafB
[T, T°] = f VTV (3.1.2)
with normalization
1
tr(T°T%) = —550‘5 (3.1.3)

and in the case N = 2 the total antisymmetric structure constant is given by the epsilon
tensor f*?7 = ¢*37_ In this sense the gauge potential is a Lie algebra valued one form on the
corresponding principal bundle. The covariant derivative and the curvature (field strength)
is obtained via the usual YM-construction. The purely topological part of the action is given
by

Spy = —%/Otr(fAf)'
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We can define the generalized electric and magnetic fields by e; := fo; and b' = %eijk fiks
thus the action Spy has only terms proportional to e;b*, which results in a violation of CP-
symmetry. More precisely C(e;b;) = +e;b;=even and P(e;b;) = —e;b;=negative parity thus
CP(ejb;) = —e;b; is not a good quantum number.

In the absence of matter fields the Euler Lagrange equations of motions of the action Syum

SyMm = %/ trf Axf
@]
then gives the generalized Maxwell equations for non-abelian gauge fields
«Dxf=0, D,f*" =0
for the homogeneous equations and via the second Bianch identity
Df =0, D,(e""fp)=0

the inhomogeneous equations. While the first part of the Maxwell equations are results of
the action principle the appearance of the Bianchi identity is purely geometrical. The action
Spy would give a deviation of the upper equations only at the boundary of the system.

How can we now understand this Chern Simons term on the boundary and what is the
boundary of our system? In mathematics it is well known, that the value of the Chern Simons
action is a topological invariant, the Chern number or second Chern class, which counts the
windings around singularities on a closed manifold, a manifold without boundary. This is
a fact, which is due to a nontrivial cohomology there are closed forms which are not exact.
It was due to Eduard Witten, who related the Chern number of closed manifolds (actually
the S3) to the Jones-polynomial, which gives the linking number, the invariants of knots on
that manifold. We will comment in the end of this chapter on the connection between Chern
Simons theories and Wess Zumino Witten theories.

We may perform the following gedankenexperiment. In the Fermion Theory an even
number of fluxes are attached to non-relativistic electrons in three dimensions, producing
a Chern Simons term in three dimensions. On the other hand a Chern Simons term on a
boundary of a four dimensional manifold can be obtained via a Pontryagin functional, as
shown above. We will now try to incorporate these both derivations, at least on a heuristic
level. It is clear, that if the fluxes are assumed to be solenoids pinning the closed manifold
00 twice, the Chern Simons action cancels to zero if there is no other suitable source (Ayp),
which gives rise to a non vanishing contribution. It is exactly the statement, that we do
not have magnetic monopoles. However, in two dimensions we have vortices which emerge
in a Hall system and the fluxes are concentrated therein. To obtain a non-vanishing Chern
Simons term we try to transform the closed three dimensional manifold without boundary 0O
topologically to a 2+1 dimensional space C x I, C' being a cylinder with cylinder barrel 0C
and in a next step we argue that only the contribution of the cylinder bottom and head are
left. Let us look at our Lagrangian for one particle in an external, for the moment classical
field with Ahranov-Bohm fluxes attached to it:

L=3[b P —mpp—jha—LfAsf—L1FAS,
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Figure 3.1: A possible choice of the spacetime.

where the term with the massive current j# = 1)7*1) couples the particle to the gauge field.
It is now clear, that the last term can be written as a total derivative:

L=30 P —mip — jAa—LfAsf—dW

where
W =aAda = a,0,a, de" A\ dx” A dzP.

This means that the Chern Simons form W affects the equation of motion only at the bound-
ary of the system. If we use the usual gauge-convention for the A,:

Ai(w) = do / dy (00(z — )b (W)o(y): fori=1,2

and Az = 0, Ap not yet determined, the question arises when this action is nonzero. Indeed we
have to choose suitable spacetime region and take the integral on the boundary. For example
take a four-ball in R*, thus let the boundary to be the S3. For small time intervals we may
consider the space R x S? otherwise take a time-like interval figure[3.1 and furthermore to be
more realistic the two sphere is jolted such that we may consider two discs: Dy associated to
the northern hemisphere (with boundary ¥ ) and Dg associated to the southern hemisphere
also with boundary ¥g. By gluing the boundaries together, identify > with Xg, we will
reobtain topologically the S2. Instead of the two sphere we can also choose a cylinder, the
result remains the same. We have now two integrals, which we require not to cancel each
other but in fact they would if we consider the above gauge and Ag|p, = Ao|pg due to the
orientation of the two-sphere.

SCS :/ dl‘odwldl‘Q [.A()Eijai.Aj]DN —/ dl‘odwldl‘Q [.A()Eijai.Aj]DS.
RxDy RxDg
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One way out of this trouble is to assume Ag|p, # Ao|ps on the discs. But what happens
at the boundary, the edge of the discs by gluing them together? Actually there are two
possibilities. The first is that we may assume the .A0|(.) to vanish at the edge. The second
is that we may consider a chiral field theory, which determines both the northern an the
southern field theory, if this is possible. It is known since Chern Simons’ seminal paper
[CS74] that the Chern Simons theory is related to a conformal field theory on the boundary
on the classical level and since the seminal paper of Witten [Wit89] it is known that this
remains true on the quantum level. This is for the Chern Simons term only, the electrons or
composite Fermions might then be considered as modes or string-like objects with for example
Dirichlet boundary conditions on each disk (or brane). In the next chapter we will discuss the
quantum-mechanically projection of four dimensional electrons, in this setup the projection
of the Chern Simons term can be replaced by performing the Chern Simons transformation,
the flux attachment, after the projection onto three dimensions.

Though this gauge choice seems to be somehow artificial the whole approach is useful to
derive quickly a low energy effective theory with spin and relativistic corrections. This we
will study in more detail in the next section.

3.2 Effective Theory and the Low Energy Limit

We start with the single particle relativistic Lagrangian of an electron coupled to an external
field. In the low energy limit we are not interested in the Maxwell term since it gives only a
photon background. We start with the following Lagrangian in four dimensional Minkowski
space
ANArY 7 -
L= 5[ P —mip —j A A,

where the term with the massive current j#* = ¢y*1) couples the particle to the electromag-
netic gauge field. Since we do not have so far a two dimensional system and no quantized
fluxes, we have to implement these quantize fluxes artificially. In the next chapter we propose
a more constructive approach. In two dimensional systems the quantized fluxes appear as
holes in a plane and are attached by the use of cohomology. Instead of holes we take cylin-
ders or lines which we subtract from the Minkowski space. Consider for example the space
R3! — R,, where R, denotes the z-axis, this space has a topological one dimensional defect,
which corresponds to a flux concentrated in R,. In this way we can construct composite
Fermions by attaching an even number of such fluxes or lines to an electron by a Chern Si-
mons transformation. Then the discussion from the previous chapter can be adapted for the
Chern Simons term since we can gather the paths with nontrivial homology in equivalence
classes [c(t)], where all paths are identified with the paths in the z-y-plane. We can then
perform a ’local’ Chern Simons gauge transformation

Yp — P = e©@yp
and obtain the covariant derivative

D, — D, =8, —ieA, —iA,
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and define the total gauge field
ea, = eA, + A,.

We will now concentrate on the composite Fermions for which the action principle leads to
the Euler Lagrange equation of motion, the Dirac equation for electrons with an even number
of fluxes attached to it:

("D, —m)y =0

with the covariant derivative D, = 9, — iea,. It can then be used in the usual way to
get the low energy effective Hamiltonian. For example we can apply the Foldy-Wouthuysen
transformation to the relativistic equations of motion, see for example [CI06]. Therefore we
define in the same way as in the usual case a unitary transformation

,lp N e—iS,l/}/
and transform the Dirac equations for ‘composite Fermions’ in the following sense
'L.aﬂl), — [eiS(H o Z.at)e_is]ﬂ), = le/'

The Hamiltonian has the same structure as the usual we just replaced the electromagnetic
fields A, by the overall field a,,

H=[a-(p—ea)+ed’ + fm)]

and the unitary transformation changes similarly to S = a - (p — ea). Performing the
transformations thrice we end up with the required low energy Hamiltonian

_ VSR SR S 0
Hip = B(zm(p ca)’ — o3P +m> + ea (3.2.1)
e e e e

The term inside the parentheses corresponds to the expansion of \/(p — ea) + m?2, the term
ea’ corresponds to the electrostatic energy of a point-like charge, the term —e/(2m)30 - b
corresponds to a magnetic dipole for ¢ = 2 and next terms are identified with the spin orbit
interaction

Hso = —%a (Vxe)— 4%20 (e xp), (3.2.3)
which reduces for V x e = 0 and e = —Va° to
e e ,
Hgo = _4_m20- . (e X p) = —%o' - b (324)

with the magnetic field b’ = —v x e acting on the particle. The last term —e/(8m?)V - e is
the Darwin term and corresponds to the zitterbewegung.

Once we have derived the low energy Hamiltonian in three dimensions we can directly
write down the corresponding two dimensional Hamiltonian with its relativistic corrections.
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Usually we would take ea’ = eA since the Chern Simons transformation has no influence on
the static electric field in our case.

The Hamiltonian (3.2.1) can therefore directly be used to derive the Rashba spin orbit
coupling term [BR84] for two dimensional systems in the case of the combined effect of spa-
tial inversion symmetry and time inversion symmetry for example in GaAs/AlGaAs hetero-
junctions and also the Dresselhaus term [Dreb5] for bulk inversion asymmetry of the crystal
structure. This would generate a spin splitting of the composite Fermion states for example
at half filling where the mean magnetic field is zero. The advantage of our considerations
is that we don’t have to perform the whole derivation from band structure analysis (Kane
Model) since the only difference to the electron spin orbit Hamiltonian is the field a, which
only replaces the field A in the common approaches. The Rashba spin orbit Hamiltonian
may be written as

o
Hgrso = ﬁ(gzpy - pr:v) (325)

with the Rashba spin orbit coupling constant
o = {(as/e)0.a"(2)) (3.2.6)

with the parameter a4 derived in the Kane model (kp-model) from band structure analy-
sis [Win03]. In [MMSKO02] a Rashba spin orbit coupling term was proposed for composite
Fermions leading to a contribution to the so-called zero temperature smoothing of the spin
transition. Here we performed a possible derivation from a relativistic theory, which leads not
only to a Rashba spin orbit term. It also motivates the Dresselhaus term in a suitable sample
and additional relativistic corrections like zitterbewegung. The Dresselhaus Hamiltonian may
be written as

@

Hpso = —(02pe — 0ypy) (3.2.7)

with the Dresselhaus coupling constant

B = —a42(kz> (328)

where the constant a4y is determined by the band structure in the (14x14) Kane model for
multi-band analysis. The parameters for different III-V semiconductors are shown in table
3.1. If we assume (9,a°) ~ 1mV/A and (k,) ~ 3.6 x 10"*A~2 then the Rashba coupling in
GaAs is about aga ~ 5.206meVA and the Dresselhaus coupling Bgass ~ —9.93meVA . It
should be mentioned that contrary to the Dresselhaus term the strength of the Rashba term
can be controlled by a gate voltage, modifying the potential a’. We may also write down the
so-called spin transverse force induced by spin orbit coupling [ZRS06]. The meaning of such
a force for electrons is controversially discussed [Zaw(7, Bli05] and has basically heuristic
meaning for a possible spin Hall effect. In the Dirac equation such a force is always zero
while in the low energy limit it is argued via the Heisenberg equations of motion that a
quantum force exists. This discrepancy is argued to depend on the possible electron positron
coupling in the Dirac equation via external fields, since in the low energy Hamiltonian a
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GaAs InAs InSb vacuum
ass | 5.206eA  117.1eA  523.0eA —3.7 x 10 %eA
aso | 27.58¢A%  27.18¢A3  760.1eA3 0

Table 3.1: Band structure parameters for electrons in typical III-V semiconductors. From our
analysis they are also valid for composite Fermions. The Rashba spin orbit coupling is six orders of
magnitude higher in a crystal than in the vacuum and the Dresselhaus spin orbit coupling is zero in
the vacuum.

positron solution is not included. However a satisfying proof of the existence/nonexistence
of a force acting only on the electron solution in the Dirac equation is still missing even
perturbatively. The same discussion might appear also in the case of composite Fermions.
It would be interesting to detect effects or contributions to the Hall current in terms of spin
currents or even a spin Hall effect for composite Fermions at least at even denominator filling
for example by varying a suitable gate voltage.
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3.3 Chern Simons Gauge Theory and BRST Cohomology

The construction of the QED (Tomaga, Schwinger, Feynman and Dyson) as a quantized gauge
theory has successfully been developed in the last century, using for example the path integral
approach. For the generalization to non-abelian gauge theories, the Yang-Mills theories,
however some new concept were needed and have been formulated by Faddeev and Popov
[FP67]. By introducing new fields, so called Faddeev-Popov ghost fields, in the Lagrangian
they were able to define a unitary S-Matrix and thus Feynman rules. But this construction
breaks gauge covariance and this problem then solved Becchi, Rouet, Stora [BRS76] and
Tyutin [Tyu]. They constructed a Lagrangian with BRST ghost fields, where the new fields
have to satisfy a new global and nilpotent symmetry, later called BRST-symmetry. Now the
problem of the breaking of gauge invariance due to renormalization is then controlled
by the BRST-cohomology classes of the BRST-operator [BBHO0].

In a field theory the equations of motion require that the solution depends uniquely on the
initial data, in other words the Cauchy problem has to be unique. To obtain a unique Cauchy
problem the gauge is fixed usually. The problem now is that the equations of motions are no
more invariant under gauge transformations. The way out of this trouble is introducing the
BRST ghost fields, where now the Lagrangian satisfies a new global symmetry, the BRST
symmetry. The new BRST symmetry replaces in this sense the gauge symmetry.

In this section we will recall the BRST quantization of Chern Simons theories with semi
simple compact gauge group as gauge group on a suitable differential three manifold. Since
this mechanism requires some mathematics we introduce also the mathematical description of
gauge theories. Since on the mathematical side the Chern Simons theory is strongly connected
to the theory of Chern numbers or Pontryagin numbers respectively we also introduce the
framework of characteristic classes. In the quantum Hall effect the topological invariants
i.e. Chern numbers play a central role. For example in the integral quantum Hall effect the
conductivity is directly connected to the first Chern number, while the appearance of a Chern
Simons functional in the fractional Hall effect suggests for the consideration of the second
Chern number or Pontryagin number respectively. At the end of this section we apply this
quantization method in the perturbative Chern Simons theory and examine the connection
with the phenomenology of composite Fermions with spin in a fractional Hall state at least
at even denominator filling.

3.3.1 Mathematical Description of Topological Gauge Theories

We will recall briefly the basic background for the mathematical framework of gauge theories,
for more details we refer the interested reader to [MG89] and [CNS88|.

Principal Fiber Bundles

A principal G bundle P is a fiber bundle where each fiber is isomorphic to a Lie group G, this
means that P is a differential manifold, which is locally the product of an open set U C M
in the base manifold M and a Lie group G, U x G C P. Roughly speaking at each point p
on the manifold M there is a fiber F}, attached, which is isomorphic to the gauge group G,
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F, = G. There exists a surjective projection map 7 : P — M, such that
7 p) = F, =G.

The fiber F, is the orbit of the left (or right) action of the gauge group at a point p. From p =
(m(u)) it follows that Fj,, = {uglg € G}. The manifold M can be covered with topologically
trivial open sets {U;}. The bundle restricted to a topological trivial subset is trivial and each
u = 7 !(p) can be described by the coordinates (x € U;, g € G) in the direct product U; x G.
If U; covers the whole manifold M then P is trivial and it is local trivial otherwise. There is
a further definition of triviality in terms of sections. A local section s; is a smooth mapping
s; : Uy — 7~ (U;) such that

(st om)(p) = idp,,

the choice of the local sections s is a choice of a local coordinate system. The transition
from one local section to another has the meaning of a gauge transition. Two different local
sections s and § are connected by the map g : U — G via the equation

s(p) = 3(p)g(p)-

Thus the change of a local section corresponds to a gauge transformation and therefore
the choice of a local section corresponds to the choice of a local gauge. Two local sets
(si,Ui), (sj,U;) with p € U; N U; are connected by the equation:

sj(p) = si(p)t';(p), t';€G

however now with the transition function ¢ ;o UinU; — G satisfying the compatibility
relations:

ti(p) = idg, peU; (3.3.1)
tijp) = t;'(p), peU;NU; (3.3.2)
ti(P)tie(p) = tu(p), peUinU;NUy. (3.3.3)

The last line is also called the cocycle, fixing the cocycle corresponds then to the choice of a
gauge. If the bundle is (global) trivial then all transition functions can be chosen to be the
identity.

