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Zusammenfassung

Gegenstand dieser Dissertation ist die Untersuchung von Laughlins Wellenfunktion auf einem
Zylinder. Die Ergebnisse sind sowohl fiir die Theorie des fraktionalen Quanten-Hall-Effekts
als auch fiir die klassische statische Mechanik geladener Teilchen in einem neutralisierenden
Hintergrund von Interesse.

Wir zeigen, dass Laughlins Wellenfunktion als “Quanten-Polymer-System” dargestellt
werden kann. Die L?-Norm ist die Zustandssumme eines Polymersystems mit translations-
invarianter Aktivitat. Die Aktivitdt kann zu einer stabilen Aktivitat reskaliert werden. Das
Polymersystem steht wiederum in engem Zusammenhang mit einem Erneuerungsprozess.
Unter der Voraussetzung einer endlichen mittleren Wartezeit in diesem Prozess zeigen wir,
dass Laughlins Zustand einen wohldefinierten thermodynamischen Limes besitzt. Dabei
lassen wir die Lange des Zylinders bei konstanter Dichte und konstantem Radius gegen un-
endlich gehen. Der Grenzzustand ist invariant und mischend bzgl. bestimmter Translationen
langs der Zylinderachse. Bei Fiillfaktor 1/p ist die Periode gerade das p-fache der Periode
des gefiillten Landaubandes. Fiir hinreichend diinne Zylinder zeigen wir, dass die Wartezeit
des Erneuerungsprozesses tatséchlich endlich ist und die soeben erwiahnte Periode auch die
kleinste Periode ist.

Weiter definieren wir modifizierte Zylinder- und Torusfunktionen, die ebenfalls in Ver-
bindung zu Polymersystemen stehen. Die Definition verwendet Funktionen mit kompaktem
Trager. Bei hinreichend kleinem Tréger entspricht die Zylinderfunktion einem Monomer-
Dimer-System, wéhrend die Torusfunktion einem Monomer-Dimer-System auf einem Ring,
moglicherweise noch mit einem zusétzlichen langen Polymer, entspricht. Dieses Monomer-
Dimer-System ist explizit 16sbar; Torus- und Zylinder- Monomer-Dimer- Funktionen sind im
Limes langer Zylinder aquivalent.

Wir gehen auf die Bedeutung unserer Ergebnisse im Sinne von Laughlin’s Plasmaanalogie
ein. Wir zeigen, dass im Limes diinner Zylinder unsere Ergebnisse bzgl. der Normierungskon-
stanten bzw. freier Energien und bzgl. der Einteilchendichten konsistent mit bekannten
Ergebnissen iiber eindimensionale Plasmasysteme sind. Ferner zeigen wir, dass unsere Schran-
ken iiber Normierungskonstanten gut zu Asymptotiken der freien Energien breiter halbperi-
odischer Streifen passen.

Laughlins Funktion bei Fillfaktor 1/3 ist der exakte Grundzustand eines geeigneten
Hamiltonoperators. Wir weisen nach, dass Grundzustande dieses Hamiltonoperators mit un-
endlich vielen Teilchen bei Fiillfaktor 1/3 notwendigerweise eine Symmetriebrechung aufweisen,
wenn es eine Spektralliicke iiber dem Grundzustand gibt.

Schliefllich betrachten wir ein einfaches Modell fiir Ladungstransport auf Zylindern und
untersuchen den Zusammenhang zwischen der Periodizitat der Einteilchendichte und frak-
tionalem Ladungstransport.
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Abstract

We investigate Laughlin’s wave function on a cylinder. The results are of interest for the
fractional quantum Hall effect and for the classical statistical mechanics of charged particles
moving in a neutralizing background.

We show that Laughlin’s cylinder function is related to a “quantum polymer” system.
The L?-norm squared is a polymer partition function with translationally invariant activity.
The activity can be rescaled to a stable activity. The polymer system is related to a renewal
process. We show that if the renewal process has finite mean, Laughlin’s state on the cylinder
has a well-defined thermodynamic limit as the cylinder gets infinitely long, the radius being
kept fixed. The limiting state is invariant and mixing with respect to shifts along the axis. At
filling factor 1/p, the period is p times the period of the filled Landau band. On sufficiently
thin cylinders, we show that the associated renewal process has indeed finite mean and the
period mentioned above is the smallest period.

We define a class of modified torus and cylinder Laughlin-type wave functions. These
are still associated with polymer systems. The definition uses functions of compact support.
If the support is small, the cylinder function is associated with a monomer-dimer system,
and the torus function with a monomer-dimer system on a ring with possibly one additional
long polymer. The monomer-dimer case is solvable, and monomer-dimer cylinder and torus
functions are equivalent in the limit of long cylinders.

We interpret our result in view of Laughlin’s plasma analogy. We show that in the limit
of thin cylinders, our results on normalization / free energies and the one-particle density
are consistent with existing results on one-dimensional systems. We show that our bounds
on normalization constants are consistent with large strip asymptotics of the free energy of
a jellium system on a semiperiodic strip.

Laughlin’s function at filling factor 1/3 is the ground state of a suitable Hamiltonian.
We show that, on the cylinder, gapped infinite volume ground states of this Hamiltonian
necessarily display a kind of translational symmetry breaking.

Finally, we look at a simple model of bulk charge transport on the cylinder and examine
the relationship between our symmetry breaking result and fractional charge transport.
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Introduction

The classical Hall effect, named after its discoverer E. Hall, is a well-known electrodynamic
phenomenon: when a current Iy flows through a thin sheet of conducting material in the
form of a bar, subject to a magnetic field perpendicular to the sheet, a potential difference
Vi between opposite sides of the bar appears. According to classical electrodynamics, the
Hall conductance o = Iy /Vy is a linear function of the ratio n/B of the areal charge carrier
density and magnetic field strength.

Hundred years after the discovery of the Hall effect, K. von Klitzing and his collaborators
[KDP80] observed experimentally that at low temperatures, the Hall conductance is not a
linear function of n/B; instead, it has plateaus where the conductance equals an integer
multiple of a fundamental unit. This is the integer quantum Hall effect (IQHE). Later,
plateaus at fractional multiples were found [TSGS82], giving rise to the fractional quantum
Hall effect (FQHE).

Since their discovery in the early 1980s, the integer and fractional quantum Hall effects
have spurred a wealth of research among experimental, theoretical and mathematical physi-
cists. A large body of knowledge is now general consensus and can be found in one of the
many books and reviews on the quantum Hall effect, see e.g. [PG87, Yos98, DDPR04]. A
number of mathematical results are available (a good review can be found in [BvESB94]).
Some questions are still controversial while others have well-accepted, but yet unproved an-
swers. Meanwhile, the theory of the quantum Hall effect has reverberated on other fields,
including quantum computation [Day05], models for Mott insulators [LLO04], spin systems
[KL87] and rotating Bose condensates [WGS98].

The integer quantum Hall effect is in general explained in terms of independent elec-
trons (see however [SG04]). In contrast, electron interactions are of utmost importance for
the understanding of the fractional effect. Consequently, the FQHE led to an intense research
on the nature of the ground state of the electron gas in FQHE samples. Early numerical
computations confronted theoreticians with an interesting phenomenon: the degeneracy of
the ground state depends on the geometry of the sample. On rectangles with quasiperi-
odic boundary conditions - i.e., tori - a degeneracy, associated to a translational symmetry
breaking, was observed, whereas explicitly isotropic geometries like the disk and sphere had
non-degenerate ground states (see [Hal85] and the references therein). The degeneracy of
FQHE ground states on tori was initially dismissed as physically irrelevant [Hal85]. Later,
the very fact that degeneracy depends on geometry has been considered as an intrinsic fea-
ture of FQHE systems, in close connection with the notion of topological order now popular
among physicists [WN90]. From a more mathematical point of view however, it is not very
suprising that boundary conditions affect the finite volume degeneracy, and the interesting
question is whether infinite volume ground states are degenerate or not.

Today, it is widely accepted that electrons at FQHE fractions form an “incompressible
quantum fluid” whose bulk properties are well described by Laughlin’s wave function [Lau83].
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The wave function has been initially proposed to describe electrons on a disk, but since then
has been adapted to the cylinder [Tho84], torus [HR85b] and sphere [Hal83]. Laughlin in-
voked a plasma analogy to conclude that his disk function describes a homogeneous electron
gas. While the existence of the thermodynamic limit of the free energy for Coulomb systems
has been proved a while ago [LL72], analytical results pertaining to correlation functions are
more sparse, see the review by Brydges and Martin [BM99]. The homogeneity of the plasma
related to Laughlin’s function follows from numerical results; proofs are to our knowledge
still missing.

The present work is devoted to the study of Laughlin’s wave function on a cylinder. This
choice is motivated by the use of the cylinder geometry in another famous contribution by
Laughlin [Lau81], which has now come to be known as Laughlin’s argument. Let us briefly
sketch the main mathematical problem underlying this thesis. Consider the function ¥y of
N complex variables z; = x; + iy; defined through

Un(z1,.,2n) = H (ezj/R—ez’“/R)pe_%E;Llw?,
1<j<k<N

where R is a positive number and p an odd integer. The function ¥y has the period 27 R in
each y;. Thus we may consider that it describes a gas of N electrons moving on a cylinder
of radius R. The position of each particle is specified by a complex number z = = + iy; x is
the coordinate along the cylinder axis, y is an angular variable. Wy is Laughlin’s cylinder
wave function. The density of the gas at position z is

N

/ |Un (2,29 + iya, ... o +iyn)|*des dys..dzy dyy .
(Rx[0,27 R])N 1

One can show that the density is a function of the coordinate x alone and decays exponentially
outside [0,pN/R]. Thus Laughlin’s cylinder function describes a gas of electrons living on a
finite cylinder. The quantity v = 1/p is related to the average density and is called the filling
factor. At filling factor 1/p = 1 (referred to as the filled Landau level), the density can be
computed explicitly and is a sum of equally weighted Gaussians centered in integer multiples
of 1/R. The following conjecture pertaining to p > 1 is at the heart of the present work:

In the limit N — oo, well in the middle of the finite cylinder, the electronic
density approaches a function of the coordinate along the cylinder axis that is
periodic with minimal period p/R.

We will be interested not only in the one-particle density but also in other correlation func-
tions. We will look at the problem both in the FQHE context and from the point of view of
classical Coulomb systems.

The question of non-trivial periodicity on the cylinder is motivated by the combination
of the contributions of Laughlin to the integer [Lau81] and the fractional [Lau83] quantum
Hall effect. In [Lau81], Laughlin uses a the cylinder geometry and gauge invariance argu-
ments to explain the IQHE. It has been suggested [TW84] that a ground state degeneracy is
required on cylinders in order to reconcile Laughlin’s argument with fractionally quantized
Hall conductances; the simplest picture is a p-fold degeneracy associated to a p-fold transla-
tional symmetry breaking, as conjectured for Laughlin’s cylinder state. This rather heuristic
connection between ground state degeneracy is rigorously established for systems on tori. In
the Chern number approach, fractional quantization of the Hall conductance implies ground
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state degeneracy [KS90].

Our results are backed by a number of existing works. Rezayi and Haldane [RH94] in-
vestigated the dependence of the cylinder density py on the cylinder radius. They showed
that if the numbers of particles is finite and fixed, there is a well pronounced periodicity as
the radius R gets small. Similar results have been obtained numerically for the Laughlin-type
wave functions on tori [SFL105, LL04]. Let us mention here that the thin torus picture has
also been used for investigations on more complicated filling fractions, see e.g. [BKO06].

Laughlin connected his wave function to the theory of classical Coulomb systems by ob-
serving that the modulus squared of the disk function is the Boltzmann weight of a classical
one-component plasma. This plasma analogy can be transferred to the cylinder geometry.
The symmetry breaking phenomenon is well-known at coupling constant I' = 2, correspond-
ing to filled Landau level functions (i.e., Laughlin functions with filling factor 1/p = 1)
[CFS83]. Translational symmetry breaking has been proved to occur for one-dimensional
systems [Kun74, BL75]. Based on the T' = 2 and one-dimensional results, [SWK04] have
investigated numerically jellium tubes at coupling constants I" = 2p. Unlike in [RH94]|, they
vary the number of particles as well as the radius, and find that a periodicity appears in the
limit of long jellium strips; again, the amplitude of oscillations is large when the strip is thin.
The periodicity of the charge density in jellium tubes is conjectured also in [AGLO1].

In view of the plasma analogy, results on the L? norm of Laughlin’s wave function give
information on free energies. The asymptotic behavior of the jellium strip free energy as the
strip gets large has been examined by Forrester [For91], who also studied the plasma analogy
on tori [For06], motivated by the question of universal finite-size corrections of Coulomb free
energies (see also [TT04]).

Laughlin’s wave function is essentially the power of a Vandermonde determinant. It can
be expanded in Slater determinants of lowest Landau level basis functions; the expansion
coeflicients are closely related to the expansion coefficients of powers of Vandermonde deter-
minants, written as a sum over monomials. Di Francesco et al. [FGIL94] and Dunne [Dun93]
investigate Laughlin’s disk wave function from this point of view. The relation with the FQHE
has also spurred combinatorial work on the Vandermonde determinant [STW94, KTWO01].

The main point behind the proof of our results is a product rule for expansion coefficients
of Vandermonde determinants established in [FGIL94]. We use this product rule to represent
Laughlin’s wave function as a quantum polymer system: we choose this denomination because
of the analogy to the quantum dimer model, proposed by Rokhsar and Kivelson [RK88] as
an idealization of resonating valence bond states.

The thesis is organized as follows:

Chapter 1 gives a synthetic presentation of the Laughlin-type wave functions and some back-
ground material on particles in magnetic fields and Laughlin’s plasma analogy.

In Chapter 2, we prove the main results of our thesis: For sufficiently small cylinder
radius, the thermodynamic limit of Laughlin’s cylinder state exists and defines a periodic,
mixing state with minimal period p/R. The key ingredient is the representation of Laughlin’s
wave function as a quantum polymer. The L?-norm is a one-dimensional polymer partition
function. It satisfies a recurrence relation known in stochastics as a renewal equation. If
the associated renewal process has finite mean interarrival time, the (non-quantum) polymer
system has a well-defined thermodynamic limit, closely related to the thermodynamic limit



4 INTRODUCTION

of Laughlin’s state.

We define a class of solvable models by replacing Gaussians with functions of compact
support. The cylinder and torus functions can still be represented as polymer systems. When
the support of the compact functions is small, the system is a pure monomer system. As
the support gets larger, the system becomes a monomer-dimer system and then - without
intermediary steps - a system where polymers of arbitrary length have non-vanishing activity.
The monomer and monomer-dimer cases define solvable models. When the cylinder system
is a monomer-dimer system, the modified torus function is a monomer-dimer system on a
ring, with possibly one long additional polymer covering the whole ring, and we can prove
the equivalence of cylinder and torus wave functions in this setting.

We translate our results into the jellium picture. This allows an interpretation of results
on the asymptotics of normalization constants in terms of free energies, and also sheds some
light on the renewal equation.

In the last section, we reexamine the results in the light of the characterization of Laugh-
lin’s wave function at filling factor 1/3 as an exact ground state of truncated interactions
[Hal83, PT85, TK85]. We adapt an argument by Koma [Kom04] that shows that the sym-
metry breaking is to be expected if the truncated interaction has a gapped ground state.
This result should be understood as a consistency check of different assumptions on FQHE
systems: the FQHE ground state at simple filling fractions is expected to be gapped and
incompressible. If the truncated interaction with Laughlin’s wave function as ground state
reproduces this feature, symmetry breaking necessarily follows.

In Chapter 3, we examine the charge transport on cylinders (and tori). We recall Laugh-
lin’s argument and the Chern number approach. We present the Chern number approach in
a way that allows a simple comparison with the cylinder setting and prove that the adiabatic
curvatures in absence of background interactions can be expressed in terms of the one-particle
density. We examine a simple model of charge transport on cylinders, closely following the
approach to the IQHE in [Ric00], Chapter 1.

Acknowledgements At this point I would like to express my gratitude to Prof. R. Seiler
and Prof. E. H. Lieb for their continous support and their invaluable help. This thesis would
not have been possible without their contribution. I thank Prof. H. Schulz-Baldes for useful
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me, and R. Siegmund-Schultze for his help on renewal processes. I would also like to thank
Prof. Y. Avron for bringing [Osh00] to my attention and Prof. D. Brydges for pointing
out [TT04]. Furthermore, I am deeply indebted to colleagues, friends and family for their
support, patience and encouragement.