Matter Fields

Formally matter fields are mathematically defined as maps from the bundle P to a vector
space V:

6: PV (3.3.4)
¢ d(ug) = v (g ")o(u) (3.3.5)

with 7y being a representation of the gauge group G in the vector space V. A local repre-
sentation we obtain by a local section
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Parallel Transport, Covariant Derivative and Field Strength

We want to compare the matter fields at different points on our manifold therefore we have
to define a parallel transport (connection) on our principal G bundle. So let T, P be the
tangent space at u € P, we divide the tangent space in a so called horizontal and vertical
part:

T.P=V,P® H,P

with V, P being tangent to the fibre 771(7(u)) = G and thus being isomorphic to the Lie
algebra Lie(G) of the structure group G. With the mapping u — ug, g € G the horizontal
subspace H, P is identified with the horizontal subspace at H,,P. We may define the vertical
space V,, P as a projection from the tangent space T;, P. The projection map is given by a Lie
algebra valued connection one form w, which is smooth on all of P. The horizontal subspace
can then be defined by

H,P:={{eT,Plw(&) =0}

In physics the gauge fields are called gauge potentials and correspond to the connection one
form, usually given in local coordinates. The connection one form w however is globally de-
fined on P. Pulling back the connection one form w with a local section s (chose a coordinate
system) gives the local connection one form A; on each open covering set U; C M:

e *
A= siw,

in this sense 4, is a Lie(G) valued one form on U; x G. If s is a global section then the bundle
is globally trivial and A becomes a global connection. With the compatibility relations (3.3.1)
we can transform the local connection A; and A; on U; N U; by

Aj = ti_leitij + ti_jldtij. (3.3.6)

This is known to be a gauge transformation on the other hand a gauge transformation is also
given by the choice of a different section §; = s;g, §;,5; € U; and g € G by

Ay =g Y Aig + g Ldg. (3.3.7)

The exterior derivative d gives the variation of a field on M, however the variation on the
fiber bundle P is given by the covariant derivative

Di=d+uw (3.3.8)

and the curvature form 2 can be obtained by applying the covariant derivative to the con-
nection one form:

Q=Dw=dw+wAw. (3.3.9)

In physics the local curvature is called field strength and is a Lie algebra valued two form,
which can be recovered with the pull-back of the curvature

Fz’ :S?Q
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with the local section (s;,U;) we have
F,=dA; + Ai N A;
and may define the local covariant derivative
D; =d+ A;.
A gauge transformation of the field strength is given by

Fj = t ' Fitij, on UiNU; (3.3.10)

F, = g 'Fyqg, with s,§ € Uj. (3.3.11)
We now want to define a mapping I from one fiber F), = 7~ 1(p) to another fiber le>’ =71,
I': Fp) — I}, Let ¢: [0,1] — M be a smooth path on M with ¢(0) = p and ¢(1) = p'. The
path ~ in the principal bundle P is defined by v = 7~ !(c) and is called horizontal lift of the
path c¢. The tangent vectors [¥](u) € H,P are horizontal. The parallel transport is defined
as the map

L(y): 7 p) — oL (p). (3.3.12)

More precisely given a curve ¢ and a fixed u € 7~! there exists only one horizontal lift -,
which fixes then also u’ € 7~ 1(p’). Locally the parallel transport is given via the path-integral
along the path c.
e 4.
u' = si(p')Pe Jegoy Ai,
The curvature can be recovered from the parallel transport along a closed path c¢. The
difference between initial and end point of the corresponding horizontal lift v is a measure
for the curvature. The horizontal lift is only a closed curve for vanishing curvature thus the

parallel transport called Wilson-loop
W, = Pe = JeA (3.3.13)

is then zero in this case.

Topology and Fiber Bundles

The construction of a principal G fiber bundle from a given manifold M and a given structure
group G is not unique. Given an open covering {U;} of the manifold M the fibers 7= (U;)
are glued together corresponding to the choice of the transition functions ¢;;. Since the choice
of the ¢;; is not fixed the bundles are not uniquely defined. This issue is addressed by the
classification of bundles by their topology, which characterizes the bundle structure. The
task is to divide the bundles into equivalence classes or characteristic classes. The theory of
characteristic classes is due to Chern and Weil, they generalized the Gauss-Bonnet theorem
to principal bundles.
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Figure 3.2: A closed manifold S of genus three g = 3.

Gauss-Bonnet Theorem

Let S be a closed oriented Riemannian manifold and let K be the Gauss curvature and x(.5)
the Euler number of the manifold S, then the following relation holds:

% /S K dA = x(S) (3.3.14)

for example consider the case in figure[3.2/here we have the Euler number x(5) = 2—2g = —4

with ¢g being the genus of the oriented closed manifold S. If the manifold .S is only compact
and oriented then the formula (3.3.14) changes to

S / KdA— [ kyds=(S) (3.3.15)
2m Js a8

which means that the geodesic curvature contributes on the boundary and can be defined for
any loop on the surface 95 see figure 3.3 . This can be viewed as some intrinsic geometric
property which we can integrate out and are left with a pure topological number, the Euler
number. In the Chern Simons Theory we have some extrinsic geometric property reflected
in a compact gauge group G say SU(N) which we may integrate out and are then also left
with some pure topological properties.

geodesic curvature kg is unique mod Z

Figure 3.3: A compact manifold S with boundary 5.
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3.3.2 Characteristic Classes

The topology of a fiber bundle plays a crucial role in topological gauge field theories, therefore
we need a tool to quantify and qualify the bundles by their topology. The Chern Weil theory
extends the Gauss-Bonnet theorem to vector bundles where roughly speaking the Gaussian
curvature is replaced by the Pfaffian of the corresponding curvature.

Characteristic classes are a suitable tool to identify with each vector bundle F — M over
a differential manifold M a cohomology class in the de Rham cohomology H*(M,R), which
measures the non-triviality of the vector bundle. In order to fix the mathematical framework
some formal definitions and remarks are needed for a more detailed discussion we refer to
[Gil95] and there exist also a chrash course [Bae] .

Chern Classes

We consider only complex vector bundles £ — M and set the Lie group to G = GL(n,C)
and its Lie algebra to g = Mat(n,C). A polynomial function P : g — C is called invariant
polynomial or G-invariant, if for all X € gand all T' € G

P(TXT™') = P(X). (3.3.16)

For example the trace over finite matrices is invariant under unitary transformations of the
matrices. Another example is the determinant. To (3.3.16) equivalent is

P(XYZ) = P(ZXY)

for all X,Y, Z € g.

Let V be the connection (covariant derivative) on E and R the corresponding (Rieman-
nian) curvature tensor. On subsets U C M one can always find trivialisations, n smooth
sections s1,..., s, of E on U, such that they are linearly independent on U. Since R(X,Y")
is antisymmetric in X, Y we can define a C-valued 2-form Qi on U such that

R(X,Y)s; =: Y _ Q(X,Y)s;.
J

Let then ) be a g-valued 2-form, or a matrix-representation of a commutative C-algebra of
the even C-valued forms. €2 is denoted as the curvature matrix of V with respect to s1,..., sy,.
It can be shown, that Py := P(€) is a well defined form on M. Let w be the connection
matrix of V with respect to the frame sq,...s, with Vxs; := Zj w(X)!s;. Then

Q=dw—-—wAw and d2=wAQ—QAw (Bianchi-identity)
and Py is closed; dPy = 0. This determines a cohomology class:

[Py] € H™(M,C) .

For a matrix (A;) € g we write for derivative P’(A);- = gf;_ simply P'(A) := P’(A);. Let
J
P(A) :=det(1 + 5= A) then
¢(E) :=[P(E)] € H*"(M,C)
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is called the total Chern class. Is A diagonal A = diag (\1,...,\,), then

n

P(A) = det(l+ 554) = J[(+55%) (3.3.17)
j=1
= iaku + g AL L g An). (3.3.18)

Here o}, is the kth elementary-symmetric function. Is A diagonalizable and \; are the eigen-
values we obtain the same result. Diagonalizable matrices are a dense subset in g due to
Jordan normal-form and furthermore P is continuous. It follows then that this formula is
valid for all A € g. We set

1 1 k
Pe(A) = ok(1+ 55 M0, 14 550 = (%) ey An).

To be more explicit let F' = s*Q be the curvature two form or field strength and FJZ = S*Q;'»
the corresponding matrix representation then

P =1
P = ZEtr(F)
P, = H(tr(FAF)— (trF) A (trF)
=0 for G=SU(N)
P, = (i,)"det(F)
2

and call ¢ (E) = [Py (QF)] € H*(M,C) the k-th Chern class of E and ¢(E) = co(E) +--- +
cn(E) the total Chern class. Furthermore it can be shown that the Chern class is real valued:

¢(E) e HY"(M,R) Cc H*"(M,C)
and also that; if E is trivial, then ¢(F) =1 € H°(M,R).

Pontryagin Classes

To define characteristic classes for real vector bundles we first let £ = F®rC be the
complexification of a real vector-bundle F. Then the dual vector bundles are isomorphic
F* = F = E* =~ E. From this it follows that c,(E) = cx(E*) = (—1)*ci(E) and thus ¢; = 0
for k odd.

Definition 3.3.1. Let /' — M be a real vector-bundle. Then
pj(F) = (1) cp;(FoRC) € HY(M,R)
is called the j-th Pontrjagin class of I’ and

= i) e HYOR

the total Pontryagin-class of F.
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Pontryagin Index

We now consider the case of SU(N) bundles on a four dimensional manifold M. In this case
it turns out that all Chern classes are trivial except the second one:

(ﬂﬂ:—é%HWAF) (3.3.19)

Since the second Chern class is closed on a four manifold it can be locally written as a total
derivative

Mﬂ:—%ﬁK%F] (3.3.20)

and the three form K we call local Chern Simons form of ¢o and in physics we call it topological
current:

1
K[A,F]=tr(FNA-— gA/\A/\A). (3.3.21)

The Pontryagin index is defined as the integral over the second Chern class
1
v[F]| = / elF| = ——2/ tr(F A F). (3.3.22)
M 87 S

On M = R* the Pontryagin index is related to the winding number. Assume that the field
strength F' vanishes at infinity, thus at the boundary M. In this case the connection or
gauge potential becomes a pure gauge

A — Algy = gdg™. (3.3.23)

This defines a map from the boundary of the manifold to the gauge group g : OM = S3 —
G = SU(N) and is therefore classified by the homotopy group m3(SU(N)) = Z. In the case
of N =2 the homotopy group 73(SU(2)) corresponds to the winding number w of the map
g since SU(2) = S3. In the case of N > 2 we can deform g such that it maps the boundary
only in the subgroup SU(2) C SU(N) and the winding number remains well defined. The
winding number is defined by the map

1
wlg] = oY) /33 tr(gdg™ A gdg™ A gdg™) (3.3.24)

and correspond to the Pontryagin index v[F| = —w[g| if the Gauge field becomes a pure
gauge on S3.

3.3.3 Classical Chern Simons Theory

In the seminal paper of Shing-Shen Chern and James Simons [CS74] the nowadays called
Chern Simons term arises as a nontrivial boundary term. The expression of the Pontrjagin
index of a four manifold is turned via Stokes theorem into an integral over a simplex, the
boundary. It emerges that the integral over the second Chern character gives precisely the
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Pontyagin index, which is an expression for the winding number. Later we also consider the
Chern Simons term on three manifolds which are not the boundary of a four manifold.

Since the discovery of Chern and Simons the now called Chern Simons theory became an
interesting research field not only in mathematics but also in physics for instance in terms
of nonabelian gauge theories in three dimensions or in term of instantons [Hoo74]. It has a
rather rich mathematical structure with connections to various other fields of mathematics
even on the classical level [Fre95].

Let M be a compact, oriented three dimensional manifold without boundary. We consider
global trivializeable principal G bundles P over M, where GG is a compact, simply connected
Lie group and g the corresponding Lie algebra, for example for G = SU(2) each principal-G
bundle is trivial. Furthermore let w be the g-valued connection form on P. We choose global
trivializations s : M — P and identify with A := s*w € & := QY(M,g) with A = A, (z)dz"
and A, (x) being the gauge field. The covariant derivative is then given by

1
DA =d+ §[A7 ']/\ : Qk(Mag) - Qk+1(M’g)
and the curvature is given by
F(A):=s"Q=dA+ ANA.

We call a connection « flat if F((a) = 0 and for flat connections it follows that (D%)? = 0.
The group of all gauge transformations is defined by G := C>°(M, ) acting from the left on
a connection

g A=g Tt Ag+ g0 =g ' Ag+ g dg

where 6 is the left-invariant Maurer-Cartan Form. From (3.3.7) and (3.3.10) the gauge
transformation for the field strength or curvature is given by

F(A) =g 'F(A)g=F(g*A)

The Chern Simons form (3.3.21) Lcg € Q3(M, g) on the principal G' bundle can be defined
by

Los:=s"Leg = s*(trlwAQ — fwAwAw)]) (3.3.25)
= tr[ANdA+2ANAN A (3.3.26)

and the Chern Simons functional can be defined by
_ Kk 2

where the normalization factor in front of the integral is due to the volume of the S® [L.H96].
Under global gauge transformations the action transforms on the manifold M with OM # ()

* 1 — *
Scs(g*A) = Scs + 8_/ tr(a A dgg 1) —/ gto.
™ JoM M
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In the case where OM = () the boundary term in the midle vanisches. o = 2/3 trd NG A O €
Q3(M, G) is the canonical three-form of G and its integral

I
M

is an integer and corresponds to the Pontryagin index (3.3.22), or the windingnumber (3.3.24)
respectively, and its cohomology class is integral (o] € H3 (G).
Infinitesimal gauge transformations with g = exp{tf} for any f € w(M, g) can be obtained
by a power expansion:
g*A=A+t(DAf) + Ot?)

The critical points of the Chern Simons functional are exactly those A where the curvature
is flat. Let A; = A 4 ta be a family of connections then the Chern Simons functional

Ses(A) = Ses(A)+ 8—;2 /Mt d(tr(A A a)) + # /M ot dte(F(A) A a) + O()

= Sos(A) + /M te(F(A) A a) + O(t2) (3.3.27)

is critical on (M,0M = 0), 6:Scs(As) =0 iff Fy =dA+ AN A =0 for any connection a and
t € R. If a = DAf then we immediately see that the Chern Simons functional on a closed
manifold is invariant under infinitesimal gauge transformations for flat connections A = «
and under global gauge transformation it is invariant modulus Z, compare with (3.3.28]). The
flat connections « are thus the classical solutions of the Euler Lagrange equations of motions.

0Scs o 9Scs
o 0(Da)

=0& Fo(a) =0

We fixed a specific trivialization, in the sense that the equations depend on the choice of
the s;. It means that we have chosen a specific flat connection for gauge fixing. This breaks
gauge invariance. Physically this would be a choice of a constant background field, a one
form, which we can set to zero s*a = 0.

3.3.4 Quantizing Chern Simons Theories

There are several ways to quantize Chern-Simons theories, E. Witten for example related the
partition function
Zi(M) = DA e?mik Scs(a)
g

which is apriori not well defined on the infinite-dimensional Space s, to the Jones theory
of knots [Wit89]. Beside this theory there exist perturbative approaches for example in flat
R? by Birmingham et.al.[BRT90] and Deluc [DGS89] and for compact manifolds there exists
the works by Axelrod and Singer [AS91]. In this section we are interested in the perturbative
treatment of Chern Simons theories since these arise precisely in the perturbative treatment
of composite Fermions in a fractional Hall state at least at even denominator filling in the
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Random phase approximation. We will follow mainly [AS91] and [Koh02] respectively. There
are many motivations to consider not only U(1) fields but also more general U(N) or SU(N)
fields. In terms of bi-layer Hall Systems there arises a further SU(2) symmetry also in terms of
the ©-matrix approach (2.3.109)) for composite Fermions with spin and it may also play a role
in the formalism of second generation composite Fermions. On the other hand the composite
Fermion theory projected in the lowest Landau level leads to a Chern Simons theory on a
noncommutative space which may be treated with the Seiberg Witten map [SW99] and may
be mapped onto a nonabelian U(N) Chern Simons theory an a commutative spacetime. We
will comment on that in the next chapter.

The equations of motion have to be unique regarding the Cauchy data otherwise the
gauge symmetry would be degenerated. Therefore we have to fix the gauge. In [BRT90] it
is observed that in Landau gauge there exists an additional Abelian supersymmetry and the
preservation of this symmetry fixes the Lorentz structure of the gauge propagator. We will
restrict or discussion to the Landau gauge. The action

2
Scs(a) :/ tr(a/\da+§aAa/\a)
M

is constant along the gauge path of the flat connection «. For infinitesimal transformations
gta=a+tD*f + O(t?)

around flat connections we see from (3.3.27) that the Chern Simons action is constant

Ses(g"a) = Ses(a) + /M t(F(a) A D) + O(t2) = Ses(a) + O2) . (3.3.28)

42
Thus the gauge symmetry leads to a degeneracy which has to be repaired by fixing the gauge.
First we look at the finite dimensional case. Let I'" be a [ dimensional Lie group acting free
from the left on R™ and let f : R™ — R be invariant function f(v.x) = f(x). Then choose
a fixing function F': R” — R! having exactly one zero on the path I'.z. For any point = we
consider a function ¢, : ' — R!, v+ F(v.x) which serves as a parametrization. The volume
form at a point x is then given by volp, = det(D¢,|1)volp. This means that we take the
integral over R™ of f(x) along the paths of I" and replace the integral over each path by the
contributions at the zeros of F' on this path multiplied by the volume of the path. This is
then the same as the functional determinant of ¢, multiplied by the constant group volume.
Picking the zeros can be described by delta functions 6(F(x)) and the group volume is a
constant c¢. The following should hold true:

/ A"z @) = c/ A"z @) §(F(x)) det(Deyl)

and §(F(x))det(Dgg|1) is independent of the choice of the gauge F. Roughly speaking a
gauge transformation in §(F'(x)) is compensated by |det(Dg¢,|1)| which can be seen by the
relation 6(h(z)) = 6(z)/|W (2)|z=0|- It should be mentioned that there exists no proof of these
hypotheses for the infinite dimensional case. The Dirac delta function can be represented as:

1
(277)1 R!

§(F(z)) = d'¢ eF @9
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the Jacobian can be expressed in terms of Grassmann variables, thus we introduce R! valued
Grassmann numbers ¢, ¢ with

{c,c} ={¢,¢} =0 and [c,¢ =0.

C;C ¢, and CiCj = CjCi.

A CiCj = —CjCi, CiCj = —Cj
For any matrix M € GL(n x n,R) the Berizin integral is given by
/dlédlc eMe = det M
this holds also true for M = iD¢,|;. We define the gauge fixing potential as

[z, ¢, ¢,¢) = iF(z)¢ + ic(Doy|1)c .