Chapter 1

Laughlin’s wave function

The object of this thesis is the investigation of Laughlin’s wave function on a cylinder. The
Laughlin wave function is essentially a power of a Vandermonde polynomial; it is a very
simple function, and in principle we could write down the function and the integrals defin-
ing the reduced correlation matrices, and formulate in a few lines the problem we wish to
solve as sketched in the Introduction. We take a different approach and give some back-
ground information, in more detail than strictly necessary for the proofs of the main results
of this thesis. The connection to the fractional quantum Hall effect is explained in Chapter 3.

Laughlin’s wave function was introduced as an approximate ground state for electrons in a
magnetic field. We start by recalling some basic facts on particles in a magnetic field (Section
1.1). Then we give the definition of Laughlin-type wave function in different geometries (Sec-
tion 1.2). The Laughlin wave functions are indexed by odd integers p, related to the average
density of the electron gas they describe. The function pertaining to p = 1 corresponds to
the filled Landau level; on a cylinder, it describes an electron gas with a periodicity along
the cylinder axis (Section 1.3). The Laughlin functions can be characterized as exact ground
states of truncated interactions, which we present in detail in Section 1.4. The existence of
gaps, of truncated interactions as well as “real” Hamiltonians, is related to the notion of in-
compressibility. Since the connection between these notions is often left implicit, we explain
this precisely in Section 1.5. Finally, we present the plasma analogy relating the modulus
squared of the wave functions considered to Boltzmann weights of classical one-component
plasma (Section 1.6).

Most of the material presented in this chapter summarizes well-known facts. The presentation
given here differs from the usual presentation by the simultaneous treatment of different
geometries and the addition of some details and proofs generally omitted in the physics
literature.

1.1 Particles in a magnetic field

The Laughlin wave functions are considered as good approximations to the ground state
of a two-dimensional, spin-polarized interacting electron gas in a magnetic field. Before we
introduce the wave functions, let us summarize some facts about the quantum mechanics of
charged particles in a magnetic field.
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In the following, the same symbol is used for functions and their multiplication operators;
the notation will not distinguish between a formal differential operator and the closed or self-
adjoint operators arising with suitable domain of definition. We do not specify the precise
nature of commutators.

Consider an electron of m and charge —e < 0 moving in the x,y-plane. A magnetic field
B = B.e, is applied perpendicular to the plane. Let A = (A,,4,) : R? — R? be a
differentiable function such that 9,4, — 0,4, = B.. A is the vector potential generated by
the magnetic field. The motion of the electron is described by the Landau Hamiltonian

1 1 ‘ ,
H= %(p +eA)? = %((—max + eAy)? + (—ihdy + eAy)?). (1.1)

With a suitable domain of definition, H defines a self-adjoint operator with discrete spectrum

e|B.|

m

o(H)={(n+ %)hw |neNy}, w:= (1.2)

Note that H does not include any spin contribution: the electrons are assumed to have all
their spins aligned (spin-polarized gas). The quantity w is called cyclotron frequency. Other
useful quantities are the fluz quantum ¢y and the magnetic length defined through

h  27h | h
=—=— =y ——.
%o e e’ e|B.|

The magnetic flux through a disk of radius I equals the flux quantum: |B,|27l? = ¢o. The
Hamiltonian commutes with the center operators

1 1
Cx 2:$+%(Z’y+€Ay)a Cy ::y_@(pr'f'eAz)
and the magnetic translations
t(a) = ei(alcf‘”%)/ﬂ, a = (aj,az) € R%

The magnetic translations act like usual translations except for a phase factor: (t(a)y)(z) =
e (z — a). Here and in the following, we identify C and R? in the usual way: z =
2+ 1y = (x,y). The magnetic translations satisfy

t(a+b) = eii(a/\b)/wt(a)t(b), aANb=aiby — asby

whence the commutation relation t(a)t(b) = e'(@"0)/F((b)t(a). As a consequence, two mag-
netic translations ¢(a) and ¢(b) commute if and only if the area of the parallelogram spanned
by a and b is an integer multiple of 2712, Let b := %(cm —icy). Then [b,b*] = 1. The lowest

Landau level N(H — hw/2) has a complete orthonormal set €2,,, m € Ny such that
(24 ) = (26"b + 1)IPQp, = (2m + 1)1PQy. (1.3)

The center operators are closely related to the coordinates x,y: for example, for all ¢ in the
lowest Landau level, the following identities hold:

(¢,29) = (¢, 29), (¢, (2% +4°)) = (&, (¢ + ¢ + 1)9),
(6,y6) = (¢:¢,®) (9, (D7 H) g) = (g, elnetuzen =" g),
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There are different possible choices for the vector potential A, giving rise to different, but
unitarily equivalent Hamiltonians. Two gauges are particularly useful: the symmetric gauge
and the Landau gauge. We give some details on these gauges. In the following, we suppose
that the magnetic field points downwards: B, < 0. This leads to the expression of lowest
Landau level wave functions in terms of holomorphic functions. The opposite choice B, > 0
would lead to antiholomorphic functions.

Symmetric gauge. In the symmetric gauge A = (—B.y/2, B.x/2), the lowest Landau
level is
N(H — hw/2) = {1 € L2(R?) | ¥(2) = f(z)e /% for some holomorphic f}

and the set of functions (2, )men, defined through

Qi (2) := L mellar, (1.4)
2rl2m!(212)™

is a complete orthonormal set of the lowest Landau level fulfilling (1.3). The magnetic
translations are

(H@)$) (2) = 32 *4(z ~ a).
Landau gauge. In the Landau gauge A = (0, B.x),
N(H — hw/2) = {¢ € L*(R?) | ¢(2) = f(z)e‘“”zﬂl?for some holomorphic f}.
The magnetic translations become

(Ha)p)(z) = ellerv=3ma)/Py(; — q).
For ¢ € S(R), let

eiky/ze—(x—kn?/zz?dk_

Vo =z [ o)

Note that (V¢)(x,-) is related to the Fourier transform of k — gf)(k)e_(””_’”)z/zﬁ. V extends
to a unitary map from L?(R) onto the lowest Landau level. Moreover,

d
VEV t=c,/l, Vi—V'=c¢,)/I
dk
and we can set €2, := V'F,,, where F,, are the Hermite functions. The set of functions (£2,,)
then forms a complete orthonormal system of eigenfunctions of ¢2 + 073.

The previous considerations apply to infinite samples. In practice, we wish to model finite
samples. The most popular geometries are the disk, cylinder or semiperiodic strip, and torus,
which we now describe.

Disk. In principle, the motion of an electron in a disk Bg = {z € C = R? | |2| < R} should
be modeled by a Hamiltonian in L?(Bg) with suitable boundary conditions. However, it is
more common to look at the Hamiltonian H in L?(R?) restricted to a spectral subspace of
2+ CYQJ. The corresponding lowest Landau level is simply span{€,, | 0 < m < M} where
M € N is the largest integer such that (2M + 1)I2 < R?, and ,, are as in (1.3).
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Infinite cylinder. Let R > 0. The expression (1.1) with periodic boundary conditions
t(2mRe, )1 = ¢ defines a self-adjoint operator in L*(R x [0, 27 R]) with spectrum as in (1.2).
The semiperiodic strip can be seen as a cylinder of radius R, the y-coordinate plays the
role of an angular variable. In the Landau gauge, the lowest Landau level has the complete
orthonormal set ¥y, k € Z with

Ve(2) 1= 1 oiky/ R g~ (a—kA1)? /21

- \/2rRlT

where 7 :=[/R. They are eigenfunctions of the center operator ¢,. The eigenvalue gives the
center of the Gaussian part of ¥: c, ¥, = kvlyr. The magnetic translations act as follows:

. . 2 .
Hmyles i = €1 M = i, taey i = ey = e Ry

for all n € Z and a € R. The Hamiltonian commutes with all translations in the y-direction,
but only with a discrete set of translation in the z-direction: t(ae,) preserves the boundary
condition (27 Re, )1 = v if and only if a - 27 R € 2wl*Z.

Torus. Let L > 0. We wish to define a Hamiltonian H in L*([0, L] x [0,27R]) through
(1.1) and the boundary conditions

t(Ley)t =1b, t(2mRe,)ih = 1.

This is possible if ¢(Le,) and (27 Re,) commute, i.e., L2rR = Ny - 2ml? for some Ny € N.
In this case, the flux through the surface is an integer multiple of the flux quantum ¢q:
|B.| - 2rRL = Ny, whence the denomination number of flures of Ny. The resulting
Hamiltonian has the same spectrum as in (1.2). Each eigenvalue is Ny-fold degenerate. In
e—w2/2l2

the Landau gauge, the lowest Landau level consists of functions ¢ (z,y) = f(2) where

f is holomorphic and satisfies
JE+2mR) = f(2), fz+ L) =N/ B (), (15)
The lowest Landau level has the orthonormal basis 1@;@, k € Z/NZ, where

k=Y Ukprng-

r=—00
The Hamiltonian commutes with magnetic translations t(ae, + be,) for vectors (a,b) in the
lattice yIZ x %Z, and

2TR ~

t(vlez)lﬁk = etreu/lyjy, = JJHI’ t(Tfey)w’“ _ e—iQTF’YCm/Nfl,t/;k — emi2mk/Ng T,

Finite cylinder. Let L >0, R > 0 and a,b € R, a < b. In the spirit of the disk approach
described above, the lowest Landau level on a cylinder is often modeled by a restriction to
the spectral subspace of ¢, where a < ¢, < b, i.e. the considered space is

span{ty | a < kyl < b} € L*(R x [0,27R)). (1.6)

A more satisfactory approach uses the spectral or chiral boundary conditions introduced in
[AANS98]. These are described in more detail in Chapter 3. Let us only mention the follow-
ing: the expression (1.1) together with spectral boundary conditions defines a Hamiltonian
in L?([a,b] x [0,27R]) with a spectrum of the form

o(H) = {e,(kI*/R) | n € No, k € Z}
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where eg(p) < .. < ep(p) < ... are the eigenvalues of a norm-continuous family of operators
h(p) in L?([a,b]). The “ground state curve” eq(-) satisfies eg(p) > hw/2 with equality if and
only if @ < p < b. Thus the ground state energy of H is hw/2. The ground state has the
orthogonal basis ¥y, where k € Z is such that a < kyl < b and the functions v, are considered
as elements of L?([a,b] x [0,27R]). Thus we recover essentially the space (1.6).

1.2 Laughlin-type wave functions

The previous section describes particles moving in a two-dimensional world subject to mag-
netic field, but otherwise free. The one-particle Hamiltonians have a discrete spectrum and
explicitly known eigenfunctions. The next step is to ask for the ground state of a gas of elec-
trons that interact between themselves and with a neutralizing background. We are looking
for the ground state of a Hamiltonian of the type

N

HN:ZZ;(pj—i—eAz] +ZW (z) + Z Vi(zj — 2z1).

j=1 1<j<k<N

V is essentially a 1/r-Coulomb interaction, adapted to the geometry (torus, cylinder..). In
the limit of large magnetic fields |B,| — oo, the gap fiw o |B,| separating the lowest Landau
level from the excited states of the one-particle Hamiltonian becomes large. Thus as an
approximation, one can look for ground states of II®N HNII®YN where II is the projection
onto the lowest Landau level. In the lowest Landau level, the kinetic energy gives a constant
Nhw/2, and we are left with the Hamiltonian

N
H®N (Z W(ZJ) + Z V(Z] — Zk))H®N.

j=1 1<j<k<N

Laughlin [Lau83] proposed a lowest Landau level wave function in the disk geometry that is
commonly accepted as a good approximation to the ground state, as far as bulk properties
are concerned. Later, Thouless [Tho84] adapted Laughlin’s wave function to the cylinder
geometry, and Haldane and Rezayi defined torus Laughlin-type wave functions [HR85b].
There is also an analogue for a spherical geometry, defined by Haldane [Hal83], but we shall
not use this wave function here. Let us mention however that the spherical geometry is
advantageous for numerical computations [HR85a, FOCS86].

Definition 1.1. Let [, R, L >0 and N,p € N and 2rRL = pN2nl?. Set vy :=1/R. Let

1 : =N )P ar
\I]N(Zl>‘-7ZN) = Pe > 1717/

1
— [ G-=
N N>j>k>1

2 2N—-1 2
N 1 S D DA
(er/R_ezk/R)pef J=1 J/QZ €

1
VN! N>jgk>1 (QWRlﬁ)N/Q

(21, 2n) == FY( gN H gl(u L —_ype — oz il 7
’ : 2R 27R
j=1 1<j<k<N

\If%(zl,..,zN) =

where 01 is Jacobi’s odd elliptic theta function and F is in the p-dimensional subspace of
holomorphic functions such that

F(Z +i2nR) = (~1)PW=YVE(Z), F(Z+L) = (-1)PWN-DepZ/BepLl/CRp(7y (1.7)
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These functions will be called disk, cylinder and torus Laughlin wave functions.

For N = 1, the products [, <j<k<n are empty. We follow the convention that the product
over an empty set is 1. The multiplicative factor in the definition of \II% is chosen so that
the normalization constant Cy = ||[¥$||?> has properties derived in the next chapter. We
refer the reader to [AS72] for a list of properties and to [FKO01] for a modern account on
theta functions. Let us recall some facts: let 7 € C with ST > 0. Jacobi’s odd elliptic theta
function is defined as

(o]
91(2 | T) - Z (_1)nei7r‘r(n71/2)2e2i(n71/2)z.

n=—oo

As a function of z, it is holomorphic, doubly quasiperiodic (see (1.8) below) with periods 1
and 7, and

01(z|7)=0 & Im,ne€Z: z=m+nr.

The zeroes of 01(- | 7) are simple. The fact that the holomorphic solutions of (1.7) form a
p-dimensional subspace follows from the theory of theta functions ([FK01], Chapter 7).

The wave functions of the previous definition are symmetric if p is even, and antisymmetric
if p is odd. They lie in the disk, cylinder and torus lowest Landau level introduced in the
previous section:

Lemma 1.2. 1. V{ € ®@Vspan{Q,, | 0 < m < p(N — 1)}, the lowest Landau level on a
disk with radius ((2p(N — 1) + 1))/21 (symmetric gauge).

2. U5 € @Nspan{yy | 0 < k < p(N — 1)}, the spectral subspace 0 < ¢, < p(N — 1)vl in
the lowest Landau level on a cylinder (Landau gauge).

3. Un | ([a,b] x [0,27R]))N is made up of wave functions in the ground state of the
Landau Hamiltonian in L?([a,b] x [0, 2 R]) with spectral boundary conditions, provided
a<0<p(N—-1~l<b (Landau gauge).

4. UL € @Nspan{yy, | k € Z/pNZ}, the lowest Landau level on the torus R/pN~IZ x
R/27RZ (Landau gauge).

Proof. 1. Let

Vn(z1, ., 2N) 1= det(zf_1)1<j7k<N — H (2 — 21)
T N>kl

be the Vandermonde determinant. Its p-th power can be expanded in monomials

Vn(z1, .., 2n)P = Z bn(mi,..,mn)zi " 20N

mi,..,MN

The Vandermonde determinant is a polynomial of maximal degree N —1 in each variable, thus
V¥ is a polynomial of maximal degree p(N — 1) in each variable and only 0 < myq,..,my <
p(N — 1) contributes to the sum above. The disk Laughlin function is V3, multiplied by
a Gaussian factor. The basis functions €2,, are monomials 2z times the Gaussian factor
e~ |217/47  Thys \Ilj’?, is a sum of tensor products of functions Q,, with 0 <m < p(N —1).



1.3. FILLED LANDAU LEVEL 11

2. and 3. The cylinder function is Vi (e*/, .., e*¥/F)P times a Gaussian factor. Using
Yp(z) = (QﬂRlﬁ)1/26kz/Re_k272/2e_9”2/252, we get

2_2 N—-1 .2
1 pl 2/2l2 e_p il Zj:(] J

Vv z1/R B zm /R\\P ,— Ge1 T
'( N(eFT e ))"e (27 Rl\/m)N/2

Z GN(ml,-~,mN)1/Jm1 ®®me

" 0<my,..,mNn<p(N-1)

\IJ%(Zl, ..,ZN) =

-4

where

a/N(mla 0y mN) = bN(m17 <ty mN)e’Y2 ij:l(mf_p?<j_1)2)/2'

This proves 2.. The functions ¥y are in the ground state of the Hamiltonian with spectral
boundary conditions in L?([a,b] x [0,27R]) if a < kyl < b, whence also 3.

4. The N-fold tensor product of the torus Landau level is the space of functions of the form
f(z1,..,2n) exp(— Zjvzl x3/2l2) where f is holomorphic and satisfies the quasiperiodicity
condition (1.5) in each complex variable z;, Ny = pN. Theta functions are holomorphic,
thus it remains to prove that

N .
_ iz —zk),. L\, a5 2
f(Zl,..,ZN) = F(ZZ]) H Ql(ThE)pe 202 2ej=1"
j=1 1<j<k<N
is quasiperiodic. This is checked using (1.7) and
01(z+7|7)=—01(z|7) =01(—=2 | 7), O(z+7T|7T)=—e 2O (2| 7). (1.8)

O

Filling factor. In view of the previous lemma, the Laughlin wave functions describe N-
particle states living on samples of size essentially pN - 27l2. This leads to an average density
1/(p - 2ml?) (see also Corollary 2.15). The one-particle lowest Landau level of e.g. the torus
space has dimension pN. Therefore the case p = 1 is called the filled Landau level. It
corresponds to an average density 1/(2m?) (see also the next section). The ratio 1/p of the
average density and the filled Landau level density is called the filling factor.

1.3 Filled Landau level

The filled Landau level function (p = 1), e.g., on the cylinder, is

UG =1 AL A AYn_1.

The one-particle density and other correlation functions have simple expressions. The n-point
reduced density matrix associated to an N-particle wave function Wy € L2(QV) is

N!
ON (215 s 205 215 ooy 20) = m/mvf UN (2155 Zny Wit 1, o, WN)

Un(2), o 20 wis, - wy)dw/| [P ]|?. (1.9)
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For W as above, it can be written as

on (21,205 21, oy 2) = 1! Z Yy A e ANy (21 00y 20)0my A oo A thm, (21, 0 20)-
0<m1<..<m, <N-—1

If we shift the function on the cylinder so that the origin is in the middle of the cylinder, the
sum ranges from —M to N — 1 — M where M is an integer close to N/2. Taking then the
limit N — oo, we get the expressions for the filled Landau level reduced matrices

(24, 205 21, o 2n) = ! Z Uy A o A, (215 oy 20)0my A oo Ay (21, 0, 20)-

My, mp €L

my<..<mn
The one-particle density is
§ =) = 3 ) = gy 3 e
’ ' =" 2RI/ '

Using Poisson’s summation formula, this can be rewritten as

1

2 (1 —G—ZZ —nimt R/ cos(2mnzR/1%)).

p(z) =

In particular, the one-particle density is independent of the coordinate y around the cylinder
and is periodic in the direction of the cylinder axis, of period I2/R = 7l. The amplitude of the
oscillations is large when the radius of the cylinder is small. The average of the one-particle
density is 1/(271?), which is the value of the constant one-particle density of the filled Landau
level on the infinite plane:

Bl o127 /202 1
Pplanc (2 Z [$2n | 27T12 Z n!(202)" o2

Note that as the radius R goes to infinity at fixed magnetic length [, we recover ppjane from
the cylinder density p.

The aim of the next chapter is to prove a similar statement for the cylinder function at
general filling factor 1/p, namely, that the one-particle density is a periodic function of the
coordinate along the axis. The period is just p times the filled Landau level period «I. The
amplitude of the oscillations is large when the radius of the cylinder is small. The average
density is 1/(p - 271?).

1.4 Truncated interactions

Laughlin’s wave functions are widely accepted as good approximations to the ground state
of the “true” lowest Landau level projected Hamiltonian II®YN HyII®V. An additional inter-
esting feature is that Laughlin’s state is the exact ground state of a modified Hamiltonian,
as observed in [Hal83, PT85, TK85].

This observation is interesting for several reasons. First, it allows an indirect approach to
the question of how far away Laughlin’s state is from the exact ground state: in the spirit of
numerical backward error analysis, we can compare Hamiltonians instead of ground states. It
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has been suggested to treat the difference between the lowest Landau level projected Coulomb
interaction and the truncated interaction as a small perturbation [HR85a.

Second, we can consider the truncated interaction as a toy Hamiltonian for the FQHE and ask
whether it reproduces features such as incompressibility and existence of gaps. The modified
Hamiltonian has been used also as a toy Hamiltonian for investigations on Mott insulators
[LLO4]. Finally, the characterization of the Laughlin state as an exact ground state will be
used in section 2.4 to investigate the equivalence of the cylinder and torus functions.

There are two a priori distinct definitions of truncated interactions. Haldane (see his contri-
bution in [PG87]) defines the interaction in terms of projections onto eigenfunctions of the
relative angular momentum, where as [TK85, PT85] characterize Laughlin’s wave function
as a ground state of projected A7é-interactions. Both approaches give the same result, as we
will see in this section.

The Laughlin wave functions at filling factor 1/p are characterized by the order of their ze-
roes: as two particles get close z; — z;, — 0, the wave function is O((z; — 2x)P). This makes
Laughlin’s wave function an exact ground state of AJd-interactions [TK85, PT85] projected
to the lowest Landau level. These lowest Landau level projected interactions define bounded
operators. In the lowest Landau level on infinite samples (or in the disk geometry), the
bounded operators are projections on eigenfunctions of the separation of the particles, mea-
sured through the center operators.

The definition of the operator in the disk geometry follows Haldane’s presentation in [PG87].
For the cylinder, the operators are presented in a slightly different way in [RH94]. The second
quantized expressions for the torus and cylinder that can be found in [SFLT05] and [LLO04]
will be recovered from our definition in Corollary 1.7.

Let H C L?*(R?) be the lowest Landau level in the symmetric gauge. The two-particle space
H ® H has a complete orthonormal set

wn,m(le;ZZ) _ Cn,m(zl + 22)71(21 . zQ)mef(\z1‘2+|22|2)/4l2’ mon € NO
(with ¢y, suitable normalization constants). Let
1 1
M= 75 ((e) =) + () —¢)?) - 3.
Here, we use the notation c&” =c, ®1, 0;2) = 1 ® ¢, and similarly for cg(,l),cg(f). Then

My, = mipy, . Thus (M) = Ny. The operator M is sometimes called relative angular
momentum.

Definition 1.3. Let ¢, 1;71 be the cylinder and torus lowest Landau level basis functions,
and v =1/R. For m € Ny, let F,,, be the m-th Hermite function (eigenfunction of —07 +k?)
and let P, PS, PL be the following two-particle operators acting respectively in the lowest
Landau level on the plane, cylinder and torus:

e P,, = PP is the projection on the eigenspace N(M —m) of M.
e PS¢ is the bounded operator determined through

(k1 — k2)y
V2

) Eo (22— ”2)7). (1.10)

(1/%1 & lﬁkg, Pgdjnl & 1/)n2) - 'Y\/iakl—i-kz,nl—&-ng Fm( \/5
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o PI is the unique bounded operator such that
(1/;]61 ® %Zkz ) Pgi’m ® /J)nz)

(kv — ko + sNyg)y (n1 —ngo +tNy)y
:’y\/izékﬁrk ,n1+na+rN Z Fm( )Fm( )
rez o ’ ! s,tEL: \/§ \/E

s—t=r mod 2
(1.11)

Remark. P,, is bounded because it is a projection. The boundedness of (1.11) follows from
the fact that the lowest Landau level on a torus is finite-dimensional. The decay properties
of the Hermite functions can be used to show that (1.10) defines a bounded operator of norm

IPSIl < V2y )~ Ful

L
e V2

see also (1.19) below.

The operators P*, R = D,C, T are associated to the projection of the delta function inter-
action

47Tl2 2 2 o :
Te\h 22| /4l l2in17225(31 — )
to the lowest Landau level. More precisely:
Lemma 1.4. Let A, _,, := (6871 - 6872)((%1 - 8%2) be the Laplacian with respect to z; — zs.

Let Hp be the lowest Landau level in the symmetric gauge, Hc the lowest Landau level on
the cylinder and torus. Let D = R?, C =R x[0,2rR], T =[0,L] x [0,27R]. Then for
Re{D,C,T} and f,g € Hp:

471'12 s d —2ol2/412 F
(f,PjRg): T/R(lsziﬁZz(e‘zl 2/4 fg))(z,z)dmdy. (1.12)

Proof. Assume without loss of generality [ = 1. For z1,20 € C let Z := (21 + zg)/\/i,

2= (21 — 22) /2.

We start with the symmetric gauge. First, remark that the right-hand side of (1.12) defines
a bounded sesquilinear form. To see this, consider first

b(z) = fF(2)e 2 y(z) = g(z)e1F17/4

two functions in the lowest Landau level. Thus f and g are holomorphic. By a classical result
on Bergman spaces, for » > 0 and m € Ny there exists a constant ¢, > 0 such that

o f

Ozm

2L 0)] < em /| )Py < e gl
z|<r

and similarly for g,. Thus

. — 2 62 T ;2
(A7 ¢pel=72) (0)] = |((45_5-) fo) (0)] < e 2ol ||

The boundedness of the right-hand side of (1.12) can be inferred from this. Since the left-
hand side is bounded too, it is enough to check (1.12) for functions f, g in a suitable complete
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orthonormal system. Let €,,,, m € Ny be the functions defined in (1.4). Let M, N, m,n € Ny
and

(21, 22) == Qu(Z)n(2), g(21,22) := AN (Z2)Q0(2). (1.13)
Then
(AL, e ==l fg)) (w,w)
e 1 J sm . n
= (QMQN)(\/iw)m(AZI—Z2Z z )(O)
_ (O 1 J . ..\m n
= (QMQN)(&U))W)(Azl 2o (Zl - 22) (Zl - 22) )(0)
= (QMQN)(ﬂw);(Sm i0n jminldd
2m2mtny/mlp!l 77
_ i
= Q]V[QN(\/iw);_ﬂ_(sm,j(an'
Since ) )
/ QuQn (V2z,V2y)dzdy = Q(QM;QN) = §5M,m
R2
we obtain

2, = j!
[ (8 e g w,w) = (. PP,

Functions of the form (1.13) form a complete orthonormal set in the lowest Landau level,
thus using the boundedness of PjD we get the desired result.

Now let us turn to a cylinder of radius R. Let v = [/R = 1/R. Again, it is enough
to check (1.12) for functions in a complete orthonormal system. The lowest Landau level
basis functions are ¥) (2) = (v/(2m/7))"/? exp(iny/R) exp(—(x — ny)?/2), n € Z. A simple
computation gives

Uy (22 (22) = V2B L2 (20702 (2).
Hence for f := 1, @ Ym,, 9 := Yn, @ ¥n,

(A, el == %(fg)) (w, w)

mi+ma ¥ngtng mi—mga 'ng—ng

The Hermite polynomials H,(z) satisfy the following generating function identity:

oo
e2:1(:t715 E

n

From this we deduce

z/?g(z)wg(z)e‘zlz/Q — 2;\/7? (K 4n?)/2 ykz gynz =2 (e +y?) /2
_ 2 6—72(k2+n2)/2evk2—22/467nz—z2/4

27r\/7_r
_ (k2+n2)/2 ) —r_s
N 271'\/_ Z 2’“+5r's' T orsplsl

r,5=0
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Since A = 400, we get

(AGTEAT) (0) = e O 2 () Hy ) = 2201 ) Fy )
(1.15)

where F,(z) = (2"n!y/7)"Y2H, (2)e* /2 is the n-th Hermite function. Combining (1.14)
and (1.15), we obtain

k
W/ V2 V2 (Vow) (B (L) Py 2

J 6\21—22\2/ £ w.w) = ~m .
(Azl 29 4(fg))( ’ ) \/ﬁ \/ﬁ))

Fial
-

But now
2l > /N2 /2
/0 dy/ dx(djml-i-mz nl-l-nz)(\/_a7 \/_y)

1 27r\/_/'y 00 3 3 1
= 2/0 dy/ dI(q/}gL/l-i-mzd}’Z{-i-nz)(x’y) = §5m1+mQ,n1+nz-

Thus we get
21—22]? r "Y kﬂy ny ]'
/(Ail —2,€ ‘ 122 /4(fg))(w,w) = o 6m1+m27ﬂ1+n2F](\/§)Fj(ﬁ) = E(fvpjcg)'
Now let us turn to the torus. Let T), = [0, N¢v] x [0,27/7], Ny € N. The lowest Landau

level basis functions z/;m are related to the cylinder functions through wm = Zkez Ym+kN; -
If f, g are two smooth functions, let

Gi(frg) = /T (&, el ===/ (fg)) (w, w)ddy.

Mimicking the reasoning done for the cylinder case, we get

k'y)

\[Nf'y Lk \/_2

my
(7

(1.1
where we used capital letters for sums of indices and small letters for differences (K =
k1 + ko, k = ki — ko). We are interested in

q; (";kl ®1Z)k2az/;n1 ®";n2) = Z qj (wk1+S1Nf ®wk2+52Nfawn1+t1Nf ®wn2+t2Nf) (117)
51,82,t1,62€Z

In view of (1.16), the sum vanishes unless K + SNy = N + TNy for some S,T € Z. Suppose
that K — N = rNy with r € Z. Note that

> Gatstitar(s1+ 52)b(s1 — 52)b(t1 — 1)

81,82,t1,t2€Z

=YY deralS)e)

S,s€L: T, teL:
S=s mod 2 T=t mod 2

=Y alS) > bs) D> b

S€EZ s=S mod 2 t=S+r mod 2

_ZZ (25 +a)) (D b(2s + ) (Y b2t + 7+ a))

a=0 SeZ SEL teZ
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Combining this with (1.16) and (1.17), we get

_ _ i (k4 sNp)y L (n+ENp)y
QJ(f7g)_ 27_‘_\/5 5262: Fj( \/5 )Fj( \/5 )

s—t=r mod 2

O

Lemma 1.5. The operators PjR are bounded, self-adjoint and non-negative. Let m € Ny and
Vo, Vi, .., Vi > 0. Let 1 be in the disk, cylinder, or torus lowest Landau level depending on
Re{D,C,T}. Then

YeNO VPl & VZ: Y(Z+27Z - 2) =, 0", (1.18)
7=0

Proof. The operators are bounded by definition (see also the remark following Definition
1.3), the self-adjointness is obvious for PS. For PS and PZ the symmetry follows from
Fj(—z) = (—1)7F;(z) or from (1.12). As a projection, P is obviously non-negative. To see
that PS¢ is positive, let

U: HC ® HC’ - ZQ(ZQ) = 12(2) ® l2(Z2)7 ¢n1 & wnz = (5n1+n27m6n1—n2,n)m,n62-

U is only a partial isometry since ny + no = n; — ne mod 2. Then

URf = (1o WAFWE DU, F = (F (e (1.19)

This implies the positivity of ch. To treat the torus case, let 5n,5 take the value 1 if n = s

mod 2Ny and 0 else, and let é,, = (05, 5)sez. Define

U: Hr®Hr —I12(Z/2N;Z2)?) = 12(Z/2N;7)%? (1.20)
~ ~ 1 . . . R
Yy @y ﬁ(enﬁrnz ® €ny—ny T €ny4na+N; @ em*aner)' (1.21)

Again, U is a partial isometry. Let

(n+2ka)7
Gj= 0 Fj(—F2 ez, Hj:=(Gj(n+Ny))nez.
kez V2 : ! :

Then
UPT =21 ® (|G){(Gy| + [H,) (H;) U,

whence the positivity of PjT. Thus the operators PjR are positive and ¢ € N (Z;n:o V;P;) if
and only if (v, Pij/J) =0 for j =0,1..,m. Let ¥(z1, z2) be in the lowest Landau level of two
particles and let I = 1. Write ¢(21, 22) = f(2422, 2 — z0)e|:1=221*/8 g6 that

A )
6. Pfw) = /R (A1 f2)(Z, 0)dX dY

where the Laplacian A, acts on the second variable of f(Z,z). Note that ¥(Z + 2,7 — z) =
O(|z|™*1) if and only if f(Z, z) = O(|z|™T1). Since functions in the lowest Landau level are
holomorphic up to a factor of the type exp(—ax? — by?), we can write for sufficiently small z

f(Z,z) = Z amn(Z2)2™2", 1£(Z,2) = Z b (Z)2"2"

m,neENy m,neNg
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and we get
(z/J,Pqu/;) = 4j+1j!7r/ b;;(Z)dXdy.
R

We proceed by induction on m. Suppose first (¢, Pf*1) = 0. Since by o(Z) = |f(Z,
f(Z,0) =0 for all Z and thus f(Z,z) = O(|z|). Now suppose (¢, Pdej) =0forj=
and by induction f(Z,z) = O(|z|™*!). Then

0)|? we get
0,..,m+1

m+1—k m+1
F(Z2)= > armrr— k2T O(2"2), bmrmar(Z) = D lakmi1—kl®
k=0 k=0

Thus (¢,P£+1w) = 0 implies ap m+yi1—r =0 for k=0,..,m+ 1. O

Now we can characterize the Laughlin-type wave functions as ground states of suitable Hamil-
tonians.

Proposition 1.6. Letp e N, Vg, ..,V,_1 >0 and N € N, N > 2. Define the Hilbert spaces
HE = ®Nspan{Qj [0<j<p(N-1)}
Hy = @Vspan{y; [0 < j < p(N — 1)}
HE = @Nspan{y); | j € Z/NsZ}.