Then the following hypothesis should hold true:
/ d'z e = c / dad ¢dedc HI@HH @0.00),

Now we want to perform the transition from the finite dimensional integral to the infinite
dimensional integral (over the space .27)s), which is known as Fadeev-Popov-method. The Lie
group I' is replaced by the infinite dimensional Lie group G. First we choose a gauge fixing
function, in favour to our problem. We choose the Lorentz gauge:

F(a):=dxa=0,a" dz'...dz* =0

and we assume that this fixing function has only one zero on each gauge path dxa = 0. Then
we introduce in analogy ¢ € Q°(M, Lie(G)) and Grassmann fields ¢, ¢ € Q°(M, Lie(G)). The
Jacobian of the function

¢a(9) = F(g*a) =dx*g*a

we obtain by picking the linear term in
pa(el) =dxa+t(dx D" f)+ O(t?),
the expansion around the unity in G:
Doy =d* D .

Thus we have the gauge fixing potential in Lorentz gauge

Sef(a, ¢, c,e) = 8—7112 /Mtr((d* a) Np+cA(dxD)).

However there is an additional freedom to add the term (—aF(a)?), with a being the Yang
Mills gauge fixing parameter. Thus the gauge fixing potential is

S8 (a, ¢, ¢,c) = SL / tr((d*a) A ¢+ eA (d+ D%) — aF(a)?). (3.3.29)
M

T2
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In [BRT90] it is observed that in Landau gauge o = 0 there exists an additional abelian
supersymmetry and the preservation of this symmetry fixes the Lorentz structure of the
gauge propagator. In the following we will restrict our discussion to the Landau gauge since
the additional term is zero in Lorentz gauge F'(a) = 0 anyway.

Despite the fact that there is no derivative of the field ¢, which means that it gives no
contribution to physical processes, the Grassmann fields do contribute and have physical
effects. For M having no boundary the Leibnitz rule gives

/M tr(¢ A (dx D%)) = — /M tr(de A (xD%c)) = / tr((xdec) A de — de A [*a, c])

M

and thus a kinetic term (xde) A dc = §,e0%cda® ... dz®. We have the following path integral:
Zi(M) = / DeDcD¢Da 2™ iH(Scs(@)+55 (a.6.60)) (3.3.30)

In this partition function there are unphysical field combinations due to the introduction
of the BRST fields. They appear to have negative norm in the underlying Hilbert space of
the quantized theory. Thus we can introduce an equivalence relation the so-called BRST
cohomology, which identifies these states with zero.

To construct the BRST cohomology two structures are needed. First we introduce the
ghost number gh with gh(a) = gh(¢) = 0 and gh(c) = —gh(¢) = 1. The ghost number is
additive under products of fields and constant under derivations. The second structure is the
BRST operator § which is defined by

and
S(c) = %[c, o, s()=¢.

Then we can show that §2 = 0 and {§,d} = 0. The physical actions have ghost number zero
and so has the gauge fixing potential and can therefore be added to the action. Furthermore
it is the image of the BRST operator applied to

S xaNc)) = S
s(/Mtr(d AG)) =S

The physical Hilbert space with no norm-negative states is now given as the cohomology
H(8) = ker(8)/im(8).

3.3.5 Perturbative Chern Simons Theory

We now want to apply the formalism of BRST quantization to the example of a SU(2) Chern
Simons action, for the formalism see [Koh02]. This action arises for example in the case of
a bilayer system where both layers are coupled. Another scenario for such an application is
a Hall system where disorder potentials separates different regions of the sample but allow
for a coupling of the charge carriers. If we are interested not only in the electronic coupling
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but also in the coupling of the spin of the Fermions then one can minimal couple the SU(2)
Chern Simons field to the Lagrangian of a two dimensional Fermion system with spin. A
variety realization in the composite Fermion model is the ©-matrix (2.3.109) introduced in the
previous chapter. In the next Chapter we show how one can derive a Dirac Lagrangian in three
dimensions by projecting quantum-mechanically the Dirac Lagrangian in four dimensions.
The local SU(2) Chern Simons Transformation, in the sense of (3.1.1), attaches not only the
flux quanta but also couples the spin of the two system.

In the gauge fixed partition function (3.3.30) we perform the integral over the Nakanishi
Lautrup field ¢ and obtain a delta distribution with the constrained equation d * a = 0:

Zi(M) = / DeDeDa 2™ k(Sos(@+5an(@e)) 5(d « q) (3.3.31)
with the ghost action
1
Sgn(¢,¢) = = / tr((xdec) A de — de A [*a, c]). (3.3.32)
87'(' M

First we observe that the Dirac Operator
D : QYm,g) — Q°(M,g) @ Q*(M, g) (3.3.33)

D:=d+d"

corresponds exactly to the exterior derivative d since the gauge fixing constrained, the Lorentz
gauge d * a = 0 enters as follows:

Da=da®d"a=da®*dxa=da (3.3.34)

The hodge star operator fulfills the condition **> = 1 and the formal adjoint operator d* is
given by the map
d* - QF(M, g) — QFY(M, g) (3.3.35)
d* = (-1)"txdx.

It is formally defined via the relation

/ tr(A A dB) = / tx(d AN B) (3.3.36)
M M

with A, B being Lie algebra valued one forms. We can then rewrite the quadratic part of the
Chern Simons action

/ tr(a Ada) — / tr(a A Da). (3.3.37)
M M

Before we start the computation we look at the finite dimensional case where we have to
identify the quadratic and the cubic part of the Chern Simons action. We follow [Koh02] and
start with a Gaussian integral given by

/ e (3.3.38)
7

— o0
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and generalize it with analytic continuation to

S5

/ do e = %e . (3.3.39)

For the n dimensional case we introduce a quadratic form

Q(x) = 3 Y qijmizy, (3.3.40)
2%

which we choose to be non-degenerated det ) # 0 thus the matrix (g;;) is invertible. Then
we can evaluate the integral

/ dey ... dx, eQ@Lmn) — S— (3.3.41)

V| det Q|

We need an expression with a further linear term Jx; with J,z € R"
/ dz ... dz, €9V = ¢ 732597 7i) (3.3.42)

and an integral with additional cubic term

f@) = Q)+ _ f ;. (3.3.43)

ihj?k

Let k£ > 0 be a positive constant, then expand the integral
7y, = / dey ... dx, ¢*@ (3.3.44)

in a power series

7y, = / day ... dx, ™9 Z %—)?(Zfijkmimjmom (3.3.45)
n — !

i?j7k

and with a rescale of the variables

T
=~ 7 ( )

da:z-
dr; — 3.3.47
7k ( )

the factor k£ cancels in the exponential

_ L s i Gk o )
7 = \/k_"zm'(\/ﬁ)m /ndzrl...da:neQ(Zf kxzxja:k) . (3.3.48)

m=0 1,7,k
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This integral can be rewritten in the usual form by introducing sources J € R™ and we obtain
a power series in 1/v/k:

—10 —10 —i0 _i .70
\/_Zm'\/k_mKZf]kWﬁa—Jk) e~ 3 20,97 Jid e (3.3.49)

The quadratic term in the Chern Simons functional can be specified. The basis T“ of the Lie
algebra g is given by relation and the normalization condition (3.1.3). = corresponds
to the connection one form and therefore also J is a one form on our manifold M. The
coefficients of the inverse of the quadratic form @ are given by the ¢”’s. The equivalent
expression in the Chern Simons term is given by the inverse of the Dirac operator map is an
integral operator map:

D71 QM. g) — QFTY(M, g) (3.3.50)
D '=Do(D*) '=DoA™L.
We requiered H*(M, g) = 0 and therefore the inverse of the Laplacian A = dd*+d*d = dd+dd

should exist. The action of D~! on the sources .J considered as two forms is defined by the
integral

A EB: /MyLAB(:c,y)/\JB(y) (3.3.51)

= > / dPy P LP (2,y) 2 (y) (3.3.52)
B My

where we sum over the dimension of the Lie algebra. The integral kernel L 4p is a Lie algebra
valued two form on M, x My, Lap € Q?(M, x My, g®g) and thus D~1(J4)(z) € Q*(M,, g)
is a Lie algebra valued two form on M,. In the infinite dimensional case the sum over 7 in
(3.3.49) is turned into an integral and since the fields are Lie algebra valued one forms we
also have to sum over the dimension of the Lie algebra >, +— >, [,,- We can express the
quadratic form of the Chern Simons action when we identify the gauge potentials with the
currents in the usual way

a=Y a'T"=) "T" D7 (Jy) (3.3.53)

A A
and make use of the fact that D o D~ = id is the identity map. When we multiply (3.3.51)
from the left the source J4 and integrate over the manifold M, and sum up over the dimension

of the Lie algebra we obtain an expression of the quadratic form of the Chern Simons action
as a generalization of (3.3.40):

iQ(A) = i/M tr(a A Da)(x)
— __Z/, A (Do D71 (Ja)))(x) (3.3.54)

_ "Z/mey 2) A Lagp(z,y) A Js(y). (3.3.55)
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The integral kernel L 45 is antisymmetric in the indices A, B

Lap(x,y) = —Lpa(z,y) (3.3.56)
and corresponds to the propagator form, or Green’s form, satisfying the equation
Dyiyxaa, Lap(x,y) = —6apd(z,y) (3.3.57)

with Dy, xar, being the covariant derivative on M, x M, and the delta distribution is defined
as a current of degree three

/ 5(z,y) h(z,y) = / Wz, z) (3.3.58)
Mz x My z

for a three form h(x,y) on M, x M,. In local coordinates this corresponds to the propagator,
or Green’s function respectively, of the gauge fields:

1

A) = = d3 d3 A uv B . 3.
QU =33 J oy ) L) T2 (3359

The cubic term only arises in nonabelian Chern Simons theories or in gauge theories on a
noncommutative spacetime. The fields a can be expanded in the basis of the Lie algebra

a(z) = Y., T%as(z) with the commutator [T4,T5] = fAZTC of the normalized basis
tr(TATE) = 1/264F there is the relation:
tr(TATBTC) = fABC (3.3.60)
and the trace over the cubic term can be expressed as:
tr(aNaNa)= Z 8% Nap A ac. (3.3.61)
ABC

The partition function for the gauge fixed Chern Simons functional can now be written down
since the coefficients f¥* in (3.3.49) correspond to the structure constant of the Lie algebra.

c MK ABC _i‘s —id —i0 _\™
g C 3.3.62

exp{ iy
2 AB M2
+ghost contributions

Ja(z1) A Lap(x1,32) A JB(m)}] J=0

We may express the partition function in local coordinates:

Zp = (3.3.63)

(D / BridProdzs fABC
AB,C Mi23

—id —1id —id )m
0S4 (z1) 0.5 (x2) 6J¢.(23)

i 3 3 A pv B
x eXp{ 2 AE;/MH Ay d o Ji (1) Lyp (21, 2) ], (xQ)}]J:O

+ghost contributions.
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The functional derivation

0
dJa(x)

is defined on functionals in the following sense:

4]

o [ 7 ) = '@

and this leads to the distributional equation:

0
0J4(x)

JP(y) = =64P6(x, y).

So far the ghost contribution have not bee taken into account in the perturbative Chern
Simons theory in our framework here. However, it is known that they play a crucial role in
nonabelian gauge theories in terms of the Yang-Mills action in the four dimensional Minkowski
space and they are also necessary and important here. Let’s see how the ghost fields appear in
this setup and follow the methods in for the superfield formulation. First we redefine
the following variables

C = xde (3.3.64)
B = xd¢ (3.3.65)

such that the Jacobian is one and the gauge fixed Chern Simons functional is given via Leibniz
rule and Stokes by

S%fs(a,c,C,B) = %/Mtr[%a/\da—i- saNaNa—CNde—CAla,cJ—BAal. (3.3.66)

The Lorentz gauge fixing constrained is now encoded in the field B. We may expand the
fields in the basis of the Lie algebra and perform the trace:
—ik 2
S(a,c,C,B) = —= > / a® A da? + = fapca® A aP Aa® (3.3.67)
47 bvre 3

—CANde? - 2fABoCA AaP AcC —BANaA

We introduce the superfield formalism with a redefinition of the fields as super fields. There-
fore let V be a C-vector space with two copies V), V7 and V[ & V;. V is a super vector space
or Zs-graded vector space with grading map

p: (VouWi) = {0} — Zs, p(v) = j for v e V.

For a vector space U the Grassmann algebra is defined by the wedge product A*U =
b k>0 A*U and becomes a superalgebra for

Vo = (A"U)g = @Asz
J=0
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and

Vi = (AU); = P AV

>0

We then consider the cotangent space T,;M of the underlying manifold equipped with the
wedge product A”. We introduce a basis in 7T,y M with the Fermionic coordinates 6 being
determined by the coordinate system x* on M. We use then the relation between differential
forms T € Q*(M,g) and (super) functions T € C®°(W C M)®@rA*R"™ which is essentially
given by the Grassmann algebra considered as superalgebra:

T(x) = ZTM...M (z) dxt A -oo N dat (3.3.68)
At T(x’ 9) = Z 6#1 e HﬂiTﬂl---Mz‘(m)' (3-3~69)

In this framework the exterior derivative d on differential forms becomes a differential operator
d = 0#9,, on the superfields and products of superfields are defined via the components: For
two superfields 7'(X) and R(Y), X = (z,0) the product is defined by

T(X)R(Y) =Y (—n)rsien@igm grign 0% Ty, . (x) Ryy.0y(y).  (3.3.70)
1,J

The Grassmann numbers commute with Bosonic fields but anticommute with Fermionic fields
which is encountered here by sign(7") = +1 for Bosonic 7" and sign(7") = —1 for Fermionic T’
and then sign(7}, . ,.) = (—1)""5€"7). The Chern Simons action can be rewritten in terms

of these Grassmann coordinates:

—ik

S(a,¢,C.B) = —-— d*X 019"0° (a/}d,a) — Cih,0pc™ — Bihal) (3.3.71)

2
—|—§fABCl9“9”9p(a/‘:‘afag — GCZ‘VaECC)

with the integration measure changed to d®X := dX'dX?dX? := d0'd9*d9>dz' dx’dx3. We
can now introduce Lie(G) algebra valued, Fermionic superfields V4 [AS94]:

VA(2,0) = ctx) + 0"a} (z) + 010" C, (x) + 04070, ,(x). (3.3.72)

The fields V, ¢,C are Fermionic and a, B, B are Bosonic. The Chern Simons action can then
be formulated with these superfields and reduces to a simple form

—ik 2
Scs(V,B) = ﬁ > / BX (VA dav)(X) + 3 Ffapc(VAVBVE) (X))  (3.3.73)
ABC
—0"0" 0" B, al)

and we have to calculate the partition function

Zi(M) = / DY DB e ScsV:B), (3.3.74)
{v.B}
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The integration over B, the redefined Nakanishi-Lautrup field ¢, requires only the Lorentz
gauge condition d xV = 0. So performing the integral over B the partition function is:

Zi(M) = / DY e dosV), (3.3.75)
{V,dxV=0}

We may visualize the perturbation theory in terms of suitable Feynman diagrams. Since the
ghost fields are unphysical fields, they can only occur inside a Feynman diagram and not
as incoming or outgoing modes. They represent roughly speaking inner degrees of freedom
which contribute to the self-energy part of a diagram respecting the gauge invariance of the
theory.

In the superfield formulation of the Chern Simons action the ghost contributions are au-
tomatically included. So we may apply the perturbation setup from above to the superfields.
We introduce sources Z and in analogy take the inverse of the Dirac operator to express the
superfields in terms of suitable propagators:

Va(X) =D T (X) =Y / dY Wap(X,Y) Ip(Y). (3.3.76)
B

With the antisymmetric, Fermionic propagator Green’s form
Wap(X,Y)=-Wpa(Y, X)
satisfying the distributional equation
Dag, x,WaB(X,Y) = —6456(X,Y).

The delta distribution is the analog of the current three form from above but is now anti-
symmetric in X, Y. The quadratic term of the Chern Simons form takes a familar form, it
can be expressed in terms of the propagator:

> / BX (VADVA)(X) (3.3.77)
A

iQ(V)

; Z/ngd?’Y Za(X)Wap(X,Y) Ip(Y). (3.3.78)
AB

The complete partition function in the superfield formulation has a similar form to (3.3.63)
just that now the sources and the propagator are redefined:

o0

¢ o —i0 —10 —10 m
7, = — 3 X d3 Xod3 X fABC
% Vk = mIVE™ K%:C/d 1P Xod® X3 f 6ZA(X1) 0Zp(Xo) 5Ic(X3))
i
exp {7 Z/d3X1d3X2 TA(X1)Wap(X1, Xa) IB(XQ)}] O (33.79)
AB =

The (super) derivation is in analogy defined on functionals in the following sense:

0
m /IA(Y) VA(Y) = VA(X)
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the difference in the superfield formulation is now that the derivation §/0Z is Fermionic while
7 is Bosonic. This leads to the distributional equation

4]

— 7 — X.Y)= Y X
TA(X) A 0aB0(X,Y) = dap0(Y, X)

which means that the delta function is antisymmetric in the coordinates X,Y, §(X,Y) =
—4(Y, X) in contrast to usual case. Before we turn to the SU(2) example we may discuss the
effect of the cubic interaction so we look at the contribution to second order m = 2. With
the definition

Z o \/k_m (3.3.80)

(3.3.81)

the second order loop contribution of the Lagrangian without ghosts is given by

Z}gz) _ 01/ Z FABC pA'B'C! (3.3.82)
M

XMz ppcarBC!
XLga(x1,21) A L (22, 22) N Locr (21, 72)

+C / > PP Lap(ar, w2) A Leer (w1, w2) A Lapr (1, 72)
MixMz gpc,arprer

where the Green’s forms L(z;,x;) are well defined if in the diagonal set the divergent part
is removed by local counter terms, see [AS91]. The constants C; enter the vertices of the
corresponding Feynman graphs. The corresponding contribution to the graphs are shown in
figure(3.4. Since the superfield formulation of the Chern Simons action has the same structure
we can also calculate the partition function to second order with ghosts degrees of freedom
included:

7% = ¢ / Exdy Y pARe e (3.3.83)
ABC.A'B'C
XWaar (X1, X1)Wap (X2, Xo)Weer (X1, X2)

[ A TN (X0, X) Weor (X, X) W (X0, Xa)
ABC,A'B'C’

The cubic part gives thus a nontrivial contribution to the perturbative expansion of Chern
Simons partition function. In addition we have to take into account the ghost contributions
which is possible in the superfield formulation. It seems that it is still an open question
how to include the ghost terms without superfield formulations in the perturbation series. In
[Koh02] the ghost terms are ignored and also there they have not performed the superfield
formulation in order to obtain the complete perturbative loop contributions. However, one
may propose Feynman rules on that basis for the Chern Simons theory without the superfield
formulation but with ghosts as has been done in [Wal05] (proposed but not derived). The
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Figure 3.4: The selfinteracting loop graphs of the cubic term give a nontrivial contribution to the
selfenergy |[Koh02].
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Figure 3.5: The ghost fields denoted by the dashed lines contribute non-trivially to the self-energy.
Here at second order perturbation theory [Wal05].

contribution of the ghost fields can then be implemented via the proposed graphs shown if
figure[3.5. In a proper treatment of the Chern Simons perturbation setup the contribution
of ghost fields should be taken into account. We may end this section with the comment
that even in this perturbative treatment of Chern Simons theories Axelrod and Singer [AS91
recovered topological invariants of the closed oriented manifold M for SU(2) flat connections.
This means precisely the expression:

S

_ 72
I=2 yp

Scs (3.3.84)
does not depend on the choice of the metric. There the ghost contributions are included via
the superfield formulation.