Let TIX be the projection onto HEY in @Nspan{Q, | n € No}, and I, the projection onto

HS in @Nspan{v; | j € Z}. Let IIL be the identity in B(HL). For R € {D,C,T} let HE
be the N-particle Hamiltonian in B(HEY) defined as

HY=1F > (WP +. +V, 1B IR
1<j<k<N

where P7* refers to P acting on the j-th and k-th variables. Then Hﬁ, Hg have unique ground
states VR, WS HL has a p-fold degenerate ground state, the space of Wk functions.

Proof. By Lemma 1.5, HE is positive and a function ¥ € H% is in the null space of HI if
and only if for any j < k, U(z1,..,2n) = O(|z; — zx|?) as |z; — zx| goes to zero, the sum
zj + 2, and the variables z,,n # j, k being fixed. From this we see that the Laughlin-type
wave functions are indeed ground states, and it remains to show that these are the only ones.

The argument for the disk is simple (see Haldane’s article in [PG87]): let ¥ € HE. Then
there is a a polynomial of degree < p(N — 1) in each variable such that

\I/(zl, . ZN) = P(Zl, - ZN)e_ > \zj|2/412.

If W(z1,...,2nv) = O(|z; — zi|P) as z; — 2z, — 0, P is a multiple of (z; — z)?. Thus if
U € N(HE), there is a polynomial @ so that

P(z1,..,28) = Q(21, -, 2N) H (zj — z)P.

N>j>k>1

Since P has maximal degree p(N — 1) in each variable, @ is a constant and W is a multiple of
UL, The argument for the cylinder is similar: note that if ¥ is in H§;, there is a polynomial
P of degree < p(n — 1) in each variable such that

U(z,..,2n) = Py(e®/B eZN/R)efﬁ i,
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If ¥ € HY,, there is a holomorphic function f with the quasiperiodicity

f(z1,..,2; + 27Ri, .., z2n) = f(21, .., 2N),
flz1, .25+ L, ... 2n) = eNij/ReN?ZQ/zRQf(zl, <y ZN)
in each variable z; such that ¥(z) = f(zl,..,zN)e_m%E;vﬂI?. If U € N(HE), there is a
holomorphic function g such that

zj—z, . L

Fz1, . 2n) = glz1, -, 2n) H O (i i) (1.22)
1<j<k<N
The function ¢ satisfies for each j € {1,.., N}
g(z1,., 25 +i27R, ., zn) = (=1)PNVg(z1, .., 2n)
9(z1, 52+ L, .., 2n) = (—1)”(N_1)epziv=1 e/ RepL/2R g () 2n). (1.23)

Define a function G through g(z1,..,2n) = G(Z;-V:l Zj, %9 — 21, -, ZN — 21); equivalently,

N
1
G(Z, 2, .. 2N) = g(z1,21 + 25y 21 + 2), 21 1= N(Z - Zz;)
j=2

G is holomorphic. It follows from (1.23) that for by,..,bx € Z,

N
g(z1 +b01L, .., 2y +bnL) = (—1)p(Nfl)Be”BZ/ReLBQNRg(zl, . 2N), B = ij.
j=1
This can be used to show that G is doubly periodic in zg with periods iN2wR and NL in
each variable 2}. Since it is holomorphic, this means that G(Z, 23, .., zjy) = F(Z) for some
holomorphic function F. Thus g(z1,..,2n) = F(z1 + .. + zn). Together with (1.22) and
(1.23), this proves that ¥ is a torus Laughlin wave function W% as in Definition 1.1. ]

To summarize, we have shown that the lowest Landau level projections of AJ§-interactions
are the bounded operators defined in the beginning of this section, The Laughlin-type wave
functions can be characterized as the ground states of Hamiltonians defined with these trun-
cated interactions. This holds for even p as well as for odd p and requires no assumption
on the parity of the wave function. Some simplifications are possible when we do assume
something on the parity. We exemplify this for Laughlin’s 1/3-function and antisymmetric
functions.

Second quantized version. If we restrict to antisymmetric functions, we can express the
various Hamiltonians used in terms of fermionic creation and annihilation operators. Let us
recall their definition. For Q C R? and H C L?*(Q2), let F = @Pr_, AV H be the associated
fermionic Fock space. For r,s € N, the wedge product of f € A"(H) C L?*(Q") and g € A*H
is the element of A”T*H determined through

(r+s)!
74 !

(f/\g)(217--,2r+s) = AT+S(f®g)(zla--va+S)

Z Sgn (1) "7Z7F(T’))g(z7l'(7’+1))"7ZTK'(’I‘+S))'
\/r's' r+s)!

TES,+s
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where A,, is the antisymmetrisation operator in L?(Q") = H®". The wedge product of
f € N\H = C with g € A*H is f - ¢g. The map thus defined extends uniquely to a bounded
bilinear map A : F x F — F. For f € H, the creation operator ¢*(f) € B(H) is the operator
¥ — f A, and the annihilation operator ¢(f) is its adjoint. The truncated interaction has
a simple expression [L104, SFLT05]:

Corollary 1.7. Let p=3, N € N\{1} and R > 0. Let ,,, ¥, be the cylinder and torus low-
est Landau level basis functions, and ¢, = (1), én = c(iby). Let f(n) = ne="’/4, f(n) =
> rez f(n+6kEN). The N-particle Laughlin states at filling factor 1/3 on the cylinder and
torus can be characterized as the ground states of

Oky+kauny+na f (k1 — k2) f(n1 — na)eg, ¢k, Cny Cay,s (1.24)
O§k17k2,n1,n2§3N73
and B ~
> F@) () Ch s ChyeCrpnCay (1.25)

R,z,y€ZL/6NL
R=xz=y mod 2

acting in ANspan{t, | 0 < n < 3N — 3} resp. AN{4,, | n € Z/(3N)Z}.

Sketch of proof. (1.24) is obviously a second-quantized version of PX projected to A?span{ty, |
0 < k <3N — 3}, up to a positive multiplicative constant. The projection of P{’ and P{ to
antisymmetric functions vanish. Applying Proposition 1.6 with p = 3, we see that UL is the
unique ground state of (1.24).

The argument for the torus is similar. The computation needed to check that (1.25) is the
second-quantized version of P uses essentially the following: if (R,z) € (Z/6NZ)? is such
that R and x are both even or odd (this does not depend on the choice of representants
because 6N is even), ((R + z)/2,(R — x)/2) is well-defined as an element of (Z/3NZ).
Furthermore if (k1, k2) € (Z/3NZ)?,

Bt — ky mod 3N ki —ky =2 mod 6N ki —ky=2+3N mod 6N.

{Ry—kl mod 3N @{kl—ka—R mod 6N, {k1+k2—R+3N mod 6N,
T

O

Comparison of truncated interaction and projected Coulomb interactions. Let
V(]#1 — #2|) be a rotationally invariant interaction and II the projection on the lowest Landau
level H of in the plane. Then IT®2V (|2 — 25|)I1®?2 can be expanded in terms of the projections
P

M2V (|2) — 2o )I®2 = Z Vi P
m=0

The numbers V,,,, m € Ny are called pseudopotential parameters (see Haldane’s contribution
in [PG8T7]). For the Coulomb interaction V(z) = 1/|z; — 22|, they can be computed as

L(m+ %)

Vin = 2m/!

The truncated interactions Z?;é Vin P, can be viewed as the short-range part of IIVII. This
raises the question how large the error done by cutting off the long-range part is. Here, one
should be aware that two questions show up:
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1. Is f;i Viu Py, a good approximation to II®2VII®2?

2. Is the truncated many-body Hamiltonian from Proposition 1.6 that has Laughlin’s
function as its ground state, a good approximation to the lowest Landau level projected
Hamiltonian

N
N " V(g — )TN + TN Y "W ()TN 2
1<j<k<N j=1

The comparison of truncated and “true” lowest-Landau level projected Hamiltonians has been
performed by [HR85a] in a spherical geometry. On the sphere, the background potential W
gives only a constant contribution to the total Hamiltonian and the distinction between the
two questions blurs. [HR85a] found that the truncated Hamiltonian is a good approximation
to the lowest Landau level projected Hamiltonian. In samples with boundaries, the situation
is quite different: the truncated interaction is in general not a good approximation to the
true interaction.

Consider for example two particles in a disk. Let II3 be the projection in A2L?(R?) onto
span{Q,, A Q, | 0 < m,n < 3}, the Hilbert space of two fermions in the lowest Landau

level with center ci + cf/ < 3. The ground state of the truncated interaction II3P;Il3 is

(21 — 22)36_(‘2”2*"22‘2)/412. The ground state of II3V1I3, on the other hand, is Q5 A Qg3, as
can be shown by a simple computation. This reflects the fact that excess charge in Coulomb
systems accumulates at the boundary; this feature of Coulomb interaction is due to its long
range part and thus not captured by a truncated interaction.

Thus in samples with boundaries, the answer to the first question is in general negative.
However, this does not exclude that truncated Hamiltonian and the lowest Landau level
Hamiltonian including the contribution from a neutralizing background have similar ground
states.

It is interesting to examine the way the physics literature treats samples with boundaries.
For example, Laughlin [Lau83] compares his wave function to various “true” ground states:
these are obtained as ground states of Hamiltonians without background potential, projected
to the space of lowest Landau level many-body functions with total angular momentum
pN(N — 1)/2. The restriction of angular momentum is justified on grounds that this is the
angular momentum of Laughlin’s function at filling factor 1/p. A similar approach is used by
Dev and Jain [DJ91], and Girvin and Jach [GJ83] who even define the filling factor through
the total angular momentum (equation (9)). The conclusion of the numerical investigations
cited is that “true” ground states are close to the Laughlin state, but it seems to us that the
treatment or rather neglection of the background as well as the restriction to a given angular
momentum sector require more justification. Thus we feel that the numerical comparisons
of exact and Laughlin states in the spherical geometry [HR85a, FOC86] are much more
convincing.

1.5 Incompressibility and gaps

The aim of this section is to discuss the notion of a gap above the ground state and its relation
to incompressibility. We do this mainly because we will use gap conditions in Section 2.4 and
Chapter 3, and we wish to clarify the relation between the two in general different gaps that
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are used. However, apart from making things (hopefully) a little bit clearer, the following
considerations are not necessary for the understanding of the remainder of the thesis.

In the ground state of a quantum Hall system at certain densities, the electrons form an
incompressible gas (see below). This is justified by numerical results on the ground state
energy per particle and by the existence of a gap above the ground state. The relation
between gaps and incompressibility is often only sketched (see however [Yos98]); we give some
details here. As soon as one refers to systems of interacting particles, there are several natural
notions of gaps; this is implicit when one talks of the gappedness of different excitations and
raises the question which gap leads to incompressibility of the system.

Incompressible fluid at zero temperature. Consider a system of N particles moving in
a domain of volume V', modeled by a Hamiltonian with ground state energy E(N, V). Sup-
pose that the limit u(n) := limy_.. E(N,V)/N taken along suitable sequences of domains
such that N — oo, N/V — n, exists. The limit u is the energy per particle at density n and
temperature 0. Numerical computations [YHL83] suggest that for quantum Hall systems, u
is a piecewise differentiable function of n with a “cusp” at certain densities: for example,
du/dn is discontinuous at n, = (3-27l?)~!. The discontinuity of du/dn is the manifestation
of incompressibility. A system is usually called incompressible if its volume is independent
of the pressure. Let us briefly explain the connection to the cusp in u(n) and other charac-
terizations, e.g. discontinuity of the chemical potential (see also [Yos98]).

The bulk thermodynamics of a system with one species of particles is described by a set of
intensive parameters among which, at zero temperature, “only one is independent”: suppose
that in a neighborhood of a certain density n., the bulk thermodynamics is described by a
continuous curve J 3 s — (u,n,p, 1)(s), where J is an open interval and u,n,p, ;1 are the
energy per particle, density, pressure and chemical potential. We interpret the projections
of the curve to the (n,u) and (n,p) planes as the graphs of (possibly multi-valued) functions
u(n), p(n). Suppose that the energy per particle u is a continuously differentiable (single-
valued) function of the density n except at n = n, where it has different left and right
derivatives. Then by the usual thermodynamic laws, for n # n,,

d
p(n) = n*==

(this is just a different way of writing du = —pdv, with v = 1/n the volume per particle). In
particular, the pressure is a single-valued function of n except possibly at n = n.. Let

We require that the system has a non-negative compressibility, i.e., the density increases
when the pressure increases and vice versa. Then p_ < p; and the pressure is a continuous,
increasing function of n except at n = n, where it jumps from p_ to py. In view of the
continuity of s — (n(s),p(s)), it follows that at n = n,, the pressure can take any value
between [p_,p,]. Equivalently, we may say that the density is constant along the pressure
interval [p_,p4]: the system is incompressible.

Now let us turn to the behavior of the chemical potential. At zero temperature, the chemical

potential is

d(nu)
dn

w=u+pv=u+p/n= (1.26)
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where the last identity holds only in points of differentiability of u. Let puy = u+ py/n. If
n = n,, the chemical potential can take any value in [p_, ui]; by a slight abuse of language,
we may say that the chemical potential is a discontinuous function of the density. Equiva-
lently, the density is constant along the chemical potential interval [, p].

To conclude, we have the following manifestations of incompressibility:
e du/dn is discontinous at n = n,
e the volume per particle v is constant along a pressure interval [p_, py]
e the chemical potential is discontinous at n = n,

e the density is constant along a chemical potential interval [p_, p].

Different energy gaps. The incompressibility of a system, characterized through the
discontinuity of the chemical potential, is related to the existence of gaps. For example,
Girvin [Gir05] writes the discontinuity of the chemical potential at filling factor 1/3 as
Ap = 3(A4 + A_), where AL represent quasielectron / quasihole excitation energies (p.
158). On the other hand, the existence of a gap is also invoked to justify the application of
adiabatic theorems in the various quantum Hall effect arguments involving slow addition of a
flux quantum. This gap however is in general different from the gaps related to incompress-
ibility. For systems of interacting particles, two gaps can be considered: the gap at a fixed
number of particles, and the gap of a grand-canonical Hamiltonian H — ,uN . The disconti-
nuity of the chemical potential is related to these quantities, but in generals differs from them.

Let ‘H be the Hilbert space for the motion of one particle moving. For simplicity, sup-
pose dim’H = d < oco. Let F := @(Ii\/:o ANH be the corresponding fermionic Fock space,
Hy € B(ANH) the Hamiltonian for N-particle systems.

Gap at a fized number of particles. The first natural notion of a gap is simply the gap at a
fixed number of particles: let Eo(N) < E1(N) < .. be the (possibly degenerate) eigenvalues
of Hy. We shall refer to F1(N) — Eo(N) as the gap above the ground state of Hy (we
assume that Hy is not a multiple of the identity). This gap is essentially the gap used in
adiabatic theorems: typical quantum Hall effect gedanken experiments involve flux depen-
dent Hamiltonians Hy(¢) and use a condition of the type E1(N,¢) — Eo(N,®) > gmin > 0
for some ¢-independent ¢,,;n, at a given number of particles.

Discontinuity of the chemical potential. Since incompressibility can be characterized in terms
of the chemical potential, it is natural to turn to the grand-canonical ensemble. Let u € R
be a chemical potential, and

d
H —pN := @ (Hy — uNPy) € B(F).
N=0

Py is the projection on ANH, considered as a subspace of F. At zero temperature, the
expected number of particles is N(u) = trPHN /trP,, where P, is the projection on the
ground state of H — ,uN . For each number of particles N € N, we define left and right
chemical potentials p_(N) := Eq(N) — Eo(N — 1) and p4 (N) := Eg(N + 1) — Eg(N) 1 We

IThe definition of the chemical potentials p4 (N) appears in the work [LW68] on Mott insulators; there,
the nonvanishing of p14 — p— is related to Mott insulating behavior.
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assume that
VN eN: p_(N)<py(N), (1.27)

i.e., Ey(N) is a strictly convex function of N. For pu_(N) < pn < py(N), P, is the projection
on the ground state of Hy, considered as a subspace of F, so that

p—(N) <p < pi(N) = N(p)=N. (1.28)

In order to apply one of the criteria of incompressibility, we have to take thermodynamic
limits. We do this only at a formal level and restore the dependence of the volume in the
notation by writing p4 (N, V), Eo(N, V) instead of 4y (N), Eg(N). For large N, Ey(N,V) ~
Nu(N/V) = Nu(n) with n = N/V. Then

Eo(N+1,V)— Eo(N,V) = (N + Du(n+ %) — Nu(n) = u(n) + nu'l(n) =: py(n)
1

Eo(N,V) — Eo(N —1,V) =~ Nu(n) — (N — 1)u(n — V) ~ u(n) +nu’_(n) =: p_(n)

where we assume that u has left and right derivatives v’ and «/,. The previous relations are
consistent with (1.26). In the thermodynamic limit, (1.28) becomes
p—(n) < p < py(n) = n(p) =n.