3.3.6 Phenomenology and the SU(2) Chern Simons Theory

So far we developed a general quantization and perturbation framework for pure Chern Si-
mons theories with compact semi simple Lie groups on three dimensional closed manifolds.
In this section we want to connect this abstract formalism to the phenomenology of the quan-
tum Hall effect in terms of composite Fermions. In the previous chapter we introduced the
non relativistic phenomenological field theory of composite Fermions where a Chern Simons
term naturally appears in the Lagrangian. The random phase approximation is defined via a
perturbative expansion of the two point function, therefore a quantization is required for the
Fermionic fields as well as for the Chern Simons gauge fields. The direct application of the
perturbative formalism, we provided in this chapter, is not straight forward since we made
the requirements on the manifold to be oriented and compact and without boundary. In the
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common phenomenology of composite Fermions one always chose the manifold to be R3, thus
non compact. Furthermore the ’real’ manifold of a Hall system seems to be neither closed
nor R3. It is rather a direct product of a spacial disc with boundary and a time-like real line.
Therefore we should discuss the Chern Simon theory on compact manifolds with non empty
boundary. Here the connection between Wess Zumino Witten theories and Chern Simons
theories may play the crucial role. In this section however we will treat the Fermions as free
particles in R? and the Chern Simons theory on a closed manifold. To justify the ladder we
may heuristically argue that the Chern Simons term does not depend on the metric so we
may rescale the fields and map the one point compactification R? U {oo} of R? to the three
sphere S3 via stereographic projection.

As in the previous chapter we will quantize the non relativistic free Fermionic fields and
the free Chern Simons fields separately. In the next chapter we will generalize this setup to
relativistic systems and to systems projected into the lowest Landau level. The low energy
Lagrangian we will consider in this section is proposed for systems where particles with spin
s and particles with spin s’ contribute to the current and may couple. The case where only
one part for instance spin s particles contribute to the current but couple to a particles with
spin s’ which do not contribute to the current is noted in the next section. Let us start with
the following Lagrangian

L=Lo+ L+ Lo (3.3.85)

where in the free part

Lo(xt) = % S0 - % (p—a(x,1)’ + (3.3.86)
+i0; + p + e(ao(x, )| s v (x, 1)

we defined the Chern Simons field A as su(2) valued one form and introduced the overall
field a = eA — A as a su(2)-matrix valued one form

ass ass’
a = <—as‘9l a518/> (3387)

which can be expanded in the basis of this Lie algebra a = Z%:l TBaP where 0P = ic'/2
and o' being the usual Pauli matrices. We define the spinors

Uiy = (03 x5 (3.3.88)

such that ¢, represent a particle with spin s and yy a particle with spin s and the su(2)
field couples then both fields. The Lorentz gauge fixed Chern Simons action is

2
E%fs = tr(aAda+ 3¢ ANaAa) (3.3.89)
+tr(d *x a A\ ¢ + (xdc) A dc — de[*a, cl)
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this emerges in local coordinates to

L'%fs = igwﬂtr(au&,ap Bif;oaual,ap) (3.3.90)
Cf) tr(0"aup 4 0ucot'c — (Ouc)ayc). (3.3.91)

When we compare this Chern Simons term with the usual one of the effective theories in the
previous chapter we immediately see that neither the cubic term

hwp 2e

3p¢o
nor the ghost term are considered. This is now a crucial difference between the constructive
BRST method and the phenomenological approach. This difference should emerge in the
calculation of the self-energy of the gauge field propagator and the Fermion propagator.
Therefore we expect in the end a different effective composite Fermion mass and also a
different energy gap. However it is difficult to incorporate the interaction term for example
the Coulomb interaction:

ﬁC = Z d2y pss’(m) ‘/ss’(xa Y) pss’(y)' (3392)
ss’ My

tr(auauap)

The charge densities can be replaced in the same way by the constrained equation, coming
from the equations of motion for the gauge fields. The zero component of the current can be
obtained by identifying

Zao AT s =0, (Cfss @, )wss

:pA

where 14 is the eigenspinor representation with respect to the corresponding basis. By the
variation of the Lagrangian (without ghosts terms) we obtain

pi= ZpA _ zg Za CLBtI" TATB) 251] ZaBaCtr(TATBTC)
T @¢0 ¢*05 o
2
_ zg a aB(SAB EZ_] CLB(ICfABC
e Z 25°37 ;C

The index A is just an expansion in a suitable basis for the calculation of the trace. Then
the interaction is rewritten as

2

ij _mng 2 2

Lc= (@ZTV /My d?y e tr(e(0a; + ?zoaman)](az) (3.3.93)
xV(x,y)
X L[E(Bman + —aza;)(y)

3pdo
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with é =), TA. We realize that we have a far more complicated expression for the inter-
action. However, the complicated terms are cubic or higher ordered in the coupling constant
and may be neglected in a first approach and anyway we have ) 45~ aBa® fABC = 0 due to
the Jacobi identity fABC fPEF 4 cyclic = 0. So we reduce (3.3.93) to

Lo = W/ d?y €9e™r([(e0;a4)(x) (3.3.94)
xV(x,y)
xtr(€0man)(y)]

Since the Coulomb potential is purely phenomenologically motivated we may also take dif-
ferent components if required

Vs Vyp with A, B=1,2,3 (3.3.95)

We expand then the fields in the basis of the Lie algebra and may use as interaction the
expression

SRRNCERNE /My Ty %E”Em@af)(l’) (3.3.96)
xVap(x,y)
* (Omay ) (y)]-

The total gauge field Lagrangian is given in local coordinates

e
Egéf = —"Ptr(auoya, +

90¢0 390¢
~¢otr(8“a”¢ + 0uco¥c — (0u€)auc)]

280¢0 2 Z/ deZz—:”sm" 8(1 )(z) x Vap(x,y) x (Omaf)(y)].

oAl ap) (3.3.97)

From this Lagrangian we immediately see, that we have a self-interacting cubic part entering
the gauge field propagator and ghost terms contributing to the self-energy part. We should
also include the ghost part in the charge density by including the ghost terms in the variation.
Nevertheless, by comparing the order of the coupling constant we also recognize that the
correction to the phenomenological approach may not be neglected. It is very interesting
how this affects for example the effective mass of the composite Fermions or the energy gap.
It should be noted that the ©y-matrix approach (2.3.109) can only be reconstructed
within the SU(2) approach for a pure diagonal theta matrix. The reason is that the theta
matrix approach is purely phenomenological and can only be implemented by a minimal
coupling of a gauge field if the theta matrix is diagonal. However, for non zero off-diagonal
terms this is no more possible. The inconsistency has its origin in the couplings of the
spins: In the free part of the Lagrangian there exists no coupling between the spins while
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in the interaction term and Chern Simons term there is a coupling for non-zero off-diagonal
elements. This means that the composite Fermions with different spins do not couple but
the Chern Simons action mimic a coupling. However, the motivation for the introduction
of the theta matrix are the nonzero off-diagonal terms. This inconsistency can be repaired
with the introduction of a real SU(2) symmetry which is a minimal coupling of a matrix
valued two form and as such consistent. Furthermore it gives a coupling with nonzero off-
diagonal terms in a consistent way. However, the off-diagonal terms are not the same as
in the theta matrix approach. In this sense the O,y -matrix approach destroys the intrinsic
connection between the minimal coupling and the Chern Simons action and is therefore a
purely phenomenological variety of the SU(2) approach.

Composite Fermions Coupled to Electrically Isolated Spins

In the case where the composite Fermions in a given Hall state couple to spins of particles
which do not contribute to the current we have to slightly modify the theory. This scenario
we may observe when some region in a given Hall sample is isolated by disorder such that
the charge carriers inside can not contribute to the current of the sample or when there are
other Layers of charge carriers are present (multilayer samples). In this case a suitable Chern
Simon transformation gives an almost similar Lagrangian. There are just marginal changes
in the structure required. The free part of (3.3.85) changes to

Lo(x,t) = % St (1) - % (p—a” (%)% + (3.3.98)
0y + p+ e(ad (x,1))] sy (%, )

where now the Chern Simons field represents the isolated spin s’ and the charge carriers
contributing to the current have spin s. This can be recovered in the usual way if we perform
a G-Chern Simons transformation in the Lagrangian in the following sence:

(p—eA)? — (p—a”)”=ges(p—ed)gcs, (3.3.99)
e > Pey = gos s with gos = e "), (3.3.100)

So 1), are single spinors in contrast to the case from above. The Chern Simons field can again
be expanded in the basis of the underlying Lie algebra which is su(2) for spin one half but
can also be u(V) if the isolated spin is more complicated. We may also introduce the overall
field @, and write down the corresponding Chern Simons Lagrangian. It is then the Chern
Simons Lagrangian of su(2) or (V) valued gauge fields. The charge density is then given by

pt = T s with 5 — ¥4 = exp{a T4}y,

and can be replaced in the same way as above in terms of the gauge fields. This is a slight
modification of the theory from above and describes the coupling of composite Fermions to
isolated spins.
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3.3.7 Connection Between Chern Simons Theories and WZNW Nonlinear
Sigma Models

The connection between three dimensional topological field theory and two dimensional con-
formal field theory was discovered early [DW90]. Chern Simon theories as topological field
theories are therefore also motivated from the context of (edge) current algebras (Kac-Moody
algebras being the current algebra of WZNW models). This is also known under the holo-
graphic principle which enters here in the sense that a topological field theory on a spactime
region can be dermined by a field theory on the boundary.

It is a well known fact that the Chern Simons Lagrangian on closed manifolds transforms
covariantly under gauge transformations mod Z and on compact manifolds with nonempty
boundary it transforms covariantly mod Z under a subgroup, where all gauge transformations
are unity at the boundary. Let a’ be the gauge transformed field of a and let g € U(N) be
the gauge transformation a’ = g*a = g 'ag + g~ 'dg. By cyclicity of the trace the Chern
Simons Lagrangian transforms as

Lcs(a') = Les(a) + tr[d(a A dgg™)] — %tr[(g_ldg) A (g tdg) A (g dg)).

The total derivative term in the middle gives only a contribution at the boundary say X
of the system manifold M. By shifting the boundary to infinity where all fields are zero
this term then vanishes. In the special case where we consider a U(1) gauge field only (usual
electrodynamics) the cubic term disappears automatically. The gauge group can be restricted
to a subgroup of gauge transformations which are the identity map on 3. However, we may
consider the full gauge group and then we obtain automatically a WZNW nonlinear sigma
model at level k by oy = k/(47) with the WZNW action:

k _ k _
SwzNw = 3 /Etl”[a Adgg~'] — By /M tr[(g~"dg)?].

Usually if a WZNW model is fixed the starting point is a nonlinear sigma model in two
dimensions with a group manifold as target space. Conformal invariance then requires the
introduction of a WZNW term [Wit84| and then k must take integer values.

3.3.8 BRST Quantization and WZNW Models

In the quantum Hall regime the classical Ohm-Hall law should be turned into a quantum ver-
sion. The matter current is quantized and therefore the Chern Simons fields should also be
quantized. Since the Chern Simons theory is a (here massive) gauge theory we have to satisfy
simultaneously gauge covariance and uniqueness of the Cauchy data. In the previous section
we motivated the use of the Batalin-Vilkovisky superfield formalism and the BRST Cohomol-
ogy to extract the physical states from the unphysical ghosts. While we discussed there Chern
Simons theories on closed (without boundary) manifolds the situation in a realistic quantum
Hall system might change due to the existence of a boundary. In the previous section we
examined a classical correspondence between Chern Simons theories and WZNW models.
This correspondence holds in the quantum limit [Wit89]. The BRST method provides some
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remarkable features in this context. It seems that the Chern Simons theory on a three dimen-
sional manifold with boundary is equivalent to a WZNW model on that boundary using the
BRST symmetry without constraining the theory or specifying boundary conditions [FH99].
It might then be interesting to combine WZNW models in quantum Hall states for specific
BRST symmetries and incorporate these symmetries within the perturbative approach. The
correspondence between chiral conformal field theories on the boundary and Chern Simon
theories in the bulk is a well known fact [FPSWO00], however this correspondence is not one
to one. Using BRST symmetry arguments might shed more light into that problem and may
determine also the perturbative treatment of composite Fermion models.

To be more precise lets consider the BRST gauge fixed Chern Simons action on a manifold
M with boundary OM = .. We use the Leibniz rule and Stokes theorem to extract boundary
terms in the action

S = Scs(a) + S (a, ¢, ¢, ¢) (3.3.101)
with the usual Chern Simons part Scg(a) and the gauge fixing part

S8t — /M tr[d* a A ¢+ ¢ Adx* D], (3.3.102)
The extraction of pure boundary contributions in the gauge fixing potential
58t — ety 4 58ty (3.3.103)
is obtained via Stokes theorem and gives
Set|y = /Etr[*a A ¢+ ¢ A xD%] (3.3.104)
and the bulk part is then

Py / tr[va A dé + dé A «D%. (3.3.105)
M

As already noted above the gauge fixed action can be obtained by applying the BRST operator
S to the action

5° = / trldxand (3.3.106)
from this action we extract a pure boundary part in the same way

S¢ =S + S%Num (3.3.107)
with

Sely = / trfxa A (3.3.108)
b
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and the bulk part
S°lar = / trfxa A dd]. (3.3.109)
M

The gauge fixing action for the boundary and the bulk can be then obtained by applying the
BRST operator

S8t = 5(5¢s) + 8(5¢ ). (3.3.110)

From the Chern Simons action we can also separate a pure boundary term applying the
Leibniz rule and Stokes theorem to the non cubic term:

Scs = / trla A da] + %/ trfa A a A al (3.3.111)
M M
= —/ trla A a] +/ tr(da A a] + %/ trla A a A al. (3.3.112)
X M M
The gauge fixed pure boundary part of the action
S|y = / trla A a+*a A ¢+ ¢ A xD] (3.3.113)
by

together with the BRST operator § determines the physical states, the boundary modes of
the underlying Hilbert space in the usual sense:
Hpnys o= ker (8) /im(s). (3.3.114)

1

An infinitesimal gauge transformation a’ = g~ 'ag + ¢~ 'dg leads to the action

S|s(a’) = S|s(a) + / tr[2a A g tdg 4+ xg tdg A ¢ + A xD% + O?]. (3.3.115)
)

Now let f : ¥ — G be a smooth map from the boundary X to the semi simple Lie group G of

the Chern Simons field theory for instance G = SU(2) and f : M — G its extension to M.

For a being a pure gauge field we can then rewrite the action. We may also introduce light

cone coordinates z = 29 4 iz! and z = 20 — iz'. That is, we are interested in pure chiral

(edge) representation then the Wess Zumino Witten model is described by the action

—ik - —ik o
Swzw = ﬁ/ztr[f‘lﬁfAf‘laf] + é/Mtr[f_ldf/\f_ldf/\f_ldf] (3.3.116)

with a fixed integer k called the level. We introduce the set Map(X, Gc) of smooth maps
from the boundary ¥ to the complexification G¢ of the gauge group G for instance the
complexification of SU(2) is SL(2,C). This set has a group structure by the pointwise
multiplication (f * g)(z) = f(2)g(z) and can be identified with a topological trivial principal
G¢ bundle over ¥ since mo f = idy, with 771(2) being the fibers of the bundle and Map(%, Gc)
contains n linearly independent sections f;.
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The current algebra of the WZW model is an affine Lie algebra. We will reconsider how
we can recover the current algebra from the action. Therefore we will focus on the loop
groups and their representations [Koh02].

Let S! = {z € C| |z| = 1} then the space of smooth maps LG := C*>(S!, @) has a group
structure by the pointwise multiplication and is an infinite dimensional Lie group which we
denote as the loop group LG. There exists a corresponding Lie algebra to the loop group
and its complexification is denoted by Lg which we call loop algebra. The Laurent series

f(t) = i ant" (3.3.117)

together with the pointwise product gives a C-algebra C(t). The loop algebra Lg is defined
by the tensor product

Lg = gxC(t) (3.3.118)
and is again a complex Lie algebra with Lie bracket
[Xef, Yoyl =[X,Y]afg. (3.3.119)

The central extension of Lg is denoted by g and defined by the direct sum of the loop algebra
with a complex vector space

g=LgeC. (3.3.120)

The Lie algebra structure we obtain by introducing a bilinear form w : Lg x Lg — C with
the properties

w(&n) = —w(n,§) (3.3.121)
w([¢¢l,m) + cyclic =0 (3.3.122)

together with the bracket
€+ ac,n+ Bc =[£,(] +w(& e with &,¢ € Lg, c € Z(Lg) and o, 8 € C. (3.3.123)
The Lie bracket for g is then defined by
(Xef,Yog =X, Y]®fg+w(Xf,Y®g)c. (3.3.124)

The introduction of such a bilinear form, appearing in the central extension, is some times
called affinization of the Lie algebra g [Sch08]. We introduce the Cartan-Killing form (-, ) =
(-,+), a non degenerated symmetric bilinear form which is invariant under the action of the
adjoint representation of the Lie algebra g

(n)igxg—C (3.3.125)
((X,Y],Z) = (X,[Y, Z]) (3.3.126)
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In the case of G = SU(N) or respectively SL(2,C) we can represent the Killing form by the
trace on the Lie algebra of G

K(X,Y) = tr(XY) (3.3.127)

A 2-cocycle can be constructed with the Killing form which then defines a central extension
of the Lie algebra. The 2-cocycle

w(X®f,Y®g) = (X,Y) Resi—o(dfg) (3.3.128)

with Res;—()_,, cnt"dt) = c_; defines the central extension g of g. g is an affine Lie algebra
with the Lie bracket

(Xot™, Yot = [X, Y]t + (X, Y )mbpmino- (3.3.129)

Now lets turn back to representations of the gauge group Map(X, G¢) defined in the WZNW
model. We define the following operators:

Xo(2) =" 2€D, e€cR, neN (3.3.130)
and
X (2)=eX"" [ 2€D, ecR, neN,. (3.3.131)
The Lie bracket defines the product on the central extended algebra
(X, Yol = [X, Y] mgn + mkdp10n,0(X,Y) (3.3.132)
where we set for

Omtn,0mk(X,Y) = lim Pp(g,f)zg—jf / tr[(mz"" 1 Xdz) A (27" 1Y dz)].(3.3.133)
D

€1,e2—0
We may now identify the currents

In(2) = kOX, X1 (2) = —mkz""1Jdz (3.3.134)
Ju(2) = —kX,'0X,(2) =nkz " 'Jdz (3.3.135)

as representations of the affine Lie algebra g:
[Ty Jn) = [y Tmn + MESmno(J, J). (3.3.136)

This is the affine Lie algebra of the Wess Zumino theory [Koh02]. The task is then to find
the composite Fermion filling factor, being related to the central charge, for the required
composite Fermion model in the corresponding Hall state. Consider as an example a SU(2)
Chern Simons theory and introduce a mean field (A,) and a fluctuating field flu then a, =

eA, — A, — (A,) and the relevant equations of motion are

2
jo= o xtledat Zéana, e=> T, (3.3.137)
3 A

2
1
= %VCFEMVPtr(é duay + g lay, a,)). (3.3.138)
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If we divide the Hall conductivity oy = U%F + ang into a mean field part U%F and a
composite Fermion part J%F then the relevant dynamics is fully encountered by the fields
a,. Furthermore the central charge ¢ of the affine Lie algebra of the SU(2) valued fields in
the WZNW model gives the composite Fermion filling factor vop via ¢ = k = vop. It is
now possible to determine the composite Fermion filling factor by a conformal field theory
of the chiral edge currents of the Chern Simons field. More precisely we may now start
to consider different WZW models, determine the composite Fermion filling factor and the
corresponding Chern Simons gauge field gives the spin and charge couplings of the composite
Fermion or simply speaking the corresponding symmetry. As an example we may consider
a WZW model with a gauge group U(1)®SU(2). The U(1) is isomorphic to O(2) and the
group SU(2) is locally isomorphic to SO(3) then O(2)@S0(3) C SO(5). So we may define
a WZW model for Lie(SO(5)) valued gauge fields a € QY(M, Lie(SO(5))). The central
charge of the corresponding affine Lie algebra then determines the composite Fermion filling
factor. This model can obviously simply be extended to filling factors being described by
a next generation of composite Fermions. As mentioned in the previous chapter this is for
example the filling factor 4/11 which corresponds to 4/3 composite Fermion filling factor.
Performing again a mean field ansatz we may then determine the filling factor vocp for the
second generation composite Fermions via the corresponding WZNW model. This can be
done for each generation giving a natural hierarchy for filling factors.

Within the connection between Chern Simons theories and WZW models and compos-
ite Fermion filling factors it is interesting and important for consistency what exactly the
implication of the BRST cohomology is.

In the next chapter we consider the composite Fermion model in the lowest Landau level
which gives rise to a noncommutative version of the Chern Simons theory. Then it would be
interesting to search for a similar connection on the noncommutative level. This might then
be a noncommutative version of the Wess Zumino Witten theory.
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Chapter 4

Projection of Quantum Fields and
Statistics

In quantum field theory, after theorems of Wigner [NW49] and Bargman particles
are described as irreducible, continuous and unitary representations of the covering group P¢
of the proper orthocronous Poincaré group Pl on a suitable separable Hilbert space. In low
energy physics we may choose instead of the Poincaré group the Euclidean version, however we
may prefer the more general case since a low energy approximation can always be done at the
end of a theory and from a more conceptual basis the covariant formalism is more natural.
In the four dimensional Minkowski space P¢ can be represented by the group SL(2,C).
The spin statistics connection tells us then, that the possible particle representations obey
either Bose-Einstein statistics in the case of integer spin or Fermi-Dirac statistic in the case
of half integer spin. In a more restrictive version the spins and statistics are connected
via the spin statistics theorem [Pau40]. This results in the fact, that fields with integer
(half integer) spin are necessarily trivial, if they obey Fermi-Dirac (Bose-Einstein) statistics.
The Bose-Fermi alternative excludes other statistics like para-statistics [GM65] (occurring
naturally in algebraic quantum field theory [DHR70, DHRT71]) or braid statistics [FRS89,
FM91] important for lower dimensions, which was first realized by Leinaas and Myrheim
[LM8S8] and discussed in an Abelian physical model by Wilczek|Wil82]. The spin statistics
theorem can be regarded in this sense as a no-go theorem. If we consider now usual massive
Fermion fields (electrons) as unitary irreducible representations of the Poincaré group in four
dimensional Minkowski space and we want to confine them to three dimensions, we have to
ask if this is the same as to start directly from irreducible representations of the Poincaré
group in three dimensions and if the statistics is different. In this section we want to go into
more detail to that question.

In three dimensions the Poincaré group consists of the Lorentz group SO(2,1) and trans-
lations in R? therefore the particle spectrum and the connection between spin and statistics
in three dimensions differs from that in four dimensions as already motioned above. In fact
the projection group SO(2) C SO(2,1) is isomorphic to the one sphere S! and the covering
group is the real line R. In four dimensions the irreducible unitary representations are labeled
by integer or half integer numbers (spin) while the irreducible unitary representations of R,

87
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are labeled by any real number s, which is also called spin.
To be more precise in the case of Fermi or Bose statistics in four dimensions the following
hypothesis should hold true

€™ = sign\, (4.0.1)

with s being the spin of the elementary excitations of a quantum field and X its exchange
statistic parameter. In three spacetime dimensions there exists also representations of the
braid group and signA is replaced by a non-real complex number. The corresponding particles
are called Plektons, or Anyons [Wil82] in the Abelian case, and have fractional spin. In
[FMO91] an extended version of the spin statistics theorem in three dimensions was found and
in [Mun08| it is shown under more general assumptions that the hypothesis

i2ms A

= (4.0.2)

holds true for specific conditions on the mass spectrum in a local relativistic quantum theory.
Contrary to the relativistic system in quantum mechanics models are known, which violate
the spin statistics connection and additional assumptions have to be made, see [Kuc04] for the
discussion for necessary and sufficient conditions concerning anyons, bosons and Fermions.
Having internalized that there is a fundamental difference between the physical impacts
from four dimensions and three dimensions then we should have a more detailed look on the
connection between spin and statistics in the case of composite Fermions with spin.

4.1 Quantum-Mechanical Projection onto 2 + 1 Dimensions

The projection onto the two-plus-one dimensional system is derived by freezing out the com-
ponent perpendicular to the inversion layer usually denoted as z-component. We are only
interested in particles confined to some potential in this direction and by freezing out we mean
evaluating quantum-mechanically the particles in the ground state of the assumed confine-
ment potential. We introduce some formalism, which in a way combines relativistic quantum
field theory (actually QED) and usual quantum mechanics, where we consider the coordinate
2% = z and p3 = p, as quantum-mechanical unbounded and selfadjoint operators on some
infinite dimensional Hilbert space.

A fundamental postulate of the quantum theory is that observables are represented as
Hermitian elements of a suitable C*-algebra 2l of operators on a Hilbert space and states are
given by positive, linear and normalized functionals w : A — C over this algebra. In our case
we are interested in the linear functionals over the following Weyl system of the unbounded
selfadjoint operators z and p,

. . 1. .
elop: ezﬁz _ e§zﬁaﬁez(apz+ﬁz)’

where the Weyl (representation) operators W(a) := e'®P=, W () := €*** might be considered
as elements of a C*—algebraﬁ 2l on a corresponding infinite dimensional separable Hilbert space

!The Weyl relation defines a product, an involution is given by W (-)* = W (-) and a norm can be defined
by ||W|| := sup W (-), which satisfies the C* condition |[W*W|| = |W .
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(). For the simplest model take for example a harmonic oscillator in z-direction. A state w
is defined as a linear functional from the algebra 2 to the complex numbers w : A(5%,) — C.
A function of an operator may be defined by

ﬂ@:/wﬂmﬁz
and
(ma:/mﬂwwm

respectively and of course this is only possible iff f € L'(R) N FLY(R), where F denotes
the Fourier transformation. Again the functions may be considered as elements of a suitable
C*-algebra, where the product can be defined via the Weyl system:

f(p2) x g(z) = / dadB f(a)f(B) eziheBeilop=152)

the involution map can be defined in terms of the complex conjugation for instance:

f@r:/mﬂwfmuﬁm>

and a norm is defined straigth forward for instance

wmw:/mmw

and it is easyly checked that it fullfills the C*-condition. We may denote the functions f(-)
as Weyl symbols being an element af a C*-algebra .« and write for the evaluation of such a
symbol in a state

w: o — C
foW() = w(foW()) = (w, foW())
and define
7)) = [ d8 F(5) wale™),

which is in the case of the ground state of a harmonic oscillator at z-position a
~ _ 12 .
wul ) = [ 5 F8) b e,

Since we have the corresponding creation and annihilation operators at hand we may prefer
the representation

232
el = @) _ oS 1 @) @), (4.1.1)

a = (1/1,)(z+i(I2/2h)p,) annihilates the ground state @ [0), = 0 with [, = \/2h/mw, and the
last equality in holds true due to the Weyl condition. In the case of a more complicated
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potential, for example the inversion symmetry we have to know at least the ground state of
the system. To be somehow more accurate to real systems we may then be able to introduce
the band structure at this level.

The application of this formalism to quantum electrodynamics leads to an effective quasi
two dimensional theory. Assume we have free fields 1(z), € R3*! satisfying the Dirac field
equation with classical background electromagnetic field A,

i@ — e — my(z) = 0.

A, is constant in time and 1) = (¢, ) is the usual four component spinor. Then we may have
no problems in quantizing the free Dirac field later. The corresponding Hamilton operator is

H = pm + o'(p; — eA;) + eAy,

where a = 0'®a, 8 = 03®1 and in the example eA® = 1/2 mw?(z3)? = 2/(mi%)2?, (h=c =
1). Within this framework we easily can separate the z-contribution in the limit eA" < 2m
(low energy limit) and decouple the large ¢ from the small y component for stationary states
in (z,t) and derive the usual harmonic oscillator in z-direction with ground state a |0), = 0
from above. However it is not possible to decouple the third component directly in the
Dirac equation this way, but we will come to that point later on when we discuss relativistic
Landau levels. It is clear that the theory then fails to transform covariantly under the
action of the proper Lorentz group LL(]R‘*) and Poincaré group Pl(R‘l) respectively. But
this should not lead to confusion since we are only interested in particles (fields) bounded
to 2+ 1 dimensions and we will introduce an approach which preserves covariance at least
of a subgroup PJTF(RQH) C P(R?) of the Poincaré group. Again we stress that we want
to have more control of the interaction of electrons (with spin) and electromagnetic fields
so we wish to preserve Lorentz covariance as long as possible. However, the restriction of
the Poincaré group to a subgroup needs some comment concerning the interpretation of the
particles. We may consider here the definition of Wigner for relativistic particles defined
as irreducible representations of the universal covering group of the Poincaré group. By
reducing the Poincaré group we automatically change the particle itself. These new particles
are labeled by the mass m and a real number s, the spin or helicity [FMS88]. Since the
statistics can be Bosonic or Fermionic or in-between Wilczek named these particles anyons
[WZ83]. We may have no real anyons if we do not restrict the Poincaré group. However,
then we have to discuss what effects high momenta in the third direction have. This should
then be discussed in terms of a confinement potential vanishing at infinity. The particles
interaction with this potential is then described by a scattering matrix where a free particle
scatters with a potential and thus this is not the regime we are interested in. If we interprete
Y(z) as a spinor wave function in Minkowski space R3*! and g(z) := (2]0,) the setup from
above can be adopted:

/ 4k (k) / drs g*(2%)g(@®)e"* = (0. () 0.) = (w,(2))
R4 R

since 1 separates only if we do not take the separation ansatz in the low energy limit, but
directly if possible.
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Consider now some free quantum field operators 1 satisfy the canonical anti-commutation
relations (CAR):

{o(f), 0" ()} = (f,9), and {(f),¥(9)} =0

with some complex functions f, g € CS"(]R4) smearing the fields on some region in Minkowski
space and

Y(z) = /W d*k P(k)@e™*,

A field (operator) v evaluated in a state w of a confining potential is defined by

d)[w] (3307 $17 12) = <I®w7 ¢($)>

Here and in the following we take the tensor product over the complex numbers ® = ®¢ if not
explicitly stated from different and I is the identity map. Products of fields W(z1, ..., z,) :=
(1)@ (22)® ... ®Y(x;,) can be simultaneously projected via the map:

P'W(z1,...,2,)) = (Iow)®...0IQw),(r1)0(22)® ... QY (xy))

nx

= d)[w] (33(1)7 l‘%, x%)®¢[w} (ZL'(Q), .I‘%, .Z‘%)@ s ®¢[w] (1'9” quw x%)

Let w, be for example a state, usually the ground state, of a confinement potential in z-
direction around a position zy. It has not to be symmetric around that point only the wave
functions may be chosen from Schwartz space S(R). In this sense we can view the operator
1 as a map w — ¥ (w) from the space of states of the confining system to the space of the in
z-smeared field operators:

d*a

¢[wzo](m0,x1,x2) = /R4 W /R4 dAk <I,1/J(a)e_ik“> wzo(ez’kx)
2

[ dk o
o 4 i i 3 ikax —iksa
= [ dtavi) T[o - a) [ 52 e e

i=0 R
= / da3 Qp(xO)xlvav a3)f(a3 - ZO)
R

and f € S(R). In order to consider field operators as operator valued distributions taking
values in the compact operators of a suitable CAR algebra on an infinite dimensional Hilbert
space we have to introduce some test function g € S(R?>™!) and w.l.o.g z9 = 0. The smeared
field operator is then given by

vlo) = [ d'a via) gla®,a',a?) S(a?)

The anti-commutator of these fields evaluated in states wi, wo is written down straight forward

{eon (91), Ve (92)} = i/d4ad4b Ager(a—b)gi(a®,a',a®) fi(a®) g2(°, 01, 0%) fo(b)
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&€ are the spinor indices and the propagator is defined by

iA¢r(a—b) = {te(a), ve ()}

with the commutator given by

{ve(a), ve (b)} = [i@, — mleeriA(a — b)
and

3 .
iAa =) = 1940~ 8) = = (@ 6(a)o(b) |2) = [ g .

At simultaneous time a® = b° = ¢t the commutator is as usual

{ve(t,a), Y (t,b)} = [-1ged0] A(a’ — 8%, a — b)| 0 = 1ee0°(a — b).

This should be clear if we follow for example the canonical quantization procedure for Fermi
fields and can be verified by examining the energy momentum density, where we have to
require that the energy is bounded from below. As an example we assume the harmonic
potential in z-direction from above around zyp = 0, thus w = wg. Then wo W (z) is a Gaussian
function around the origin and the projected Dirac field v, (x z',2%) may be defined by

3 . .
P ( 29 2t 22 /dag/ ATk k n Yoa (ba(k)u(a)(k)e_lkftx”(w,eZk3(z_a3)>(4.1.2)
]R3
+ o df (k) (k)etnr" (W, e ha(Ema2)y) (4.1.3)
where now k,x# = wra? — k1xt — kox? and

ik32> —ik32> — 6_%k§.

(w,e = (w,e

At least we would only require the ground state wave function to be in S(R). To drive this
further we can completely eliminate the third component by introducing a delta distribution
represented by the limit

(a3)?