The system is incompressible at a density n if the limiting value p4 (n) — p—(n) of the differ-
ence py (N, V) —u_(N,V) as N — oo, N/V — n does not vanish. Thus incompressibility
at zero temperature involves only the ground state energies Eo(N, V), and the existence of
gaps above the ground states of Hy in ANH is irrelevant.

Gap of H — uN . The discontinuity of the chemical potential has nothing to do with the gap
of Hy at fixed N. However, it is related to the gap of H — uN in F. More precisely, suppose
p—(N) < pu < puy (N) so that the ground state of H — uN coincides with the ground state of
Hpy. Then the gap

g(H = uN) := mino(H — pN)\{Eo(N) = uN} = (Eo(N) = puN)

above the ground state of H — uN is bounded by the discontinuity of the chemical potential
and the gap E1(N) — Eo(N) above the ground state of Hy in Hy:

g(H — uN) < min(Ey () — Bo(N), js (N) = (V). (1.20)
Proof of (1.29). Note that

g(H — pN) < min{Ey(N) — Eo(N)} U{Eo(N") = Eo(N) — u(N' = N) | N' # N}
= min{E1(N) — Eo(N), p+(N) = p, pp — p—(N) }
< min{E1 (N) — Eo(N), pt (N) = p—(N) }.

The second line is obtained by using (1.27) and writing for N/ > N + 1

N'—N
Eo(N') — Eg(N) — u(N' = N) = (Eo(N + k) = Eo(N +k—1) — )

ol
v

Eo(N +1) — Eo(N) — .

An analogous inequality holds for N/ < N — 1. O
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To summarize, we have the following relationship between the discontinuity of the chemical
potential and the two gaps: the discontinuity of the chemical potential has nothing to do
with the existence of gaps at a fixed number of particles, but involves only ground state en-
ergies Fo(N). In contrast, if H — uN has a gapped ground state, then the chemical potential
is discontinous and there is a gap at fixed number of particles, and the gap of H — ,uN is
bounded from above by these two quantities.

Finally, let us mention how the quantities are related for FQHE states: the FQHE state ad-
mits a curve of “collective excitations” depending on a wave vector k. The curve approaches
the discontinuity of the potential at small wavelengths (k large), but has a minimum smaller
than Ap ([HR85a, Gir05]). Thus the gap at a fixed number of particles is smaller than the
discontinuity of the chemical potential.

Remarks: 1. Independent particles. For non-interacting particles, the distinctions made
above are superfluous: the gaps and the discontinuity of the chemical potential equal the gap
of the one-particle Hamiltonian.

2. Different gaps for different excitations. In solid state physics, it is common to talk
of gaps for specific excitations. In this perspective, the gap at fixed number of particles
Ei(N) — Ep(N) is the gap for excitations that preserve the total number of particles. In
contrast, the differences Fy(N') — Eo(N) show up when we allow excitations that do change
the number of particles. This aspect reappears in the C*-algebraic definition of gaps for
systems with an infinite number of particles: two algebras of operators are introduced (in
Section 2.4, AV and A), and there are two notions of ground states and gappedness.

3. Gapless edge excitations. At this point we stress that the incompressibility and gappedness
of the FQHE ground state refer to bulk properties. It is well-known that on samples with
boundaries, there are gapless excitations. This can be explained with the spectral boundary
conditions (see p. 8 and p. 113). The Hamiltonian H with spectral boundary conditions
determines a splitting of the Hilbert space into invariant subspaces Hj and H, corresponding
to bulk and edge states. The gap of H restricted to bulk states Hj; is larger or equal to hw.
In contrast, the gap of H on the whole space L?([a,b] x [0,27R]) is bounded by

min{eo(kl*/R) — hw/2 | k € Z, kI*/R ¢ [a,b]},

where eg(p) is a continuous function with minimum 7w/2. In the limit R — oo, the magnetic
length [ and the interval [a, b] being fixed, the gap vanishes. Thus in the limit of large samples,
the Hamiltonian has gapless excitations, associated to edge states.

1.6 Plasma analogies

Laughlin interpreted the modulus squared of his wave function as the Boltzmann weight of
a two-dimensional one-component plasma. This analogy can be made in different geometries
and provides useful intuition when it comes to the translational symmetry breaking. In
this section, we shall describe the relevant plasma models, and give the Laughlin - plasma
analogy in the various geometries used. In order to compare free energies, special care must
be devoted to additive constants in the definition of energy functions.
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We use the following “Coulomb potentials”:

Vp(z) = —log|z|/Ro (z € C\{0}),

Vo(z) = —log |%§ sinh % (z € C\{27Rki | k € Z}),
2R 01 (2% | L) 22 _

= —log |=— 2B 12nR LZ + 27 RiZ)).

Vr(z) o8| 7 50| %)H SRL’ (z € C\(LZ + 27 RiZ))

The index D,C,T refers to the geometry (disk, cylinder, torus). The cylinder has radius
R, the torus is R/LZ x R/27RZ, and Ry is a reference length scale. The notation 6] (z|7)
refers to the derivative of 6, with respect to the complex variable z. The potentials fulfill
suitable Poisson equations, the cylinder and torus potentials have appropriate periodicity,
and all potentials behave as Vp for small |z|:

Properties: The functions Vp, Ve, Vr define tempered distributions ¢ € S(R?) — fR2 V.
Let 0, : ¢ — ¢(a). The following equations hold in the sense of distributions:

1

—AVp =2mby,  —AVo=21) doaerry  —AVr=27( Y dmikenr) — 5 p7)-

kez m,kEZ

Furthermore, for k,m € Z, we have
Ve(z+21Ri) = Ve(z), Vr(z+mL+ k27Ri) = Vp(z).
and Vor = Vp(z) +0o(1) as z — 0.

Thus Vp is a two-dimensional Coulomb potential. Vp is the 2D potential adapted to a sys-
tem confined to a strip [0, L] x [0, 27 R] with periodic boundary conditions in the y-direction
(i.e., a cylinder). Similarly, Vi is a torus Coulomb potential, i.e., adapted to the rectangle
[0, L] x [0,27R] with periodic boundary conditions. Vi is the potential created by a charge
(the dp-part in the Poisson equation), its images (the other Dirac distributions), and their
neutralizing background (the constant term).

Now consider a system of NN particles of charge ¢ and positions z; = x; + iy; moving in a
neutralizing background of charge density —ng on a disk, a cylinder or a torus. For R, L > 0,
let

D:={zeC||z|<R}, C:=[-L/2,L/2] x[0,27rR]=:T.

Now we can define the potential energy U,,« € {D,C, T} through

N
Ua(21, . 2n) 1= Z V(2 —zk)—nQQZ/Va(zj—z)dz
=17

1<j<k<N

+ (nq)z/ Vol(z — 2')dzdz" (1.30)

N =

where n = N/7R? if a = D (disk) and n = N/(2nRL) if o € {C, T} (cylinder or torus). The
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expression of the Boltzmann weights are:

e—BUD _ H|ZJ LIRS PIEL, r2 D (3 -log |45 ) (1.31)
Ry
i<k
2
e=0Ue — [ 2sinh ZL_2£ Z T Rk = Zkre-Tmn 22l =3 N if R = R, (1.32)
<k

2R 91 ) 2 342 N2r R
e BUT _ H| 2R 27rR |F6—F7rnzj<k(acj—xk) /NefN A /12€—TlogR—0 H(l _ u2n)2.
n=1

(1.33)

where I' = 3¢%, A\?> = I'/(47mnR?) and u = e~2"R*/L  Details on the computation can be
found in [FGIL94]| for the disk energy Up, [SWKO04] for the cylinder and [For06] for the torus
energy.

Remark: The reader may feel that we have done some overcounting in the definition of the
torus energy, since the interaction Vp already includes a background contribution. There is
however, a standard approach to the definition of energy functions for long range interactions
in periodic geometries (see [BST66] for the Coulomb interaction). In the following paragraph,
we briefly sketch this approach, which allows not only to check that our definition of the
torus energy Ur coincides with the more standard definition, but also to give a meaning to
a “periodic 1/r interaction” (used for quantum Hall samples on tori in [YHLS83]).

To simplify matters, we replace first the logarithmic interaction with an interaction V €
S(R?). The potential created by a uniform background, charges located in 21, .., zy € [0, L1]x
[0, Lo] and their images is

N

N

W(z;21,..,2n) = Z Z V(z—zj —m)— V(z — 2')dzd?’
j=1meA L1L2 R2

where A = [1Z x LoZ. Let p := Eévzl 0z — ﬁ be the charge density in the unit cell
[O,Lﬂ X [O7L2} Then

1
U, = 5 W — NV(0))
[0 Ll]X[O L2]

represents the energy of the unit cell minus the self-interaction of the particles. The energy
is in general reexpressed as [BST66]

Ulz1,2n) = Y (2 ];[(w(O) —V(0)) (1.34)

j<m

where ¥ (r) = L27£2 D okeAN{(0,0)} V(k)e™ " and A’ denotes the lattice dual to A. But U can
also be expressed by the formula (1. 30) w1th integrations carried out on [0, L1] x [0, L] and
interaction potential

=D V—m)— Y V(m)=v(z) - $(0) + V(0)
meA meA\{0}

so that V(0) = V(0). In view of Vi (z) = Vp(2) +o(1) as |z| — 0, this is the analogue of the
formula we used in order to define Ur. In contrast, (1.34) gives the more familiar expression

1 .
U(ri,..,r Z Z 2 — e (ri=rm) 4 const.

j<m keZ2\{(0,0)}
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A similar expression is used in [YHL83] to define the energy function used for numerical com-
putations for quantum Hall systems on a torus, except that 1/k? is replaced with const/|k|,
the two-dimensional Fourier transform of 1/|r|, and the resulting Hamiltonian is projected
to the lowest Landau level.

The plasma analogy relates the Boltzmann weights to the modulus squared of the Laughlin
type wave functions:

Proposition 1.8. Let R, WS, WP be the Laughlin wave functions at filling factor 1/p
defined on p.9, and e~ PUr e=PUc e=BUr the Boltzmann weigths as in (1.81), (1.32) and
(1.33). Suppose that T' = 2p and n = (p - 2wl?)~1. Then

(WD = U o~ T (3 -log| 451 (1.35)
5 (o1, 2n)P = e e e (s — (N /@R (1.36)
T '(Qﬂ'Rl\/_)N /
1T (21, .., 2n) |2 o< [F™( Z )2ewiz (i @) e=BUT (5 L. (1.37)
j=1

where the multiplicative constant in (1.37) can be determined from (1.33).

Sketch of proof. The first identity (1.35) is obvious. (1.36) uses the identities e® — et =
2 exp SH sinh *5* t and
N-1&
> (%‘erk):T Ty

1<j<k<N j=1

(1.37) is shown using

Z (zj — m)? NZx—ZxJ. O

1<j<k<N

The plasma analogy was used by Laughlin [Lau81] in the disk geometry to transfer knowledge
on plasma systems to the electron gas described by Laughlin’s wave function. The existence
of the thermodynamic limit of the free energy of the two-dimensional jellium system has
been proved in various geometries [SM76]. There is a wealth of numerical results on two-
dimensional jellium systems (see the references in [FGIL94]). They suggest that for coupling
constants below I' ~ 140, the plasma is translationally invariant, whereas it becomes crys-
talline above.

Semi-periodic strips should be seen as quasi one-dimensional systems rather than two-di-
mensional. The formation of Wigner crystals in one-dimensional jellium has been proved
[Kun74, BL75]. Motivated by this and the exact results on plasmas at coupling I' = 2 (corre-
sponding to the filled Landau level), [SWKO04] investigated numerically symmetry breaking
on jellium strips.

It is interesting to observe that the very analogy invoked by Laughlin to show that his function
describes a homogeneous gas suggests a non-trivial periodicity of the density on cylinders.



Chapter 2

Thermodynamic limits

The filled Landau level on a cylinder corresponds to an electron gas whose density is not
uniform, but has a periodicity in the direction along the cylinder axis, as we have seen in
Section 1.3. The main result of this thesis is that for Laughlin cylinder functions at lower
filling factor 1/p, a similar statement can be proved provided the cylinder radius is sufficiently
small. The period of the one-particle density is p times the period of the filled Landau level.
Furthermore, for thin cylinders the thermodynamic limit of all correlation functions exists.
The limiting state is mixing with respect to a suitable translation group. The proof of these
results is the object of Section 2.1. It makes crucial use of the representation of Laughlin’s
wave function as a polymer system and a relationship to discrete renewal processes. The
fundamental result is a statement on the asymptotics of normalization constants (Theorem
2.12) which allows to infer that on thin cylinders, the associated renewal process has finite
mean interarrival time.

Interestingly, the relationship with polymer systems subsists when we consider modified
Laughlin type wave functions. In Section 2.2, we define modified cylinder and torus wave
functions and show that, for a certain range of parameters, they are associated with monomer-
dimer systems, define solvable models, and monomer-dimer torus and cylinder wave functions
are equivalent in a suitable limit.

In Section 2.3, we look at the problem from the point of view of classical jellium systems.
We compare the jellium tube to one- and two-dimensional systems, and derive an inequality
from Newton’s electrostatic theorem. This inequality is related to a recurrence relation ful-
filled by the normalization constant of Laughlin’s wave function. The semiperiodic Coulomb
interaction is translationally invariant with respect to translations along the cylinder axis by
any real value. Therefore in the jellium tube picture, our results imply symmetry breaking
for all values of the radius. On thin strips, we know that the period is pl?/R, whereas on
large strips, the period might be I?/R, but in any case the one-particle density cannot be
constant.

In Section 2.4, we examine infinite volume ground states, among which we find the limits of
Laughlin’s wave function, of truncated interactions. The main interest lies in the relationship
between the existence of gaps and symmetry breaking.

29
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2.1 Laughlin’s cylinder wave function

In this section, we prove the main result of this thesis, namely that, at least for sufficiently
thin cylinders, the thermodynamic limit of Laughlin’s state at filling factor 1/p exists and
defines a state with a translational period that is p times the period of the filled Landau
level. The key ingredient is the representation of Laughlin’s cylinder function as a polymer
system. The norm squared Cn of Laughlin’s function is the polymer partition function of
a system of hard rods on the one-dimensional lattice Z with translationally invariant activ-
ity. It satisfies a recurrence relation known in stochastics as a renewal equation. When the
associated renewal process has finite mean, the thermodynamic limit of the polymer system
exists; Laughlin’s function essentially inherits this feature from the polymer system, as well
as clustering properties. The translational invariance of the limiting polymer state translates
into periodicity of Laughlin’s state. For sufficiently thin cylinders, the associated renewal
process has indeed finite mean, and pl?/R is the smallest period of the thermodynamic limit
of Laughlin’s state.

This section is organized as follows:

e In the first subsection, we give some basic properties of Laughlin’s wave function, and
in particular its expansion into Slater determinants of lowest Landau level basis func-
tions. The main result is that the expansion coefficients satisfy a product rule and that
Laughlin’s wave function can be represented as a polymer system. The product rule has
been shown to hold for expansion coefficients of powers of Vandermonde determinants
[FGIL94]. The novelty here is the observation that on cylinders, the product rule holds
also for the expansion coefficients of Laughlin’s function.

e In Subsection 2.1.2, we review well-known results on polymer systems and renewal
processes that will be used later on. The main message is that systems of hard rods
on a lattice with stable, translationally invariant activity are associated with discrete
renewal processes. When the associated renewal process has finite mean, the system
of rods has a nicely behaved thermodynamic limit, while processes with infinite mean
give rise to complications.

e As a consequence, in order to make the polymer representation of Laughlin’s wave
function useful, we have to answer two questions: Is the activity of the associated
system stable? Does the associated renewal process have a finite mean? These ques-
tions are answered in Subsection 2.1.3 by looking at the asymptotics of the L? norm
squared of Laughlin’s wave function. The answer to the first question is always positive.
For the second question, we have a positive answer only for thin cylinders; the proof
uses the polymer analogy and combines the well-known results presented in Subsection
2.1.2 with the fact that in the limit of large radii, all polymers except monomers have
vanishing activity. What happens for large radii is open.

e In Subsection 2.1.4, we prove that under the assumption of a finite mean, Laughlin’s
state has a well-defined thermodynamic limit. The limiting state is periodic in the
direction along the cylinder axis, and pl?/R is a period; furthermore, the limiting state
is mixing with respect to shifts by multiples of pl?/R. The results on one-dimensional
systems of hard rods presented in Subsection 2.1.2 serve as a guiding intuition, but our
results are quantum mechanical and thus go beyond Subsection 2.1.2.

e In the last subsection, we prove that on thin cylinders, the limiting state of Subsection
2.1.4 has pl?/R as its smallest period. Since Laughlin’s state can be characterized as
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the ground state of a Hamiltonian with period [?/R (see Section 2.4), this result shows
that there is symmetry breaking.