/Rdag h(as) f(as) —>/Rda3 h(as)d(as) = /Rdag h(as) hm \/_lz e & (4.1.4)

- / das h(az) lim dks
R

1.—0 Jp 2m

2 )
3

for some test function A € S(R). This limit has to be performed carefully since the operators
ba(k) |0) = do(k) |0), k € R? and the vacuum |0) respectively are defined in four rather than
in three dimensions, which would lead to an undefined expression. The anti-commutator of
bo (k) with b (q) gives a further delta function 6(k3 — g3), which leads to the square of a
delta function and that is not defined. Thus while performing this limit we also have to
define the operators b, (k) |0) = d, (k) |0) and the vacuum respectively with the momentum
k € R%. This would be the case where the third component completely separates in the Dirac
equation.
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Of course a delta potential might be too simple to describe realistic systems. For example
Rashba spin orbit coupling requires a gradient electric field in z-direction and that information
would be completely lost. Therefore we have to choose a realistic confinement potential
including the band structure of the material. But for a first analysis it may suffice.

The spinors u and v are derived from the Dirac equation and for the operators we require
the commutation relation such that we have the translational symmetry

(x4 a) = eTr" U (z)eFua”

for z = (29,21, 2%) and a = (a°, a', a?) and the energy momentum P,;:

H_/d:E@[w] M:07172

more explicit

d*k m —ikazar2 4 + —iks(az—b
P, = /RQdagdbg/Ww—kku (w, e~ haws) Za:[ba(k)ba(k)—da(k)da(k)]e 3(as—bs)

for k € R3 and in the limit

p, - / Pk m, 0 o (k) (1))

wk”

with k € R?. The energy momentum tensor density O"" is derived from a modified action
for a (quasi) free Dirac particle in some classical background field

= | Bz Ly Db — mibp
R 2 ¥[w] [w] [w] Flw]

where I) = 4*D,, with ;4 = 0,1,2 and the contribution of the third component with the
confinement potential might be set to zero since once projected it gives only a neglectable
contribution to the mass as we can verify within the analysis of the Dirac equation as stated
before;

Pf’w}(%[l/;b_)wg?ﬂ + Pedoy ) = W[w]w(x‘lw (a2t 2?)] + eAgy -

The condition eA < m from above might be assumed and we may include the term with Ag
later on. Then the standard derivation of ©,,*" is

_ oL oL
o = Dy¢w 7 +
(] M S(Dud) | 9Dt

At first we discuss the case where A, = 0. In order to make sure that the energy is bounded
from below we have to require the (usual) anti-commutation relations

{ba(k)’ b; (CI)} = {da(k)’ d; (Q)} = (271-)3%53(1{ - q)5a6

v uv i M(—>V
D"y —g" L = 5#@]7 D ")
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where k,q € R? and in the case of (4.1.4) this can be reduced to k,q € R? and Paulis
exclusion principle holds true since at equal times:

{w[w]f(tﬂ X)a 1/1[2}5/(’57 Y)} = 555'5(}( - Y)'

Wick products can be defined as usual so we may use the definition of the total energy
momentum as

dgk m —iksxs\2 + + —ik3(a3—b3)
Fu= | dagdsy w, e T2 N b (K)by (k) — d (K)da(K)] € :

In the case of asymmetric states of the confinement
<w7 eik3z> - (wv e—ik3z> 7& 0

then there is only a marginal change in the smearing

3 . X
P, — / dasdb / K T (e halea=ba)) (g eikaz=00)) S (1t (k)b (k) — 2 (K)o ()]

«

and this does not affect the statistics. Through the anti-commutation relation the total
energy is bounded from below as in the unprojected case. However the situation changes if
we apply a constant background electromagnetic field.

4.1.1 Statistics of Quasi Two Dimensional Electrons and Anyons

In the last section we examined that we can derive the Fermi statistics for electrons, when
quantum-mechanically confined to 2+ 1 dimensions by the same argument of positivity of the
energy as in four dimensions. We now show what happens when a second particle is present
and we apply a uniform static (electro) magnetic background field with Ag(z?) < m and at
first A3 = 0. The one particle action of such a system is given by

JR— <~ — _
Sy = /R3 BPx L™ 0 ) — e A — M), 1=0,1,2  (4.15)

and transforms covariantly under local U(1) transformations

Yy (z) — ¥y, gpz%.A (4.1.6)
A, — eA,+ A (4.1.7)

The generated field is a pure gauge field A = dy as long as there are no topological defects
like holes or in four dimensions lines or cylinders. In this case it then defines a cohomology
in the sense that we look at differential forms, which are closed dA = 0 but not exact
A # dp. If we take a closer look at these transformations we observe that loops of electrons
are also confined to 2 4+ 1 dimensions being paths smeared in z-direction, see also figure
[4.1. Furthermore particles themselves turn out to become topological defects when being
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projected, actually holes in the two dimensional space for other particles, much in the same
way as in the low dimensional case. Due to the Fermi statistics the paths of two Fermions can
then not pass each other. Thus if we interchange two electrons represented by the quantum
fields ¢y,;, we acquire a phase ¢ corresponding to the magnetic flux entering the surrounded
area, since there are loops being no more contractible to a point and therefore A is closed
but not exact:

Dl ¥ly = —€ PV, Vel

This leads to anyon statistics since the phase can have any value and the minus sign respects
the fact that we still have electrons and the Fermi statistics has to be recovered when we
turn off the background field. Later on we argue that this phase can be considered to take
fractional values and thus lead to fractional statistics. This manifests itself in a cohomology
class and we will see that this will define a nontrivial second Chern Class and thus a topological
number, the so-called Chern number.

Statistical Transmutation and Dimension

In the last section we saw that the statistical behavior of a particle depends intrinsically
on its physical environment. We are interested in the situation where charged particles are
confined to a 2 + 1 dimensional sub-manifold R x ¥, ¥ being a two dimensional Cauchy
hyper-surface embedded in the usual Minkowski space R3*1. In this section we consider a
simple approach just ¥ = R?. We apply also an external magnetic field having at least a
contribution perpendicular to 3.

The standard textbook example from section 2.3.1]is also valid here. Let us have a look at
the projected Lagrangian from the action (4.1.5). As in section [2.3.1 we want to add a total
derivative ﬁ[w}w[w}dQ of the polar angular function 0(x; — x2) but now with the projected
fields ¢y, This is again only possible on R? —R,. So we cannot describe closed loops within
this approach. The path-integral point of view is here the same as in the usual case which
means that the angular function gives a phase.

4.1.2 Equations of Motion and Lagrangian for Chern Simons Fields

There are of course again the inhomogeneous d * F = — % j and the homogeneous (structure
equation) dF = 0 Maxwell equations. As in the usual case electric transport properties are
described by Ohm’s law j = oE leading to the diffusion equation for the fields .A. Therefore we
have to consider a quasi static system. However, Ohm’s law intrinsically violates causality and
is not useful for high energies. A relativistic generalization j = yo(E4+axB—a(axE))+pa.
may be considered elsewhere. It is so far not clear how to build up a relativistic generalization.
For discussions on that topic see [Mei04] and references therein. We assume here the simplest
case j = oE, where the conductivity tensor is given by o = ogiogs + o5 laxo. The following
steps are analog to the usual procedure. For Ay = 0 being a pure gauge, set to zero we
derive from Ampére’s law the diffusion equation V2A4; = ;0;.4;. This means the gauge fields
A; have a imaginary contribution to the 'mass’ o;. Since the diffusion equation is a non-
relativistic equation we may consider instead the Dirac like equation (iv*9, — io;)®; = 0,
o, = (A;,C;) being a four component spinor. In the limit o; — 0 we reobtain then the
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usual wave equation 0,0 A; = 0 for massless (photon) fields (here we may neglect the spin
properties), which we may obtain when oy also vanishes. However, in a fractional Hall state
op is nonzero and thus the Chern Simons gauge fields are massive. This appears naturally
since they describe a massive current. In a fractional Hall state the longitudinal conductivity
o7 vanishes and thus we consider in the following only the case where o; = 0. The fields A;
get again the contribution to the mass, if we move away from a Hall state. We have the same
additional Chern Simons term in the Lagrangian as in the usual case :

Los=ocg ANF=ocgANdA =op E“VPAH&,A,) d3$.

Let us consider the non-projected Lagrangian in 3 4+ 1 dimensions. Here we can also perform
a local gauge transformation of the form (4.1.6). However the situation concerning the
statistics is completely different. Closed loops are always contractible to a point as long
as there are no one dimensional topological defects like lines or circles or we may also have
cylinders or tori. In order to recover the situation of the 2 4+ 1 dimensional system we
have to choose at first a somehow artificial geometry. For example lets focus on the space
O :=R*—{z,y e Rlz?+y? > [%,lp > 0} where we removed the cylinder around the z = 23
axis. The situation is now nearly the same as from above, there are now loops which can not
be continuously transformed to a point and thus we have a nontrivial de Rahm cohomology.
We may choose the one form

—Y
= d
z? + y?

w X +

x
Ry dy + f(z)dz

with f(z) being at least a smooth function on O, but w.l.o.g. we can set f = 0. Or
mathematically more precise we can introduce an equivalence class [w], with w; ~ wg iff
wy = wy + f(x)dz. Since this is again pure classical electrodynamics we can proceed as
usual and derive a field strength f = da, a = eA — A (Alc = w|c with dA # 0) via the
Yang-Mills construction and introduce a coupling to a current. The particles get a phase.
We can consider a Maxwell like term in the Lagrangian to derive the equations of motions
as mentioned above. But for Ohms Law we would require a Chern Simons term. Here we
may be tempted to use the antisymmetric term of ogf A f = ogdW, with W = a A f.
However, since this is a total derivative of the Chern Simons Lagrangian it is defined only
on some boundary of a spacetime region and if we take the whole Minkowski space this term
vanishes due to the vanishing of all fields at infinity. We may consider the three sphere S3
as boundary of our system and obtain Ohm’s law on the S3 (respectively R x S?). But the
Chern Simons term onto that manifold can not be mapped onto a Hall sample without doing
some artificial assumptions, following the discussion in [Kos09]. Furthermore the quantum-
mechanical projection of this sometimes called Pontryagin term results not in the Ohm’s
equations of motion.

The statistics of the particles is also not changed as long as we do not consider the
electron moving with this cylinder together and we require that the cylinders can not pass
each other. Two such objects of course would lead to anyon statistics since their motion is
limited. This sounds somehow artificially, however this is now exactly the point where the
projection enters successfully. Via the quantum-mechanically projection the system turns
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Figure 4.1: The flux ¢y can be attached to the projected electron by a Chern Simons transformation.
The integral along the closed path c¢(t) over the closed form w depeding on the charge density p
generates a nontrivial phase.

over in the case where the cylinder can not pass each other due to the repulsive interaction
between the electrons compare Figure [4.1L So we find A — Ajy,. When we require Ohm’s
law we find the usual Chern Simons Lagrangian and equations of motion

jfi,} = UHEMfo[w}Vp’

This justifies also the naive approach from the previous section which can now be replaced
by the projection method.

Equations of Motion for Nonabelian Chern Simons Gauge Fields

The considerations from above can easily be generalized to nonabelian gauge fields. If we
choose a system with more than one Hall layers or at least some domain with arbitrary
angular momentum, the electron couples in the most general case to a nonabelian field, a
Lie(U(n)) algebra valued one form A = ", T, (z)dz". T* being the generators of the Lie
algebra denoted in the previous chapter. As in the last section we can derive the field strength
tensor (curvature) via the covariant derivative D,, = i9, — eA, + A, Au(x) = >, Ty ()
and use the Yang-Mills construction

fuw=1[Du,D,] & f=d'a=da+aANa,

with a := —eA + A and the (exterior) covariant derivative d* = d + 1/2[a,]». If we now ask
for the equations of motion then we have instead of the Maxwell equations the homogeneous
(structure equation) d® * f = 0 and the inhomogeneous (second Bianchi identity) d*f = 0
Yang-Mills equations in the absence of matter fields. Again we require Ohm’s law and derive
for oy =0

gt = Zjﬁ = oy tr[e"Pé f,,], (4.1.8)
A
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with é =), T4 leading to an nonabelian Lagrangian
L=—-aANxj+opgtraA f.

So far these equations are similar to the one in the abelian case at first glance. However,
there is a significant difference concerning the cubic self-interacting term in the Lagrangian
resulting in a quadratic contribution to the current. If we compare this Lagrangian to the
usual Chern Simons Lagrangian we find that

Log =L — StrlaAaAal.

The gauge field a considered as being represented by a Hermitian n x n matrix-valued one
form leads to the expression of the cubic term:

trla AaAa] = aij A ajk Aak, = (au)ij (a,,)jk (a,)k; dxt A dz” A dzP.

We may therefore require the current
o mwe 59 1
gt =op trle"? é(0ya, + gal,ap)]

as Chern Simons current, however this is not a gauge invariant expression contrary to (4.1.8).
We may require gauge invariance only for the equation of motion and not for the action,
since neither Lagrangians are gauge invariant in general, see the discussion in the previous
chapter.

From a systematic point of view the latter definition of the current might appear to be
more convenient since one can derive it consistently via the Chern Simons Lagrangian for
any Lie(U(n)) valued gauge fields. The former definition is a naive extrapolation of the
abelian constrained. However, if we require gauge invariance we have to add the cubic term
in the Lagrangian. So far the cubic term is not discussed in the context of SU(2) composite
Fermions since the coupling enters cubically rather than quadratically. However it may play
a role in the quantization procedure of the Chern Simons gauge fields.

4.2 Covariant Effective Model

So far we have established a rather abstract formalism, but it is interesting to see how
the common theories change if we use the projection method to derive a quasi covariant
(only SO(2,1) invariant) composite Fermion model. The Lagrangian (2.3.8) changes to the
covariant Lagrangian where we assume the z-confinement to be delta like. We start with the
ansatz x € R3:

£P(z) = L£f(x)+ LosP(x) + LE(2), (4.2.1)
the first part is the projected free fermion part

Lh@) = @[ (p-e(AP(@) - AP (@), —m — 1 u]eP (@) (422)

I
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with p = 0,1,2, and for the Chern Simons action we use the abelian U(1) version

Lh(z) = - AP (28, A (z). (4.2.3)
o a P

In the quantization procedure we may proceed in the Coulomb gauge to be able to directly
compare the theory with the common theories. The Coulombian interaction is here a problem
since it violates intrinsically causality. In the usual quantum electrodynamics this Coulombian
term is removed by counter-terms to repair covariance and to get correct (!) results. In this
spirit one may introduce the Coulombian interaction and discuss what the impacts are and if it
can be removed in an S-matrix formulation. We take for the potential V (x—y) = €%/e[x—y]:

Lh@) = = [dy M@V (x-3)" ). (4.2.4)

The equations of motion for the Chern Simons fields are again obtained by varying the action
with respect to the fields .Afj

58T

oAr ="

the zero component leads to the relation discussed above
e"0, AL (x,1) = g0 p*(x,1) (4.2.5)
and the charge density p”(n,t) can in this way also be replaced in the Coulomb part of the

action by (géqﬁo)_lsij(‘)iAf(x,t).

4.2.1 Mean Field and Random Phase Approximation in the Covariant
Model

We can divide the magnetic field as in the common theory in a mean field with a dynamical
field respecting the fluctuations

b(z) = B —B= B — ¢¢op’ (). (4.2.6)
The Chern Simons field is then transformed also in a mean field and a dynamical field:
al (n,t) = Al (x,t) — (A]). (4.2.7)

Since the average (Aﬁ ) is per definition not dynamical it gives no contribution to the equations
of motion. Then the effect that it reduces the external field is the same as in the common
theory. Explicitly 81'<.A§-3 ) = 0 and only the dynamical part afj contributes to the equation of
motions and this leads to the relation:

pP(x) = ﬁ 99,aF (). (4.2.8)
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Single Particle Treatment

We proceed with the single particle Lagrangian with the chemical potential 4 = 0. The
projected Fermionic fields ¥ = Yy, is given by (4.1.2):

0% = [ [ SRS (G0 e o, et
LT R0 Jos P e Ve ’

+ o d (K)ol (k)etnt (w, e hs(zmas)y)

We choose a delta like confinement potential which leads to the fields with 4 = 0,1, 2:
d’k m ,
0 .1 ,.2y _ (@) —iky xH
= ba(k k ~ 4.2.
vttt = [ ST (alku) e (42.9)
+dE (k)@ (k)elkn). (4.2.10)

The free propagator of the covariant free massive charge carriers can be derived in the usual
way through the two point function

; PK M2 S (@) 101 @) (1) i @ =)
(Va(@)(y)) = /Wﬁ u' (k) v\ (k)pe "» (4.2.11)
k «
Pk m? ., un
g (Zam +m)ab/—_6_lku(x ) )
(2m)% wi
and
7y I’k m? «a «a ik, (zH —
(o (Y)a(x)) = /(%)2F2v( ) (k)yu(® (k) etk @ =) (4.2.12)
k «
d’k m? "
— M” ik, (st —yH)
(z@z + M)ab/—(2ﬂ)2 wlz{ e Y
such that the retarded Green’s function is
SE(x —y) = (2" — ) {tha (), ¥1(1)})- (4.2.13)
Being a Green’s function of the projected Dirac operator
(i, —m)Sr(z —y) = i6®) (z — y) I3 (4.2.14)

the Fourier transformed Green’s function S,(k) is determined by the equation

/ Pk —iku(h—y") & (1) — 5O 4.2.1
ap#—m e (k) = 6 (2 — ). (4.2.15)

So the Fourier transformed propagator

% i i(p+m)

= = 4.2.1
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can be integrated in the complex plane in k° with e > 0.
Sp(z—y) = / d%(%ﬁ%ﬂkﬂx”—y”) (4.2.17)
+  (Y(@)e(y)) for 20 >y°
— (®(y)(z)) for y° > 2°

(4.2.18)

and the time-ordered product can be defined through the propagator by

(Tl (2)y(y)) = Sp(a —y) (4.2.19)

The Chern Simons Lagrangian is the same as in the low energy limit and if we introduce
a coulomb interaction term then the polarization function of the gauge field remains the
same. Then the contribution in the random phase approximation is also the same. The only
problem we have is that a Coulomb interaction term violates causality.