2.1.1 Basic properties

Laughlin’s wave function has a few number of basic, but important properties that we present
in this subsection. The simplest are two symmetry properties (Lemma 2.1). The second ob-
servation is that the one-particle density is a sum of Gaussians centered on the lattice IvZ,
and therefore, in the limit of infinite cylinders, the one-particle density cannot be constant:
at best, it can have a period that is a multiple of [?/R = v/ (Lemma 2.2). Laughlin’s wave
function is a sum of products of lowest Landau level basis functions (see (2.1) below). The
most important result of this subsection is that the expansion coefficients satisfy a product
rule (Lemma 2.4) that allows the representation of Laughlin’s function as a polymer system
(Lemma 2.6). Later, we will give an estimate of the activities of the associated polymer
system based on an auxiliary result proved in this subsection (Lemma 2.5).

The starting point is the intimate relation between Laughlin’s wave function and powers of
a Vandermonde determinant. Recall from the proof of Lemma 1.2 that

TS (21, .., 2n5) = \/% Z an(mi, .., MmN )Vm, @ oo @ Yy (2.1)

T 0<my,...mny<p(N-1)
any(my,..,my) :=by(mq, .‘,mN)e72 Xl (mi—p*(i=1)%)/2 (2.2)

where 9, (2) oc e/ Re—(v=m1)*/21” are the normalized cylinder lowest Landau level basis
functions and the coefficients by are defined through the expansion of the p-th power of the

Vandermonde determinant:

Vn(z1, ., 28)P = Z bn(ma,...mn)z] 2N

mi,..,mN

Remember that we give empty products the value 1, so that

P = [ -z =1=5b0)
1<j<k<1

and
1

V27 RI\/7

Let us explain here how the geometry affects the expansion. As observed by Dunne [Dun93],
the expansion coefficients of Laughlin’s function as a sum of normalized lowest Landau level
basis function is made up of two parts: in (2.2), we see that ax(mq,..,my) is the product of

by (m1,..,mn), coming from the expansion of the polynomial V3, and an exponential factor
z/Refrz/ﬂ2

US(2) = e = a1 (0)ho(2),  ar(0) = 1. (2.3)

that accounts for the fact that z — e is not normalized. A similar expansion holds
for the disk function. It suffices to replace the cylinder basis functions ¢ in (2.1) with the

disk basis functions Q(z) = zFe~2I*/4 (2712k1(212)F)~1/2 and to set

N

a%(mla XX} mN) = bN(mlv ) mN)(Q’/TF)N/z(H m]‘(2l2)m])
j=1

12, (2.4)

A comparison of this formula with (2.2) shows how the geometry enters the scene. The
difference in the contributions from normalization constants is responsible for the fact that
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cylinder expansions coefficients satisfy the product rule of Lemma 2.4 while disk expansion
coefficients do not.

The relationship of Laughlin’s function to powers of a Vandermonde determinant has been
exploited in [Dun93, FGIL94] and motivated combinatorial investigations [STW94, KTWO01].
We use here two properties of the expansion coefficients by ({m;}) proved in [Dun93, FGIL94]:
the reversal invariance (2.10) and the product rule and admissibility conditions (Lemma 2.4
for the by’s instead of ay’s).

Let us mention that although, to our knowledge, there is no closed expression giving by ({m;})
as a function of the m;’s, a number of formulas is available for specific m;’s: for example,

bN(07pa 7pN _p) = 17

bn(Lp,..p(N = 2),pN —p—1) = (-1)V"'p(p — 1)V 2, (2.5)
bu(s(N —1),s(N —1)+1,..,(s + 1)(N — 1)) = (=1) "> % p=2s+1,
(2.6)

see [Dun93], Section 6 for the p = 3 case of the formulas and [FGIL94]|, Section 5, for a proof
of the third identity. The equality (2.5) is proved in a way similar to (2.75) in the proof of
Lemma 2.23 below. Similar formulas are verified for N < 8, p odd, in [RH94]. Additional
formulas can be found also in [KTWO1].

Laughlin’s cylinder function is an eigenvector of total y-momentum and of a rotation by 180°,
which is defined as follows: let (so1)(z) := ¢ (—%) and for a € R,

(sa®)(2) := (t(aey)sot(—ae,))(z) = eiQ“y/ﬂw@a —2).

The rotation s, preserves the boundary condition ¢(z 4+ i2rR) = () if and only if a € %ZZ.
Moreover,

1
Vr e 52, Vk e Z: Srfyﬂ/)k = ¢2r—k- (27)

Lemma 2.1. Laughlin’s cylinder function is an eigenfunction of the total y-momentum and
of an overall 180° rotation around the middle of the cylinder:

N N
B N(N -1
Y e U5 = iy v = pPNIV=1) jge (2.8)
,_ — 3yj 2
Jj=1 j=1
N C C
SpN_1)y12 YN = TR (2.9)

Proof. The translational invariance in the y-direction (2.8) follows from the fact that V}; is
a homogeneous polynomial of total degree p(0 + 1+ ..+ N — 1) = pN(N — 1)/2 so that
an(my,..,my) vanishes unless m; + .. + my = pN(N — 1)/2. In [Dun93] (Section 6) and
[FGIL94] (Section 4, Property 0) it is shown that

bn(p(N = 1) =my,....p(N = 1) = m1) = by (ma, .., mn). (2.10)

This follows from

N1 1 1
TT A V(s = (P D2V (o2
i 21 ZN
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and the antisymmetry / symmetry by (mr (1), .., Mx(n)) = (sgn(7))Pby (M1, .., my); the per-
mutation 1 — N,2 +— N — 1, etc., has the sign (—1)N/2 = (=1)NIV=1/2 where | N/2] is
the integer part of N/2. Combining (2.10) and (2.2), we obtain

an(p(N —=1) —mp,...p(N = 1) —=mq) = an(mq,..,mn). (2.11)
The rotational invariance (2.9) then follows from (2.7) and (2.1). O

Remark. Following [Dun93], we will also say reversal invariance instead of rotational invari-
ance.

The symmetries have simple consequences for the reduced n-point matrices which we now
introduce. It is convenient to use the language of second quantization. We work out the
details only for odd p. Most of the statements however, hold for even p also; the most impor-
tant technical difference comes from the unboundedness of bosonic creation and annihilation
operators [BR79b].

Let F := ANH, H = L*(R x [0,27R]) be the fermionic Fock space over the infinite cylinder
and A the anticommutation algebra over H, i.e., the closed sub-algebra of B(F) generated
by 13(7) and the creation and annihilation operators c¢*(f),c(f), f € H. Laughlin’s wave
function defines a state on 4 through

(a)og = (UK, a¥R)/|[ UK.

If (-) is a state on A, the reduced n-point matrix ([BR79b], Section 6.3.3), if it exists, is the
function p(™ : (R x [0,27R])™ x (R x [0,27R])™ — R such that for all fi, .., fu, 1, .., 9n € H,

(e (f1)--c*(fn)e(gn)--c(91))

= /((R — gl(zi)..gn(zg)p(”)(z{,. s 203 21y ey 20) J1(21) e (20)d2 . d 2.
X s n

Put differently, it is the integral kernel of the operator p(™ in ®"H with expectation values

(919 ®gn, P )1 ® . @ fu) = (" (J1) € () lgn)--c(g1)).

Using (c(f)¥n)(22, -, 28) = VN [ f(21)¥n(21, .., 25)dz1, one sees that the reduced density
matrices of <>\I,% are given by integrals of the type (1.9). Thus the definitions given in
the section on the filled Landau level are consistent with the definitions given here. Let
cx = c(ir). The r-point reduced density matrix of ¥§, can also be expressed as

(7“) / . * *
Pn (215 205 21, oy 2) = 1 g (cml..cmTcnr..anq,%

0<ny<..<n,<pN-—p
0<mi<..<mp<pN-—p
ni4..Anp=mi+..4mp

Umy A e Ao, (21, oo 20000, A o Ay, (21, -0y 200)-
The restriction to my + .. + m, = ny + .. + n, comes from

PN (2 a2 —ia) = P (21, i 2,

which is a consequence of the translational invariance (2.8). In particular, the one-particle
density

pN—p

pN—
2
pN(2) = §V Z CrCh \I/CW)k () = Z ChCk) vqe el

271'Rl\/_
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is a sum of Gaussians, independent of the coordinate y around the cylinder. This will subsist
in the thermodynamic limit. Thus instead of looking at the one-particle density, we can look
at the sequence of occupation numbers (cjcx). The following lemma ensures a one-to-one
relation between the periodicity of the one-particle density and of the sequence of occupation
numbers.

Lemma 2.2. Let (ng)rez be a sequence of numbers in [0, 1] that is not identically zero and
p(x) =372 nglp(x)|?. Then any period of p(-) is a multiple of I?/R = ~vl. Moreover,
for p € N, p is periodic with period pyl if and only if (ny) is p-periodic. In this case the
Fourier coefficients of p can be expressed as

1 pyl )
je~2mik/p, (2.12)

pl T 27rl2 =

Proof. p = f x p is the convolution of a function f and a measure p

1 2 2
F)m s S
2w RI/7 =

Taking Fourier transforms, we get

5= o f = —(lx)?/4
p 2w f - i 5 ¢ i (2.13)
which should be read in the distributional sense, i.e., V¢ € S(R) : f =2m f f odyu.

Suppose i and v are tempered measures such that f*pu = f*v. Then f = f U. Since f
is a continuous, strictly positive function this implies /i = © and the injectivity of the Fourier
transform gives p = v. For h € R, let 7, be the shifted measure 7,u(B) = (B + h).
Suppose p = f * p is periodic with period h, then

(4 0)@) = pla) = pla 1) = [ T e — - y)dpty) = (f * )(e)

and thus 7_pp = p. Thus the support of p is invariant by a shift by h. Since the support
is non-empty by the assumption ), ny > 0, and obviously suppy C vIZ, h has to be a
multiple of vI. Now let p € Ng. If p is pyl periodic, so is u, whence ny4, = ny. Conversely,
if ng4p = g, p is obviously pryl-periodic. Let

L
a = e EmREIPTY o) d,
k(p) P p(z)
1 —i27kax /(pyl) —i27kyj/
ar(p) = — e Prh) d,u— E n;e IIP
Py o,y

Then
p= Zak V2T 0onk/(py1),  fb = Zak IV 27627/ (py1) -

keZ kEZ

(See [Sch73], p. 224-229 for an account on periodic distributions and their Fourier series.)
Together with (2.13) we obtain (2.12). O
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Remarks. 1. The previous lemma shows in particular that p cannot be constant, since con-
stant functions admit periods that are not multiples of +I.

2. The mapping (ng) — p is actually injective.

3. If we set p = 1, we recover the result of Poisson’s summation formula for the filled Landau
level (see Chapter 1).

4. There is an analogue of (2.12) for finitely many particles:

z) =Y nplYp(@)?, D k=N

keZ keZ
1 X omika/ (ol 11 e 1 —i2mjk
o = wikx /(pyl) dr = = 127j /p
Npryl /,Ooe plz)de p27rl2 Zn ¢

]EZ

5. For even p, Laughlin’s wave function describes bosons and the occupation numbers can
be greater than 1. We can relax the condition ny € [0, 1] to ny > 0 and the requirement that
(ny) is polynomially bounded in —oo and +oo (i.e., it defines a tempered measure).

Di Francesco et al. proved a necessary condition for the non-vanishing of by (mq,..,my)
([FGIL94], Property 3) and a product rule for the expansion coefficients by (Property 5).
These properties also hold for the expansion coeflicients ay. Before we state them, we give
some auxiliary definitions.

Definition 2.3. Let N € N, m = (mq,..,my) € Z¥. We say

e m is N-admissible if 0 < my,..,my < p(N — 1) and
k k

VEke{l,.,N}: ijzz (-1
i=1 i=1

with equality for k = N: Z _,m; =pN(N —1)/2.

e k is a renewal point of m if k € {0,.., N} and Z?Zl(mj —p(j—1)) =0. R(m) denotes
the set of renewal points of m. If m is N-admissible, R(m) contains 0 and N.

e m is reducible if it has a renewal point in {1,....N — 1}, and irreducible in the opposite
case.

The notion of admissibility is related to the majorization partial order ([HLP64], p.45): for
o,/ € RY, one writes a < « if the finite sequences () and (« "), rearranged in decreasing

order (ag(1) > ..Qp(N ) al gy = O ()), satisfy Ej 10 ) < Z; L oy forallk € {1,.., N}
with equality for k = Then

(Mr(1ys - Mr(n)) 45 N-admissible for all 7 € Sy
-~ (mlu "7mN) < (07p7 2p>“7 (N - 1)p) (214)

Furthermore, by a classical theorem ([HLP64], p.49) a sequence is majorated by the reference
sequence (0, .., (N — 1)p) if and only if there is a doubly stochastic matrix P such that

(my,..,my)" = P(0,p,2p,..,(N —1)p)*. (2.15)
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Renewal points of m correspond to block-diagonal stochastic matrices: if P is block-diagonal
with an upper left & x k block, k is a renewal point of m. By the Birkhoff-von Neumann
theorem, the set of doubly stochastic matrices is the convex hull of permutation matrices.
We will see that if ay(my,..,my) # 0, m is majorated by (0, ...,p(N — 1)) and the stochastic
matrix in (2.15) can be chosen as a simple average of p permutation matrices: P = %(Pm +

ot Pr,).
Lemma 2.4. Let (my,..,my) € ZV.
1. Ifany(my,..,my) # 0, then (mq,..,my) is N-admissible.

2. Suppose m is reducible with a renewal point k € {1,..,N — 1}. Then
any(my,..,my) = ag(my,..,mg)an—_r(mgr1 — pk,..,my — pk). (2.16)

Moreover, if my < .. < mp, then (mq,..,my) is N-admissible if and only if (mq, .., my)
is k-admissible and (my1 — pk,..,mn — pk) is N — k-admissible.

Note that the product (2.16) is 0 if one of the sequences does not have the correct admissibility.
Before we turn to the proof of the lemma, let us stress that the product rule (2.16) really
uses the cylinder geometry: remember that the Laughlin function expansion coeflicients
are made up of two contributions. The first, by(my,..,my), coming from the power of
the Vandermonde polynomial, always satisfies the factorization rule [FGIL94|, while the
normalization contribution (see (2.2) and (2.4)) does so only in the cylinder geometry.

Proof. The lemma is based on similar results holding for the coefficients by (mq,..,my),
proved in [FGIL94]. We give slightly different proofs. The proof of the equivalence of admis-
sibilities follows [KTWO01]. For simplicity suppose p = 3. The reasoning for other values of p
is strictly analogous.

1. Suppose an(mq,..,my) # 0. Then by (2.2), we must have by (mq,..,my) # 0. Writing

Vn(z1, . 2n)P = ( Z sgnﬁzf(l)_l...z;(N)_N)p (2.17)
TESN
= Z sgnmwoT H z;r(J)JrU(JHT(j){% (2.18)
T,0,TESN =1
we obtain
by(my,....,my) = Z SgUTOT. (2.19)
o, TESN:

Vi mj=m(j)to (i)t ()3

Thus by (m1,..,mn) # 0 implies that there exist permutations 7, 0,7 € Sy such that m; =
w(j)+o(j)+7(j) —3 for all j € {1,..,N}. Since 7 is in Sy, for all k € {1,.., N},

k
S or@) =Y i (2.20)
: =

Jj=1
with equality if K = N. Similar inequalities hold for o and 7. Adding them up, we obtain

k

k k
Y omy= (7(j) +o(i) +7() = 3) =Y (3]~ 3), (2.21)
j=1 j=1

j=1
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with equality for £k = N, whence 1.

2. Now suppose (m1,..,my) € Z~ is such that my + .. + my = 3k(k — 1)/2 for some k in
{1,..,N —1}. Let m,0,7 € Sy be such that m; = w(j)+o(j)+7(j) —3 for all j € {1,.., N}.
Then there is equality in (2.21) and in (2.20) for m, 0, 7. This implies that 7,0 and 7 leave
{1,..,k} and {k + 1,.., N} invariant, Let 7' € S be the restriction of = to {1,..,k} and
7" € Sy_j such that 7r(k—|—j) = 7r”( ) + k for all j € {1,..,N — k}. Define o/, 7,0”,7" in
a similar way. Then myy; — pk = 7"(5) + 0" (j) +7"(J) for all j € {1,..,N — k}. Therefore
(2.19) becomes

bN(mla "7mN)

= ( Z sgmr'a’T') ( Z sgmr”o”T”)

nl ol ! €S ol T ESN _:
Vi: my=n'(j)+o’ (§)+7/(5)-3 Vi mpyj—3k=n"" (i) 4! ())+7 (j)—3

= bk(ml, ..,mk)bN_k(ka,_l — 3k‘, N — 3/4;).