4.3 Projection onto the Lowest Landau Level

4.3.1 Relativistic Landau Levels

In this section we follow some discussion on stationary states solutions of the Dirac equation
in view of Landau levels. A similar example can be found in some textbooks for example
[CI06]. Nevertheless it should be mentioned here since it has been paid not so much attention
so far in context of electrons in quasi two dimensions.

We apply a homogeneous constant magnetic field in “z-direction” to the Dirac equation
(in four dimensions) and choose a fixed gauge, the symmetric gauge A; = 1/2Bx? and
Ay = —1/2Ba2', Ay = A3 = 0. Then a charged particle performs a cyclotron motion. For
a stationary solution of the energy & take a separation ansatz ¢ = exp{—i€x°}(¢,x). The
Dirac equation gives two coupled equations:

(E-—m)p = o-
E+mx = o
These equations can be decoupled and we receive a Hamiltonian of a harmonic oscillator and
a free part in the third component.

2B2

eB
(a;% + m2) — — (03 —2x1p2 + Zzgpl)] ®. (4.3.1)

2 2 _ 2 €
(& =m’)p = [p°+— 5

We also see that we could have introduced an electrostatic (harmonic) confinement potential
in the third component and would have a quasi two dimensional system. Now we search for
solutions of the form ¢(x) = exp{i(kszs3)}f(x1,x2) and introduce new coordinates. We split
the coordinates (x1,x32) in relative coordinates:

=X+ Lr), G@=-L(p— L)
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and guiding center

m=x— %(p2+%$1)7 72 2332-1-%(]91 - %332)-

They fulfill the commutation relations [n1,7s] = il% and [(1, (o] = —il% with g = \/h/eB. ¢
is therefore the canonical conjugate operator to (» and so is 71 to 72, and we may write them
in the Schroedinger representation (» = —id, or vice versa. The equation (4.3.1]) then defines
a harmonic oscillator and is degenerated due to absence of the guiding center coordinates.
We may introduce the corresponding creation and annihilation operators which fulfill the
commutation relations [a,a™] = [b,b"] = 1:

a= ﬁlB(Cz —i), b= ﬁ@(m — i)
and the corresponding ground states a |0¢) = b|0,) = 0. Finally we end up with the equation:
E*f =[2eB(ata+ 1) +m?+ ki + Loslf.

As usual we introduce n = {a™a) to be the eigenvalues of the number operator and we may
also define the cyclotron frequency by w. = eB/m. Furthermore if f is an eigenfunction of
§ = 03/2 with eigenvalues s = £1/2 we have the energy levels:

£? = mw[(n + 3) —s|+ m? 4 k3. (4.3.2)

The energy is degenerated in (n,s = —1/2)=(n + 1,s = 1/2) and in b"b which refers to
the arbitrariness of the angular momentum. As mentioned before we could have turned on
a confining potential and instead of k§ we would have some descrete energy levels Sg. The
solutions of the system (4.3.2) are easily written down:

1 _ z%-‘—z%

nis(T1,T2) = a (b e B vy e k3T
P01, 32) = ey (@) (07)

and v = (1,0) for s = 1/2 and v = (0,—1) for s = —1/2. The energy spectrum can take
continuous values as long as we do not confine the system in the third component, but once
we turn on the confinement potential the spectrum is discrete and the discrete levels we may
call relativistic Landau levels (RLL). From a physical point of view we could prefer only the
low energy limit of the spectrum (4.3.2): £ =w(n+1/2+ s)+m. However, from a technical
point of view there is so far no reason for that, furthermore we take automatically care of the
spin.

The discussion from above may also be applied to some situation in graphene, where
the charge carriers at the so-called Dirac point are described by massless Dirac Fermions.
Just send the mass in the upper equation to zero. The cyclotron frequency for massless
particles then appears to be defined by the applied magnetic field only w? := eB. However
the situation in graphene is a little bit more complicated which we will not discuss here.
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Projection onto the Lowest Landau Level

We recognized in the last section that a charged particle propagates with cyclotron motion
in the presence of an external magnetic field. We assume the external magnetic field again
to be parallel to the x3 = z-axis (otherwise perform a rotation) and decompose similarly the
coordinates in the z-y-plane into the guiding center

1
m=x— Py =+

P
eB, eB, "
and relative coordinates 1 1
G1 R G2 B

Where P, = —ih0; — eA; and in the case of composite particles P; = —ihd; — a; and b, instead
of eB,. We may pull out the factor eB,/2 and respectively b,/2 from the gauge fields and
define the magnetic length as before lp = y/h/eB, and the composite Fermion magnetic
length as I, = \/h/b, and require the following Weyl conditions:

. . . .
gloam gicenz _ il /2)aras gilarm+aznz)

and
eP1C1 giB202 e—i(ZQB/2)ﬁlﬁQ 1 (B1C1+82¢2)

A similar construction to the localization in the z-direction is applied to this case here. The
Fourier factor can be expressed in terms of the guiding center and relative coordinates and
the latter we transform into the usual creation and annihilation operators:

. , , . 12 . . -
_ ezklnl—i-zkgnz—i-zkl{l-l—zkggz _ e—TB(kf-i-k%)ezklnl-l—zkgnQ eka“' ezka

; 1,5 2
ezklz +ikox

with k = k1 + ike and a = 1/(v/213)((2 — i(1), such that a|0), = 0. The projection on the
lowest Landau level now means that we evaluate the Weyl operator in the ground state with
respect to a.

12 . .
£ (k2+k32) ezkl nt4ikon? )

; 14 i 2 _
ik1xt +ikox ) —e

wr(e

So the z-y-plane is transformed into a noncommutative plane with coordinates (n1,72) due
to the noncommutativity of the 7;. These operators are actually unbounded, selfadjoint
operators (per definition of the domains Z(7;)) on an infinite dimensional Hilbert space
F6A11,- On the noncommutative plane the translation form a nonabelian group by

ckngian _ i(k+a)n i} det(k,q)

or
[ i) = 2; !kt gin (1% det(k, q)).

Thus the translation becomes a magnetic translation, which means that we get in addition a
multiplicative phase factor or twist factor.

In an homogeneous external field the translation invariance, Poincaré invariance respec-
tively, is broken by fixing a gauge, thus a translation must be accompanied by a compensating
gauge transformation. In this sense the fields transform covariantly under translation.
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4.3.2 Combined Projection of Fields

The upper projections can be performed by a single projection map (P,7)2 = P,, which can
be defined by

Pﬁ(f) = <I®WZQ®WLLL7 f>
dgk 3 ik3m3 ik1m1+ik2x2
= Nors (I, f(k)){wa, ™" Y wriL, € )
T
3 )
= d k3 Fk) e lik)? gikn
V2T

with 1 = (I1,12,13) = (Ip,1B,1./v2) and n = (n1,1m2,1m3), 73 = 2o from above. Therefore we
may define the new fields by

However, at this point we should be more precise on the objects we have so far derived.
A smeared field operator we can define straight forward by evaluating the projected field
again in not necessarily coherent states wgy, more precisely we evaluate the guiding center
coordinates in a state. Choosing a pure state corresponds to the best possible localization in
space. We also have to introduce an adiabatic cut-off in time g € S(R):

Y(n) — (I@wo,¥(n))(g)

d4a —q a? _(liki)Q :
/md‘”‘?/w g (@) = ey

— [ d'a vl@g(a)na)
R4

From the LLL and 2 + 1d projection it follows that h € S(R3) if the corresponding states
belong to the Schwarz space:

d3k _ (liki)Q i —3 a’
h(a) ::/W e” a1 (wp, Py gmikua”,

As an example we can apply the projection map P, to the Dirac field operator:

_ 1 3, M 1(k1)2 a —ikmh + a ik, mH
Py() = W/]Rgd k o € 1 EETTN ™ (b (k) (K)e e 4 df (k)o® (ke ")

a

where (1,) = (10, 71,72,m3) with 79 = 29. W.Lo.g we can set 73 = 0. The Dirac field operator
in the lowest Landau level on the plane is then defined by v (n) := P,()). However, now
we have fields depending on coordinates which are themselves non-commuting operators. In
this sense we have a special realization of a noncommutative field theory in 2+1 dimensions,
where the time is central.
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4.4 Products and Wick Products of Projected Fields

Defining the Wick products in the projected case needs some effort and there is up to date
no unique ansatz. A suitable definition of the Wick products, which also works in curved
spacetimes, is given by i.e. (n=2):

(1) (@) = lim oh(z1)(@2) — (Qf P(21)ih(z2) ().

Being well defined for common field operators on the four dimensional Minkowski space
this definition looses its meaning in the case of the projected fields 1(n), since the limit of
coinciding points 1;1 — 7,2 of the noncommutative coordinates can not be performed. At
this point the best we can do is evaluating the relative coordinates 7n;12 := %(ml — 7ni2) in
best localized states, the coherent states, which may be represented by the ground state of
an harmonic oscillator. This is much in the spirit of the Quantum Diagonal Map introduced
by Bahns, Doplicher, Fredenhagen and Piacitelli in order to get well defined Wick-ordered
products of fields on the noncommutative Minkowski space [BDFP03]. Indeed the situation
with the projected field operators is somehow a special realization of a field theory on a
two-plus-one dimensional noncommutative Minkowski space where the time commutes with
the spacial coordinates. Furthermore our case seems to be rather harmless since we already
have smeared field operators, they are smeared intrinsically with a Gaussian function. There
are some more or other choices of the Wick product [DFR95] and we will comment on that
in this section.

But first we have to say what products of projected fields are. The projected fields describe
a noncommutative quantum field theory, a field theory on a two dimensional noncommutative
space with coordinates (n',7?), which are considered as unbounded, selfadjoint operators on
an infinite dimensional Hilbert space and 7 = 20 is central. They fulfill the commutation
relation

(', 7] = il and [n°,n'] = 0.

This means that the commutator and the zero component are trivial elements of the center,
which is itself trivial in this case, of the algebra. Through the introduction of the Weyl system
the problem with unbounded operators and their domains is circumvented and we can define
a noncommutative algebra with the product (z =0,1,2 and i = 1,2, k € R3 and k € R?)

1
(2m)3
This product is related to the (Wigner-) Moyal star product or twisted star product and so
the noncommutative plane is related to the Moyal plane. The difference is the appearance of
the Gaussian functions in the spacial like components. An involution is given by

1 1212

o =" [T e e

2,2 2 2
1%k 1%q

a2
/d3kd3q f(E)g(q) e T e 1 o~ B det(ka) =ik +a)n"

(fxg)(n) =

A C*-norm can be defined by

. 12,2
L O

I f]l :== W
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which fulfills the C*-condition:

* _ 1 3 3 2 —l%2k2
1951 = g [ MG e

= IfI%

Now let 41,...%, be the projected fields, thus the non-commutative field operators. A
product of fields is now defined via the star product:

(1% %1y (1) == —(2;)371 /d3k1 o @ (ks k)@Y (R - ()

where 7(kq, ..., ky;n) is a non-local kernel and theVGaussian factors. We may formulate this
in terms of symbols [DFR95] so let f(n) = [ @k f(k)e* . The symbol of f(n) is defined as
flx)=[dk f (k)e’ . The multiplication of these symbols is given by

(fi-o fo)z) = /d3m1 o B f(x) .. (@) Cn(zy — 2, Ty — 2) (4.4.1)

with the non local kernel

2
Cn(;zjl — ..., Ty — x) = (2 )3 /d3k1 o d?’kn ei(zj k’jIj‘f‘lTB Zj<l5lmk[jkmi) (442)
s
with 7,7 =1,...,nand [,m = 1,2. So we may write for the kernel
2
Pk, ki) = €53 Kt B T &gk, (4.4.3)

A simple choice of the Wick product is then the following;:

(11 % -y ) () 1= 13n/d3k1...d3kn h1 (k1) .. U (K ):® (4.4.4)

(2m)
12 k2 ) 2 k2 )
®e~ Ertetkbim o= piknin

Due to the non-local kernel these Wick products are not local in terms of the concept of
g-locality proposed in [BDFP05], which enters here since n = 7(q) is a special realization of
the quantum coordinates ¢”. In addition some finite terms are also subtracted. The concept
of quasi-planar Wick products [BDFP05] addresses these problems, only the infinite and local
counterterms are subtracted.

We may comment that in a noncommutative field theory the commutative C*-algebra
of the usual commutative field theory on the commutative Minkowski space is replaced by
noncommutative C*-algebras of the symbols, roughly speaking. The requirement of a C*-
algebra in general is useful to define a representation on a suitable Hilbert space. It can be
proved that every C*-algebra is isomorphic to a norm closed algebra of bounded operators
on a Hilbert space [BR02, Th:2.1.11] or [Dix82, RS75]. Though the represetaion of a given
C*-algebra is not unique in general. The construction of such a Hilbert space is known under
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the GNS-construction after Gelfand Neimark and Segal [BR02, Dix82, RS75]. Here we just
point out that the projected fields allow for such a treatment but we will not follow the details
further.

The projected fields are fields on the noncommutative plane and we also need to define
derivatives on that spacetime since we want to define field equations. In the usual commuta-
tive Minkowski space we define derivatives with the generators of the infinitesimal spacetime
translations. We consider in a general case the action of the Poincaré group in three dimen-
sions 7,4 € P, a € R3, A € L(R?) and det A = £1 on the symbols f € C, x R3:

(Tanf)(m) == F(A"'(n — a)) det A.

The derivation on the symbols f(n) can be defined with the automorphism 7, 3 of the space-
time translations in the following sense:

0uf) = i o(rar F)() (145

a0/ (N + ). (4.4.6)

ol

In this sense the usual derivative in the unprojected field equation is replaced by the non-
commutative analog when we do the projection:

0 d
= f@) e 0l ) = 2| ol (14 ).

4.4.1 Simultaneous Projection of Products of Quantum Fields

On a formal level we derive these products of noncommutative field operators if we project
the usual product of commutative fields. So let P, be the projection of a single field as
defined in the previous section, let W (41, ...,,) be a product of field operators on a suitable
(Fermionic) Fock space. The map Pj defined by

Py (W)= (Py®...0P), {1®... Q)

maps simultaneously all n-fields in the lowest Landau level on a quasi two-plus-one dimen-
sional system.

PL(W) =i« 5 5ok

with 1/1213 = 1)(n), defined in the previous section and the star denotes the product on the field
algebra of the projected fields, which is related to the Wigner Moyal star product (*) on the
noncommutative plane. For example we may apply this map to a Lagrangian term:

P} (p@y'a,@1p) = (08 x (y*al) » vF)(n).

instead of the map (I®I®I, zﬁ®’yuau®¢>. The meaning of afj = ayu(n) we will discuss later
on.
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Projection of a Coulomb Potential

The problem which arises in context with the Coulomb potential is, that it is not apriori
Fourier transformable. However this problem can be circumvented by the use of a suitable
limit of a Yukawa like potential together with the theorem of B. Levi on the monotonic con-
vergence, the theorem on the majorized convergence by Lebesgue also holds. The projection
is applied to a special representation of the Coulomb potential in terms of a Yukawa poten-
tial, which is Fourier transformable. So let V' (x —y) be the usual Coulomb potential in three
dimensions and let Y, (x —y) be a Yukawa potential with dumping parameter o > 0. The
Coulomb potential expressed in terms of the Yukawa potential is given by
Vix—y)=limY,(x—-y)=lim ——
(X y) all{%) a(X Y) a{% |X _ y|
Where g% = €2/(4rme), x,y € R? and let Y, (k), k € R? be the Fourier-transformed Yukawa
potential:
. 1
_ 2
The projected Coulomb potential is given by

VI (= my) = (P @Py,, V(x —y))

and is expressed through

VF(n, —ny) = lim

\ G / &Pk Y, (k) e~z lik)? ik tikn, (4.4.7)

since [nt, 17%] = 0 and w.L.o.g. n3 = 0. At this point it should be mentioned that the classical
Limit x — y does not make sense for the unbounded selfadjoint operators ng . A suitable
(or pragmatically) treatment is to evaluate the difference m; — n, in appropriate states. It
means that we can minimize the distance but it will never go to zero. Therefore the Pauli
exclusion principle is always fulfilled. There exists automatically a minimal distance and this
is where the difference is evaluated in coherent states, for example in the ground state of a
harmonic oscillator. In this case it is clear that these states are those where we should obtain
an incompressible (Fermi) liquid.

If we evaluate the differences of the non-commuting coordinates in a (coherent) state wp,
then we obtain the minimal distance by evaluating

/d3k Y, (k) e~z (lik?)? wo (e_iknleikm)

wO(VP(Th -ny)) = Olt“_ﬂ)}) (2m)3

31 v 12 (k3+k3)+112K2
lim (2ﬂ)3/dea(k) e BT TS (4.4.8)

The minimal distance ry;, can be defined by the integral and depends on the evaluation in
coherent states:

1 )2
1 4m 3 e~ 2k —ikn, ik
— : 1"KM2
p—— iurb @ /d k o Yo (e e ) (4.4.9)
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This integral is finite at least if we chose states from Schwartz space the coherent states
respectively. The Schwartz function regularizes the integral for large momenta and since
a > 0 it is well defined on all on R3.

The projection of the Coulomb potential leads to an intrinsic quantised distance between
the particles for fixed magnetic fields since it depends on the magnetic length. The simplest
example for a minimal distance we calculate for [, = 4l and obtain

oV =) = —20%7 (4.4.10)

thus rmin = lg/(2y/7). The third component [, may be chosen different depending on the
confinement potential. It may be reduced such that it gives just a neglectable contribution.

We mapped the Coulomb potential in three dimensions by freezing out the third compo-
nent and the radial contribution in coherent states to a screened Coulomb potential in two
non-commutative dimensions, which leads in the minimal distance regime to a constant factor
and thus to an incompressible liquid. A related discussion on the evaluation of the Coulomb
potential can be found as a remark in [BvS94], however they consider the potential only in
two dimensions. We stress that the Coulomb potential and the Yukawa potential respectively
differs in two dimensions from that in tree dimensions and the evaluation in states leads then
to different results which can be explained for instance with the integration measure.

Projection of the Charge Density

The projection of the charge density can easily be performed in our formalism. It is just the
projection of the product of the spinors ¢ (z)1)(x) so we obtain

PP’ m) = Py (x)@y(z))
= ((WH)"xy")(m)

and the Coulomb interaction term of two particles would result in
p(@)V (x = y)p(y) = p" (2}, m1) * VI (ny = my) % p (23,m5) , 2 = af.

Projection of an Action

Some more questions arise in this context, first how can we formulate normal-ordering and
then how can we formulate a propagator of the projected fields or an action principle. It is
the problem which also arises in a field theory on the noncommutative Minkowski space but
with a slight modification due to the different commutation relation between the (quantum)
coordinates. However since we have a special realization we may use the same concepts.
The QED action given in the previous section has to be projected to the Hall system. The
problem which arises here is how to interpret the integration measure. Here the methods of
measure theory should clarify what we have to do. The usual measure d*z is turned into an
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operator valued measure, the spectral measure, which we will denote by dE ()1, ..., ¥n; PZ)
and the integration should be considered as a positive trace in a similar way to [DFR95].

S = /Od4a; L1, ... ) — ST = /dE(zpl,...,u;n;Pg) LEWE, ).
For example the term where the Fermions 1) couples to a field a, is given by
s = [ [aBt.af.viPy) Liof af uf)
= / dx%dnydny (V7 **a, * ¢h ) (20,m)
= [ gl el w0 )
The trace try, has to be well defined or in other words it has to be a positive linear functional.

Projection of the Yang Mills and Chern Simons Term

If we take the definition of the fluctuating U(1) Chern Simons gauge field a, from section
[4.1 in four or in three dimensions respectively and if we assume that there exists the Fourier

transformed )

a,(r) = @) /d4k: ay(k) e**

and their derivative fields
1 ikx
ayy(x) = 0ya, = —(271-)4 /d4k: a,(k) ky, e k.

then we may define a projection of the field strength

)= PU@) = Pfw)
= fhm

P P P P P P
(a,u,u - au,u + CL“ * Ay — 4y, % au )(77)

with the noncommutative analog of the derivative defined via (4.4.5):

P IR Lw?
a,.,(n) = 2 d*k a, (k) k, e” T ek,
In the following we drop the index “P”, the Yang Mills term is then given in non-local
coordinates:

YM(n) =L (fu * f*)(n) dnodmdnadns.

In the same manner the Pontryagin term in non-local coordinates is:

PJ(T/) = % ijpgf;w * fpa dnodmndnzdns.
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The Chern Simons term on a suitable surface is also projected straight forward and expressed
in non-local coordinates we have:

Wn) = (e"P(ay * apyu + %au * ay * ap))(n)dnodnidns.

Therefore the Chern Simons theory in a Landau level is a non-commutative field theory the
noncommutative Chern Simons theory. Susskind derived a similar form of the Chern Simons
term via fluid dynamics, where it is considered that the particles occupy a finite, hard disc
to satisfy a granular microscopic picture of a Hall fluid [Sus01].

What we immediately recognize is that we fail if we want to obtain the Chern Simons
term via projection from the Pontryagin Lagrangian. So far there is a further difficulty
since we have to say what Stokes theorem, Poincaré’s lemma and (cyclic)-cohomology is in a
noncommutative space. Nevertheless we observe

P,4d—3d and LLL Voo £ 2
J dbe 907 £ (@) fr(a) L e () % oo ()

l FAf=dW l?

(P,LLL) A . A A A
il d?’s“”p"(a“&,ag + %a“a,,ag) N tret? (a, * 0,00 + %a“ * Ay * Qg )

The Chern Simons Lagrangian describes a gauge invariant theory modulo Z on a manifold
without boundary especially in R? where all fields vanish at infinity. On manifolds with
boundary we may require that all gauge transformations on the boundary vanish. This
restricts the underlying gauge group as already mentioned in the previous chapter.

After we project the gauge fields we have a noncommutative version of the Chern Simons
Lagrangian. However we may clarify whether we still have at least a noncommutative version
of a gauge invariant theory. There arises for instance some problems if we want to describe
noncommutative gauge fields. It turns out that there exist no SU(NN) noncommutative fields
due to a lack of a proper definition of a determinant. From that point of view we would
prefer the U(N) gauge fields only. We may quantize the theory in terms of (noncommutative)
BRST quantization. However the description of noncommutative gauge theories is even in
the classical case still an open question. There are some different approaches to define gauge
theories on noncommutative spacetime. To discuss them all is beyond of the scope of this
theses, the interested reader may follow the discussion in [Zah06].

One approach to handle noncommutative gauge theories is the use of the Seiberg Witten
map, where the noncommutative U(N) theory is mapped to a commutative U(N) theory
SW99]. Roughly speaking it gives an expression of the noncommutative field in terms of the
commutative field.

4.5 Low Energy Effective Noncommutative Model

It is interesting to see how the common theories change if we project them into the lowest
Landau level. We project the low energy Lagrangian (2.3.8)

L LV =PrL)
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and obtain a low energy effective theory in the lowest Landau level the potential in z-direction
is of course assumed to be a delta potential:

£P(m,t) = LE(n.0)+ LEs(n,t) + LEMm. 1), (4.5.1)

wherein the noncommutative version of the free part is given by

Lymt) = P t)" «[— %(p — (AP () — AP (n, 1)) + (4.5.2)
+i0 + p+ e(AL () — AF (. 1)) x¥" (n,1) (4.5.3)

and for the noncommutative Chern Simons action we skip in a first approach the cubic term

e
Egs (TL t) = %EW/PALD(T,’ t) * 81/-/45(,'77 t)' (454)

and we should as in the common case restrict the discussion to

Lis(n,t) = éfsi’%{f (m,t) x 0;AF (n,1). (4.5.5)

to be able to compare both theories. The quantization procedure needs a bit care but we will
discuss it in more detail below. The noncommutative version of the Coulombian interaction
V(n, —mny) is to be understood in terms of (4.4.7), a suitable limit of the Fourier transformed
Yukawa potential:

1
Eg(lrllvt) = _5 /dn2 pP(nlvt) *V(T’l - 772) *pP(T]2vt)' (456)

The equations of motions for the noncommutative Chern Simons fields are obtained by varying
the action with respect to the fields .Afj

§8¥

oAr "

and the zero component leads also to the relation (we skipped the cubic part)
eY0.AT (n,t) = @ p"(m,1). (4.5.7)
The chargg density p”(n,t) can in this way be replaced in the Coulomb part of the action by
($0) 10, AP (. 1).
4.5.1 Mean Field and Random Phase Approximation in the Non-relativistic,
Noncommutative Model

Since we completely replaced the coordinate x by the noncommutative coordinate n through
projection, the total magnetic field is given by

b(n,t) = B—B=B—@pop (n,1). (4.5.8)
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Then we can also divide the noncommutative Chern Simons field in a mean field and a
dynamical field respecting the fluctuations:

af(m.1) = AL (n,1) — (AD). (45.9)
The average (.Aff ) is per definition not dynamical and it gives no contribution to the equation
of motions. Then the effect that it reduces the external field is the same as in the commutative
analog. Only the dynamical part afj is the relevant contribution to the equation of motions
and this leads to the relation:
(

1 .
n,t) = =—— 70,af (n,1). (4.5.10)

o
To calculate the free propagator of the low energy free massive charge carriers we can go
straight forward, only the free propagator of the noncommutative Chern Simons field and
the interacting part requires more theory, which we will discuss later. The free part of the
noncommutative action is

p

2

Sp = /dndt W () [ — Z—m" +i0 + ] x " (n,1) (4.5.11)

with the projected fields. We write from now on v (n,t) for the spin-less projected fields and
the magnetic length is set to one Ig =c = 1:

2 2
Y(n,t) = / % e T (at (k)@ ® 10 4 g(Kk)@eikn—wh) (4.5.12)
O(k,w) = / Pndt (g, t)@e kn—wt) (4.5.13)

The action in the Fourier transformed space is then straight forward. The derivative V,, on
the field ¥ (n,t) is defined in the sense of equation (4.4.5) and from now on we skip the tensor
sign, since there should be no confusion.
Sk = / M /dndt (a(k)etm=wt) g (k)eltkn—wb)) e‘g [w— k—2 — u]
(2m)3 2m
(at (k) e’k 4 g(k) emikn—wi)y, (4.5.14)

The propagator is nearly the same as in the common case, but we should keep in mind,
that the fields are smeared with a Gaussian function. We may shift this Gaussian factor to
the propagator and obtain free unsmeared fields and a smeared propagator. However, the
smearing enters the vertices and thus we keep the Gaussian factor in the fields:

dkdw - k2 .
Sp = / oy (k) [ = g = ] 90k 1) (4.5.15)
[GO(k,w)] 1
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The low energy Fermionic Green’s function for the projected Lagrangian is then (e > 0):

2
GOk, w) = [w— L p + design(w)] 1. (4.5.16)
2m

The gauge field propagator of the projected Chern Simons gauge fields needs more care since
we deal with a noncommutative gauge field theory. The BRST quantization method intro-
duced in the previous chapter for usual gauge fields with compact gauge group may provide
the correct treatment here too. However this would require some more research since the
methods for example described in [Zah06] have to be adapted and combined with the Chern
Simons model. In general we expect within this noncommutative setup a smoother behavior,
or at best a vanishing, of UV or IR divergences since this is what happens in some models of
quantum field theory on noncommutative spacetimes [BDFP03]| and this circumstance is also
supported by the intrinsic Gaussian factors appearing naturally in our setup. Therefore the
dispersion relation introduced in chapter 2 for the usual theory should be strongly
modified due to the modified structure at the scale of the magnetic length and this has then
consequences for the effective composite Fermion masses (2.3.50). We also expect that the
"classical’ results are reobtained in the large scale limit where the noncommutativity vanishes
which is also true in some scalar field theories on noncommutative spacetimes [Kos08]. In
general this setup may provide a useful proper treatment of low energy composite Fermions
in a Landau, or composite Fermion Landau level, which is needed also in the case of second
generation composite Fermions. For instance in the fractional Hall state with v = 4/11, the
filling factor v can be mapped to a composite Fermion filling factor of vop =4/3 =1+1/3
thus the second composite Fermion Landau level is filled 1/3 and we may project our field
theory to exactly this situation.

4.6 Quasi Covariant Effective Noncommutative Model

We can also combine the covariant model with the noncommutative model to obtain a quasi
covariant composite Fermion model in the relativistic lowest Landau level. Since the projec-
tion onto the lowest Landau level is a quantum mechanical projection the resulting Lagrangian
is no more covariant at the scale of the magnetic length. However, covariance can be restored
in the limit [z — 0, which classifies the large scale limit. This happens also if we require scale
invariance for example in some conformal field theory approach. Then the noncommutativity
vanishes and we obtain the usual commutative theory. Since relativistic covariance breaks
down at the magnetic length, the resulting spacetime structure leads to a modified dispersion
relation. We start with the projected effective covariant Lagrangian

L) = L5 )+ LEs(n) + LE(), (4.6.1)
with the free part
LEm) = dn)* [V (p—elam), —m —+"u] *¢(n) + h.c. (4.6.2)

For simplicity we start with the noncommutative U(1) Chern Simon term where we may skip
in a first treatment the cubic part. However, for introducing spin couplings as in the chapter
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before we may prefer a noncommutative U(/N) Chern Simons theory instead of an SU(N)
nonabelian commutative Chern Simons theory since there exists no noncommutative analog
of the the determinant.

e
LEs(n) = ——e"Pau(n) * dya,(n) (4.6.3)
Pdo
and as in the examples before we take the zero part only:
P _ € ij
Los(n) = ——eYao(n) * Gia;(n)- (4.6.4)
PPo
The noncommutative version of the Coulombian interaction V (1, —n,) we understand in the
sense of the Fourier transformed Yukawa potential:

clm) = =5 [ dmy plm) =V, =) % plm). (165)

The variation with respect to ag gives the relation

e70;a;(n) = ¢do p(n). (4.6.6)

and we observe again that the charge density can be replaced by

1 ..

p(n) = %90 e 0za;(n). (4.6.7)
The task is now to calculate the propagators of the relativistic noncommutative composite
Fermions and of the quantized gauge fields. What we expect from this approach is also a
modified dispersion relation and a modified effective composite Fermion mass. The common
field theory of composite Fermions we should obtain in the limit where the velocity is low
and the magnetic length vanishes. By performing these limits we should be able to control
correction terms in the sense of spin effects coming from the Dirac theory and smearing or
smoothing effects coming from the nonlocal noncommutative setup.
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Chapter 5

Summary and Outlook

The incorporation of the spin dynamics in the fractional quantum Hall effect is a challenging
mission. On the one hand we can introduce phenomenological models where the Hamiltonian
or Lagrangian is modified and tuned in such a way that experiments can be fitted at best
with suitable accuracy. Led by the knowledge of the behavior of electrons in solids we
can extrapolate these systems to composite Fermions in fractional Hall states and if we fit
experimental data we are finished. We reviewed some possibilities of such models in the
introduction. However, we choose here a different point of view and move one step deeper in
the analysis: the spin of the electron is a relativistic effect and therefore the spin of composite
Fermions should also be a relativistic effect and we ask for the possibility to derive the spin
effects of composite Fermions from a relativistic equation. Since the relativistic equations
for electrons require the four dimensional Minkowski space and a global SU(2) symmetry,
we are encouraged to start at this point for composite Fermions, too. The naive one particle
approach in chapter three immediately lead to correction terms in the low energy limit. The
corrections like Rashba, Dresselhaus and Zeemann etc. are in principle the same as for the
electrons but with the charge and particles now corresponding to the composite Fermions.
We can therefore support the phenomenological approaches which propose a Rashba spin
orbit coupling term for composite Fermions and we motivate moreover additional correction
terms such as Dresselhaus or zitterbewegung. Our model however is based on some heuristic
consideration we made at the beginning. We modified the spacetime topology in the way that
we removed one dimensional objects, lines or two dimensional cylinders representing the flux
quanta. In chapter four we then looked deeper in the analysis and developed a mechanism
to quantum-mechanically project four dimensional quantum fields to three dimensions. The
charged particles are then smeared in the projected component depending on the underlying
confinement potential. This mechanism allows to project the relativistic Dirac particles to
three dimensions and followed by a Chern Simons transformation the heuristic arguments
from chapter three can be replaced by a systematic mechanism which leads to relativistic
composite Fermions in three dimensions. Relativistic now means that the particles transform
covariantly only under a subgroup of the Poincaré group. We showed however that the Fermi
statistics is preserved. The composite Fermions are quasi particles consisting of an electron
with Fermi statistics and an even number of flux quanta which can be treated as particles
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obeying fractional statistics and having therefore fractional spin. The combined particle, the
composite Fermion also obey fractional statistics and the spin statistic theorem holds.

The next problem is to describe composite Fermions in Landau levels or in composite
Fermion Landau levels. We introduced therefore the projection of quantum fields onto Landau
levels. Since there exists relativistic Landau levels it is possible to project also the relativistic
particles. The two projections can be combined and we have a mechanism, a map, to project
Dirac particles in four dimensions to composite Fermion in three dimensions in a required
Landau level.

In chapter three we discussed also the possibility to derive a Chern Simons action from
an antisymmetric combination of the field strength, the Pontryagin term in the Lagrangian.
By comparing this approach with the projection method we observed that it is not clear how
both methods can be incorporated.

The projection method generates a theory of composite Fermions in a Landau level. This
is a realization of a quantum field theory on the noncommutative plane. The corresponding
Chern Simons theory is then a noncommutative gauge theory on a noncommutative space.
Gauge theories on noncommutative spacetimes are subjected to actual research and not fully
understood. However, since the fractional Hall effect is experimentally accessible it may be
interesting to study these field theories and their limitations. Especially the quantization of
such theories are rather interesting. This is just one motivation for the introduction of the
BRST quantization of Chern Simons theories on classical manifolds. The incorporation of
the spin is a further motivation for this quantization procedure. In some phenomenological
models there appear nonabelian Chern Simons fields. The quantization in a perturbative
treatment for a composite Fermion model then requires ghost fields and the BRST coho-
mology. Therefore we explained how a SU(2) Chern Simons model will look like. The
consequences on experimental data, for example the effective composite Fermion mass, is an
interesting subject and requires more research. A further interesting aspect of the Chern-
Simons theories and BRST cohomology is the relation to Wess Zumino Witten theories on
manifolds with boundary. The connection to composite Fermions allows to relate the com-
posite Fermion filling factor with the central charge of the corresponding affine Lie algebra
(Kac-Moody-algebra) of the WZW-Model. The BRST cohomology may play a crucial role
in this context and this strongly motivates more research.

We investigated composite Fermion models within the projection methods. The influence
for instance on the dispersion relation can be successively and systematically explored. In
particular we expect that in the low energy limit the relativistic composite Fermion model
should give corrections in terms of effects coming from the spin. The noncommutative model
we expect to correspond to the common model in the limit where the magnetic length van-
ishes. This might be the case when the correlation length diverges, however, to make precise
statements more work and research is needed.

To conclude this discussion: The quantum field theory of composite Fermions in fractional
Hall states is on the constructive mathematical side far from being completely understood.
However the phenomenological success in the prediction of experimental data, even on mean
field level of spinless composite Fermions, strongly encourages more research. We have given
an answer to one aspect to the incorporation of the spin of composite Fermions and the
corresponding quantization of the Chern Simons theories derived from relativistic quantum
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electrodynamics. We have set up different models in this framework, which require more
research but may provide also more insight into the physical structure of the fractional Hall
effect and the theory of composite Fermions.
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