Since
N
> ((my =3k =3(j —k—1)*)
j=k+1
N N
= Y (m-3(G-1)? —6k2 J=30 1))=Y (mi-3(j 1)),
j=k+1 j=k+1 j=k+1

the exponential factors satisfy a product rule too, whence
an(mi,..,my) = ag(my,..,mg)an—g(mgr1 — 3k, ..,my — 3k).

Finally, let (mg,..,my) be N-admissible and increasing 0 < my,..,mmy < pN —p. We obtain
immediately the k-admissibility of (my, ..., my). It remains to see that (mg41—pk, .., my —pk)
is N — k-admissible. For r > 1, write

r k+r
> (mky;—pk—p(i—1) = Y (m;j—pj—1))
J=1 J=k+1
k+r

—Z p(G—1)) =0

with equality for » = N. If in addition m; < .. < my, the previous inequalities imply
0 < mppr —pk < .. < my—pk < p(N—k—1), so that (mgy1 — pk,..,mn — pk) is
N — k-admissible. Conversely, if (mq,..,my) is k-admissible, (mg+1 — pk,..,my — pk) is
N — k-admissible, one can check that (my,.,my) is N-admissible. O

Depending on the parity of p, the coefficients ay(m1,..,my) are either symmetric or anti-
symmetric functions of the m;’s. Thus if an(m1,..,mn) # 0, any permutation of the m;’s
is N-admissible, i.e., (my,..,my) is majorized by the reference vector (0,p,..,p(IN — 1)) and
can be written as a doubly stochastic matrix times this vector. In the proof of the previous
lemma, for p = 3, the only sequences that occur are of the form

mj =m(j) +0(j)+7() =3, j=1L.,N
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Put differently,

1
3 (Pr + Py 4 P)(0,3,.,3(N = 1)".

Thus we can choose the stochastic matrix as a simple average of permutation matrices. This
holds for all p € N with the obvious modifications.

(ml,..,mN)T =

If ay(ma,..,my) # 0, the N-tupel (m;) is majorized by (p(j — 1)). This means that the
m;’s are less spread out than 0,p,..,p(IN —1). The following lemma quantifies this “less” for
irreducible sequences by comparing their variances. This amounts to a comparison of sums
of squares, since

N N 1 1N
22 — my) :NZ ij)QZNZm?—(NZP(j—l))Q-
<k Jj=1 Jj=1 Jj=1 j=1
Lemma 2.5. Let m € ZV be N-admissible, irreducible and increasing: my < .. < mpy. Then
N
> (mi-p*(—-1)°) < —(p+1)(N-1). (2.22)
j=1

If mq < .. < my, the upper bound is —p(N — 1).
Proof. Let 0 < my < .. <my < p(N — 1) be N-admissible. Then

N

Vk € {0,.,N}: ng =Y (m; —p(j—1)) >0,

j=1

nyg = ny = 0, and m; = p(j — 1) +n; —nj_1, j = 1,..,N. The monotonicity of (m)
translates into

Tj4+1 —2nj—|—nj_1 +p2 1, j: 1,..,N. (223)
A summation by parts gives
N N-1
Z(mQ— “(G-17% Z”y P+ —2n;+n) < —(p+1) Zny
j=1 j=1 j=1

The irreducibility of (m4,..,my) implies n; > 1 for j € 1,..,N — 1, whence (2.22). If
my < .. < mpy, the lower bound in (2.23) is 0, and the summation by parts gives the upper
bound —p(N —1). O

The previous lemma will be important later on. It allows to prove that long polymers in an
associated polymer system have small activity.

The factorization rule (2.16) leads to a representation of Laughlin’s wave function in terms
of “building blocks” that is reminiscent of polymer systems (see next section). Let I' :=
{{j,-wj+n—1} | j € Z,n € N}. Elements of I" will be referred to as rods or polymers.
For XY € T, we write X < Y ifx < yforall z € X,y € Y. For N € N, let Py
be the set of ordered partitions (Xi,..,Xp) of {0,..,N — 1} into rods: X; < .. < Xp,
{0,...,N =1} = X1U..UXp. For j € Z, N € N and odd p, define:

U{j,..j+N—-1} = Z an(ma, ., MmN )Ymy1pj A A Vmyp;-

0<mi<..<mpy<pN-—p
irreducible
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(The definition for even p is similar: ®; instead of A.) In view of (2.3), the monomer functions
are simply

ugj = Yy (2.24)
Thus for X € T" with N(X) > 2,, ux is an antisymmetric function of N(X) = |X| complex
variables made up of Gaussians ¥, with k£ € pX. Moreover, the magnetic translations act as

®N(X)

t(jpyles) Ux =uUjrx, JE€ZL

Lemma 2.6. Let p € N odd, N € N and Py the set of increasingly ordered partitions of
{0,.., N — 1} as defined above. Let I C R and Q =1 x [0,27R]. Then

\I/N:Z Z ux, \N.. \Nuxp (225)

D (Xi1,...Xp)EPN

1251y =D, Y. ®(X1)- .- ®(Xp) (2.26)
D (Xi,.,.Xp)ePn

where ®(X) := HUXH%Z(QN(X))'

If p is even, a formula similar to (2.25) holds with symmetric products ®; instead of wedge
products; (2.26) holds unchanged.

Proof. We start with

\I/]C\; = Z aN(ml,..,mN)z/)ml /\../\’(/)mN. (227)
0<mi<..<my<p(N-—1)

Only admissible sequences contribute to the sum. Let m be an admissible sequence with
renewal points R(m) = {ro,..,7x}, 0 =19 <7y < ..<rp = N. Then

an(Mmiy e, MN)Umy A o Ay = (arl (M, ey M)y A A ¢mr>

A A <amm1 (M1 = Py ooy Mo = PTY)Ym, A A me>,

and the subsequences (mq, ..., My, )yeey(My 41 — PTky -.., My — Pry) are irreducible. When R =
{ro, .., } is kept fixed and we sum over sequences m with renewal points R(m) = R, we
obtain

Up, A t(rm’yl)@’(”_”)um,r1 AL A t(rk,lp'yl)(@(N_”“*l)uN,kal. (2.28)

Each strictly increasing sequence 0 = rg < r1.. < rp = N defines a partition of {0,.., N — 1}:
the points are interpreted as starting points of rods, we get the partition X; = {0, ..,7 — 1},
Xo = {re,..,r3 — 1},.., Xy = {rx—1,.,N — 1}. The function (2.28) is nothing else but
ux, A..ANux,. Thus if in (2.27) we sum first over sequences m with a given set of renewal
points and then over all possible sets, identified with the corresponding partition, we obtain
(2.25). For the normalization constant, note that

N
||W%||%2(QN) = Z |aN(m17 -‘7mN)|2 H me]H%Q(Q)
j=1

0<my<..<my<p(N—1)

(2.29)

N
g g+ n-13 T2 @n) = > jan (ma, o) ? T om0
0<m1<..<mpny<p(N-1) j=1

irred.
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This follows from the orthogonality of the functions with respect to y-integration:

{mla --7mN} # {nl, ..,nN} =

/[ (O R Vo A Ao ) 0 i 2+ )y =0
0,27 R)N

Summing in two steps, as for the proof of (2.25), gives (2.26). O

Ezample. Tt is instructive to work out by hand the polymer representation for two particles
and p = 3. We have

1473730, (j—1)?
27 RI\/T

((6322/1% _ e3z1/R) _ 3(6222/R621/R _ eZQ/ReQZl/R)>

UG (21, 29) = —=(e72/ B — o=t/ R)3p=(aitad) /217 £

6—972/2
27 RI\/T

Sl Sl

= 37 (4390 A hg — 337" P29 A 4,
Yo NP3 — 3¢~y A V2.

This can be rewritten as

o2
U =ugoy Augy +ugory, oy = Yo, Uy =3, ugoay = —3e > 1 Ao

The previous lemma gives the normalization constant as a polymer partition function. It
turns out that the correlation functions are closely related to those of the associated polymer
system, which we describe in the next section. Moreover, there is an analogy to the dimer
model introduced by Rokhsar and Kivelson [RK88] as an idealization of resonating valence
bond states (RVB). Consider a lattice of spin 1/2-particles. To each dimer covering of the
lattice, we can associate a state where lattice sites in a dimer form a singlet. The sum of states
corresponding to different dimer coverings is an RVB state. Different dimer coverings do not
give rise to orthogonal functions. Nonetheless, [RK88] propose a model of hard core dimers
on a lattice, where wave functions corresponding to different dimer coverings are defined as
orthogonal. The representation obtained in the previous lemma is similar: Laughlin’s wave
function is a sum of contributions from different polymer coverings, and the contributions
from different coverings are orthogonal. Thus we may call the Laughlin function a quantum
polymer system.

2.1.2 Associated polymer system

By the results of the previous subsection, the L? norm squared Cy of Laughlin’s wave function
is a polymer partition function. More precisely, it is the grand-canonical partition function
for a system of hard rods on the one-dimensional lattice Z. The normalization Cp satisfies a
recurrence relation known in stochastics as a renewal equation. In this subsection, we give a
short overview of results on polymer systems, discrete renewal processes and thermodynamic
limits of systems of hard rods on Z. This will allow us to infer results on the asymptotics of
(Cn) and will serve as a useful guiding intuition for the thermodynamic limits of correlation
functions in Laughlin’s state.

We begin with a brief overview on systems of polymers on a lattice. We proceed with a short
summary on discrete renewal processes, and then present results on the thermodynamic limits
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of systems of hard rods. Let us summarize the main aspect of the hard rod system. The
recurrence relation satisfied by the partition function is equivalent to the formal power series
identity

1+§:C . S
n=1 ! 1= 3200 ot

The number «,, > 0 is the activity of a rod of lenght n. We assume that the power series
have a non-vanishing radius of convergence (this amounts to a stability assumption on the
activity (a,)). Then one of the following conditions must hold:

1. There exists some r > 0 such that > a,r™ =1 and ) na,r™ < co. (The renewal
process with interarrival distribution (r"cv,) is positive recurrent.)

2. There exists some r > 0 such that > oa,r™ =1, but > na,r"™ = co. (The renewal
process with interarrival distribution (r"a,,) is null recurrent.)

3. The radius of convergence r of ) a,t" satisfies > 7", < 1. (The renewal process
with interarrival distribution (r™«,,) is transient.)

In the first case, the polymer system has a well-behaved thermodynamic limit (see Propo-
sition 2.9 below). In the second and third cases, one needs in general additional knowledge
on the coefficients (a,). Typically, in those cases for large volumes, the polymer system will
tend to fill the whole volume with a few number of long rods ([Gia07]). For Laughlin’s cylin-
der function, we will see that we are actually in the first case for sufficiently thin cylinders.
What happens on thick cylinders is open.

The summary on lattice polymer systems follows [GK71]. An account on discrete renewal
processes can be found e.g. [Fel62] in the sections on recurrent events. The recurrence relation
for the one-dimensional system of hard rods is used in [IVZ06]. For monomer-dimer systems,
it boils down to the two-step recurrence relation of [HL72], Section III. Generating functions
and renewal theory have been applied to a large variety of biochemical models and the models
are still an active field of research in probability theory [Lif64, BD77, Fis84, CGZ06, Gia07].
These are frequently termed polymer models. Let us stress however that there is a slight
difference in the use of the word “polymer”: in this thesis, we use “polymer” essentially
as a synonym for “hard rod” and look at partitions of intervals into rods. Renewal points
correspond to starting points of rods. In the biochemical models evoked above, one typically
looks at the configuration of one single long polymer (a molecular chain, a double string of
DNA..), possibly in more than one dimension. Renewal points are points where “something
happens”, e.g., the polymer chain hits a wall.

In a lot of models, the coefficients («;,) are functions of some parameter. When the parameter
is varied, it is possible to switch between one of the three cases above. This gives rise to a
phase transition; depending on the model described, one finds among others, the denomina-
tions localization-delocalization transition, wetting transition, denaturation transitions. The
intermediate case 2. corresponds to a critical regime.

Lattice polymer systems

We start with a brief overview following [GK71]. A polymer is a set X C Z¢. The cardinality
of X is denoted N (X) and may be viewed as a number of sites in X. Monomers are polymers
with N(X) = 1, dimers correspond to N(X) = 2, n-mers to N(X) =n (n € N). The activity
isamap ® : ' — [0,00[. Allowed configurations of the system are subsets {X1,.., Xp} of T’
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that define a partition of A: A = X;U-..UXp. The activity ® defines a probability measure
P through

PA({{X1, ., Xp}t}; @) = ®(X1) - .. - ®(Xp)/Qn[®]
with the polymer partition function

Qo= 3 B(Xy)- .- B(Xp). (2.30)

{X1,-,.Xp}

The sum ranges over all partitions of A into polymers. If the activity of monomers is ®({j}) =
1, the monomers can be interpreted as empty sites and we can rewrite Q5 as

Qo= > e(Xy) - .B(Xp)e PUKXD)

X1,.,XpCA:
N(X;)>2

where U(X1,..,Xq) is 0 when X; N X; = for all i # j, and oo else. Thus Qa is the grand-
canonical partition function for a hard core interaction. The pressure and correlation func-
tions are defined through

1
Bpa == —1log Qa,
|A|

pa(X1,., X)) == > B(X1)..B(X,)D(V1) - .- B(Y,,)/Qn.

{Y1,...Yn}:
X1U. XpUY U, Yn=A

The correlation functions give the probability of finding the polymers X1, .., X,,. The sum
rule

VeeA: Y pa(X)=1 (2.31)

Xz

expresses the fact that every site of Z is covered by exactly one polymer. One can show that

Qv > QaQnr- (2.32)
For £ > 0, £N® denotes the rescaled activity
(EV2)(X) = V(X).

The probability measure Py and the correlation functions p, are invariant with respect to
such a rescaling, whereas

QalgN @] = ¢MQ,[@].
The activity is called stable if

o (X)
XZaON(X) < 0

and translationally invariant if ®(a + X) = ®(X) for all a € Z%.

We will be interested in one-dimensional lattice systems where ®(X) = 0 if X is not of the
form {j,..j + N(X) — 1} for some j € Z. Such systems are closely related to discrete renewal
processes, which we now briefly describe. Details can be found in the book by W. Feller
[Fel62] in the sections on recurrent events.
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Discrete renewal processes

A point process on N is a (discrete) renewal process if the waiting times between consec-
utive events are independent identically distributed random variables. More precisely, let
(Q,F, P) be a probability space, E := P(N), and & the standard o-algebra on E . Let
R: (Q,F) — (E,&) be a random variable. We call R a renewal process with interarrival
distribution (pn)nenufoo} if there is a family (7),),en of NU {oo}-valued, independent iden-
tically distributed random variables on € such that P(T; = n) = p, for all n € N U {oo}
and
R(w) ={S,(w) | n €N, S,(w) < o0}

for all w € Q, where
Sn(w) = Tj(w).
j=1

The elements of R(w) are called renewal points, and the renewal probability is
Uy, == P(“n is a renewal point”) = P(n € R) = P(3k € Ny : Sk =n).

If T; takes the value oo with a non-zero probability, the process is called transient.

Ezample: Bernoulli process. Let 0 < p,q < 1 with p+¢ = 1, and let (X,,)nen be independent
random variables such that P(X,, =0) = ¢, P(X,, =1) = p. Define R as

R(w) :={neN| X, (w) =1}.

Then R is a renewal process with geometric interarrival distribution and constant renewal

probability:
1 1

, Uy =P = =
" Zk kpy

More generally, the renewal theorem says that if (p,,) is aperiodic (i.e. the greatest common

divisor of {n € N|p,, >0} is 1)

lm w, =1/p, p:= Z npp, (2.33)
e neNU{co}

VYneN: p,=pq""

with the convention 1/co = 0 and oo - 0 = 0. The proof makes heavy use of the renewal
equation
Yn>1: wup,=piuy—1+patn—o+.. +pp_1us +b,, b,:=P(S;1=n). (2.34)

Here, b,, = p,, but the equation holds also for renewal processes where T = 57 is allowed to
have a distribution different from (p;). These are called delayed renewal processes. This is
best seen by writing

n n—1
up = P(3k: Sy =n)=P(S1=n)+»_ > P(Sp=nand T) = j)
k=2 j=1
n—1 n
=P(Ty=n)+ Z ZP(Skfl =n—j)P(Ty = j)
=1 k=2

n—1
=b, + Z Up—jDj-
j=1

!Subsets A C N are identified with their characteristic functions x4 € {0,1}Y, and on {0, 1} we consider
the o-algebra generated by the cylinder sets.
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This recurrence relation is equivalent to the formal power series identity

= U tn _ Z;L.Ozl bntn
E n =
n=1

1= 3 pat”

or, if b, = p, and with ug := 1

o0 - 1
Z Upt” = 15 fo;l ot

n=0

For a given interarrival distribution (py)nenufsc}, the problem “find a probability distribu-
tion (by)neny on N so that the associated delayed renewal process has a constant renewal
probability” has a solution if and only if u =} {0} MPn < 00. In this case the unique

solution is b, = > ;- pk/p and the constant renewal probability is 1/u.

If 4 < oo, the delayed process with constant renewal probability can be extended to a
stationary process on Z as follows: Let Sy : Q — {0,—1,-2,..}, S; : © — N be two random
variables with joint distribution

m<0,1<n: P(So=mand S; =n) =pp_m/pu.

So and S; represent the renewal points that are closest to the origin 0. Note that
P(S;=n)= Zpk/u =bn, P(S1—So=mn)=np,/p
k=n

Let (Th)nez\f13 be a family of independent identically distributed random variables with
values in N, P(T, = n) = p,. Forn < —1, let S,, := Sy — anllT_k, and for n > 2,
Sp =514+ > o T. We will call

R:Q—P(Z), ww—{Spy(w)]|necZ}

a stationary renewal process on Z. The renewal probability u, = P(n € R(w)) is constant:
for all n € Z, u,, = 1/pu. Moreover, the sequence (S,,),>1 defines the delayed renewal process
with constant renewal probability described above. If we look at (S),),>1 and condition on
So = 0, we recover the (non-delayed) renewal process on N.

A subset of Z can also be described by the sequence of its points, arranged in increasing
order and suitably numbered. Thus the renewal process R on Z is described by the sequence
(Sn)nez, the numbering is chosen so that Sy < 0 < S;. Equivalently, we may describe the
process through its waiting intervals

Xp=1{S0. S0 +1,.; 8041 — 1}, nez

These define a partition of Z. If we interpret the waiting intervals as polymers, the dis-
tribution of R is a probability distribution on infinite polymer configurations; it turns out
that this distribution arises as the thermodynamic limit of suitable finite volume polymer
distributions Pj.
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Rods on a one-dimensional lattice

Let us go back to the one-dimensional lattice polymer system. Suppose the activity is trans-
lationally invariant and supported by “rods”:

B(X) = {aN(X), if X={j,j+1,...,5+ N(X)— 1} for some j € Z,
o, else

for some sequence («,) of non-negative numbers with > «a,, > 0. For N € N, let

Cn = Qqo,..N-1}[P].

Then (2.30) can be rewritten as

Cy = E Qpy oot Q-
ni+.+np=N

Together with C := 1, this implies the formal power series identity

i Cpt™ = (1 — i ant™)! (2.35)
n=0 n=1

and the recurrence relation
Cp=a1Cph1 +a2Cpo+..+a,1C1 +a, (n>1). (2.36)
The thermodynamic limit of the pressure exists and can be expressed in terms of (a,).

Lemma 2.7. Letr := max{t > 0| >_>", a,t" < 1}. Then with the convention —log0 := co
we have

. 1 1
Op = ]\}Enoo N log Cn = sup N logCn = —logr.

Proof. The supermultiplicativity (2.32) together with the translational invariance of the ac-
tivity implies Cy4ar > CnyChr. This shows that lim % log Cn = sup % log Cn. The limit is
—logre, with ro the radius of convergence r¢ of Y C,t™. It remains to show that r = r¢.
Note first that (2.36) implies C,, > «,, thus r¢ < r,, where r,, is the radius of convergence
of > a,t™. We continue by looking more closely at r. It follows from ) ant" = oo if
t > ry that r < r,. If r, =0, obviously » = 0. If r, > 0, there are two possibilities: either
r <rqe and a(r) =1, r > 0, or r = r,, in which case Abel’s theorem on power series with
nonnegative coeflicients implies

a(r) =a(re) = tl/i‘r}“lu a(t) < 1.

Several cases can be distinguished:
1. ro, =7 =0. Then by rc < r, we also have ro = 0.

2. 74 > 1 > 0. Then «o(r) = 1, (2.35) is an identity of functions on [0,r[, and rc > r.

Moreover
oo

1
r"Cp=lm —— =00
oy tor 1 —a(r)

whence ro = 7.
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3. 1o =1 > 0. Again, (2.35) is an identity of functions on [0,7], r¢ > r = r,. Since
ro < ry because of C), > «,, we have rg =1, = 1. 0

Remarks: 1. The quantity r can be characterized in a slightly more eloquent way as follows:
the equation > >~ a,t™ =1, ¢t € [0,00[ has either no solution or a unique solution. In the
first case, r equals the radius of convergence R of ) «,t™. In the second case, r is the
unique solution of the equation and lies necessarily in ]0, R].

2. Generalized ensemble. Lifson [Lif64] points out a relation between the “generating func-
tions approach” and “Guggenheim’s divergent generalized partition functions”. The generat-
ing function ) C,t" can be given the meaning of a partition function. The partition function
C'y is the grand-canonical partition function for a system of rods on the lattice {0,..,V — 1}
with a hard core interaction. Let p > 0 be a pressure, § an inverse temperature. Then the
generating function

Cle™)=> e Vey
V=0

can be thought of as a partition function too. It corresponds to the so-called generalized
ensemble. More generally, let Q(3,{N;}, V) be the canonical partition function for a system
of particles of different species k& = 1,., K, each present with Nj particles, at temperature
871, in a volume V; then the generalized partition function would be

T(Bpes {ng}) = D D e PPV taNDQ(,{N;}, V) = Y e PPVEB, V. {i;}).

{N;} V=0 V=0

This partition functions differs from other partition functions (e.g. canonical, grand-canonical,
isothermal-isobaric..): it is a function of intensive parameters only. There is no free exten-
sive parameter. Thus the usual procedure of letting extensive parameters go to infinity for
taking thermodynamic limits does not work. In the grand-canonical ensemble, the pressure
is obtained through

B
Bp = Jim = logZ(8,V, {;})

if the limit exists. For this value of p, the generalized partition function I' diverges. Thus
the procedure that replaces thermodynamic limits in the generalized ensemble is to look for
the point where I' diverges, whence the name divergent partition function. This is just what
we do: in Lemma 2.7, we express the pressure in terms of the radius of convergence of C(t),
i.e., we look for the point where C(t) starts to diverge.

The recurrence relation (2.36) is similar to the renewal equation (2.34). Let us make the
connection to renewal processes more explicit. In the following, we suppose that the power
series Y «,t™ has a non-vanishing radius of convergence; equivalently, » > 0 or Op < oo.
This is the case if and only if £V ® is stable for some & > 0, since

ENXP(X > NON =

P e DU D DEEEED DI

X320 N=1 0t Ny N=1

Let r be defined as in Lemma 2.7 and p,, := 7"y, Poo := 1= p,. This defines a probability
distribution on NU{oo}. Let Ry be a renewal process on N with interarrival distribution (p,,)
and renewal probabilities (u,)nen. Combining p,, = r™a,,, Co = ug = 1 and the recurrence
relations (2.34), (2.36), we see that u,, = r"C,, for all n € Ny. The renewal theorem (2.33)
gives us a more refined version of Lemma 2.7.
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Lemma 2.8. Let r be defined as in Lemma 2.7. If {n € N | ay, # 0} has greatest common
divisor 1,

n—oo

lim rncn — (EZO:I nanrn)—l, Zf Zzzl OznT" = 17
0, if Do g apr™ < 1.

Remark: 1f 3 apr™ =1 and ) nr'a, = oo, r"C, — 0. If 3 a,r™ < 1, (2.35) implies
the stronger statement

ir"Cn =(1- ir”an)_l.
n=1 n=1

The renewal process associated to the polymer system is not only useful to derive something
about the asymptotics of the partition functions, but also serves a better understanding of
correlation functions and their thermodynamic limit.

The finite volume correlation functions can be described in terms of conditional probabilities
of the renewal process. Let 0 < S7 < .. < S, < .. be the renewal points, and let

I() = {{0, ..751 - 1}, {Sl, ..752 - 1}, ooy {Snfl, ..,Sn - 1}, }
be the set of waiting intervals. Then if X; # X for i # j,
pio,..N—1} (X1, .., Xi) = P(Xy,.., X, € Io | N € Ry).

If the associated renewal process has finite mean, we can define a stationary renewal process
R on Z. Let Z be the collection of its waiting intervals. The previous relation becomes

Plab1y( X1, X3) = P(X1,.., Xy € T | a,b € R).

The thermodynamic limit a — —oo, b — oo is given by the probability distribution of R,
without any conditions.

Proposition 2.9. Suppose ) o™ =1, pp:=>" na,r™ < oo, and ged{n | o, # 0} = 1.
Let R be the associated stationary renewal process and P the distribution of R. Let T be the set
of waiting intervals (I is a random variable). Then for all rods X1, .., X, the thermodynamic
limit of the correlation functions for the polymer system with activities ®(X) = an(x) exists
and equals

p(Xh "7Xk) = al_i}_noo p{a,..,bfl}(Xh "7Xk) =

b— o0

{P({Xl, LX) CI), if Xi# X fori #
0, else.

The correlation functions are translationally invariant and mixing: for all sets of rods X1, .., Xy,
Y1,.., Yy, we have

p( X1y, X, Y1 + Ky Yy + k) = (X1, X)) p(Y1, ., V) + O(rFCy — 7). (2.37)

Proof. Let X1, .., X} be some rods. If X; N X; # 0 for some i # j, the probability of finding
these rods as well as the probability that they are waiting intervals for the renewal process is
0. Thus we can suppose that they are non-overlapping and without loss of generality assume
X1 < ... < X, that is they are numbered from left to right. Write Xy = {sg, sk, .., sp +
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N(Xy)—1} = {sg,..,ex — 1} and take |al, b large enough so that X7, .., X} are contained in
{a,..,b —1}. Then, the correlation function can be written as

Pia,. -1} (X1, Xi) = Z AN(Y1)-ON(Yp)ON(X1) N (x0)/ Qa,...b—1}
Ylu..u};]:;}/aD,j.,b—l}
= an(x,)-ON(Xp) Qfa,.. b=1 1\ (X1 -U..-UXp}/ Qfa,...b—1}
=" %N (x,)- N (x0) Cs1—aCsy—er -Coe, /(I *Coa)
= Usy—aPN(X,)-PN(X})Ub—ey /ubfa

- Mfle(Xl)uS2761 "'ubfeklu‘il/ﬂil

b—a—o0

= ﬂfle(Xl)UsQ—el PN (Xy) (2.38)
— P(X1,.., X}, € 7).

The expression (2.38) shows that p is translationally invariant. For the clustering properties,
let X1, .., X;n, Y7, ., Y, and denote as before their starting and endpoints with s1, .., Sy, €1, .., €m,
s}, .., el Then, for sufficiently large k,

P(X1, o, X, Y1+ ko Yo 4 k) = 107 DN (X ) sy — e -+ DN (X o) U e PN (X1 ) s, — e DN (V)
= p(Xl, (X3} Xm) ,u‘us/1+kfem p(Yla (X3} Yn)

whence (2.37). ]

Remarks: 1. Semi-infinite line. The same reasoning shows that the limits of correlation

functions pgo,.. ny—1}, IV — 00, exist and can be described in terms of the renewal process on
N.

2. Probability distribution on the length of rods. The probability for finding a given rod
X={j,.,j+NX)-1}is p(X) = qu(X)aN(X). Let k € Z. The probability that &k is in a
rod, or waiting interval, X of length N(X) = n is, in loose notation

Pke X, N(X)=n)= E p(X) = E oy, = qnrta, = p i np,.
X: kEX, j€z:
N(X)=n J<KSHn—1

The sum over n is 1: this is the sum rule ) - p(X) = 1. Thus if 4 = ¢~! is finite, there

is a natural probability distribution (gnr™«,) on the length of polymers. In the renewal
theory picture, this distribution is called the size-biased distribution. The expected length
of the polymer containing a given point (in the renewal setting, the expected lifetime or age

at death) is
oo oo
Z qn’ro, = Z wtnPp,.
n=1 n=1

The lifetime expectation can be infinite although the process has finite mean p. This is
related to the so-called inspection paradozx.

3. Rate of clustering. In the previous proposition, the rate of clustering is determined by the
speed of convergence of u, — p~', where u,, = r"C,, is the renewal probability. We have
the following:

o0 oo
Z|un—,u*1\ < oo<:>Zn2pn < 0.
n=1

n=1
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The implication ”=" can be shown by taking the limit ¢ /' 1 in

oo

—1\un __ 1 — ! - 1 - !
Z(un —p )t = 1— 220:1pntn Zzozl np, (1 —1t) 1- p(t) P'(l)(l - t).

n=0

The converse uses results on rates of convergence in renewal theory, see [Sto65]. A closer
look at the generating functions also shows that if the radius R of convergence of )" 7",
is strictly larger than 7, u, goes to u~' exponentially fast:

rChp — q=tup —p ' =O((r/R)N).

1= 0o as a close-packing limit. The previous proposition is of no help when the renewal
process has infinite mean p. The case p = oo should be thought of as a close-packing limit
(in [Gia07], Section 1.2 it is shown that in this regime the average density of renewal points,
i.e. the “contact density” in the picture used in the book, is typically 0). We illustrate this
by an example. Let v €]0,1[, ¢ > 0 and

4 1 — —1—v
Qp 1= gm, S = Z n .
n=1

Then a(t) = Y77, a,t™ has radius of convergence 1. We look at sequences of volumes Ay =

{—N/2,..,N/2 — 1}, N even, and ask for the limiting behavior of the polymer correlation

function

Catrn/200-aCnyjap
Cn ’

Depending on the value of the parameter ¢, we are in one of the three cases sketched in the

beginning of this subsection:

pn(X) =

X =A{a,...,b—1}.

1. When ¢ > 1, the equation a(t) = 1 has a solution 7 < 1 and we are in the case where the
associated renewal process has finite mean, and the thermodynamic limit is described
by Proposition 2.9. In particular, limy_,« pn(X) exists and is strictly positive.

2. When ¢§ = 1, the solution to the equation a(t) = 11is r = 1, and ), no,r" =
>o.n"70/8S = oo. Then it is known ([Don97], Theorem B, [Gia07], Theorem A.7)
that there exists a ¢, > 0 such that

As a consequence

Ca—i—n/ZCn/Z—b - c, (( 1

C’n n—oo nl_l’
and limy_,o pn(X) = 0 for every fixed X.

3. When § < 1, the equation «(t) = 1 has no solution. It is known [Gia07], Theorem A.4,

that
" Qp 1) 1
" n—o00 (1 — (5)2 - S(l — (5)2 ’I’Ll+l/

and we have again limy py(X) = 0 for each fixed rod X.
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Thus for this example, if the associated renewal process has infinite mean, each fixed rod X
has a probability that vanishes in the limit N — oco. Since on the other hand the sum rule

Z pn(Y) =1

Y: key

(see (2.31)) must hold for all N € 2N and k € {—N/2,..,N/2 — 1}, we conclude that long
intervals tend to be filled with long polymers.

Later, we will apply the results of this subsection to Laughlin’s wave function. We can think
of this function as a polymer system where each polymer has internal degrees of freedom. We
prove in the next subsection that on thin cylinders the associated renewal process has finite
mean. What happens for large radius is open. If it happens that the associated renewal
process has infinite mean, the previous considerations tell us that the system is governed
by long polymers, and any statement about the thermodynamic limit would require a closer
look at the internal structure of long polymers.

2.1.3 Normalization

By Lemma 2.6, Laughlin’s cylinder wave function is closely related to a system of hard rods
on a one-dimensional lattice with activity

_ 2
®(X) = [Jux| |L2 ((Ix[o,sz])N(X)) '

The polymer representation is valid for any choice of interval I C R. Here, we will choose
I = R. This choice leads to a translationally invariant activity. Indeed, we have seen that
translation of a rod X results in magnetic translation of the function:

Ugtx = t(a- pvleg;)@N(X)uX.
Hence if we choose the infinite cylinder as domain of integration, I = R, we obtain a trans-
lationally invariant activity and we can write

®(X) = HUX||2L2((Rx[o,27rR])N<X>) = ON(X)

an = > lay(my,..,my))?. (2.39)
0<m1 <. <mpy <p(N-1)
irred.

Let us recall that the one-particle density of Laughlin’s N-particle function is a sum of
Gaussians with centers inside [0, p/N~vl]. Thus the one-particle density decays exponentially
outside the finite cylinder [0, pN~lI] x [0, 27 R], even though we integrate on infinite cylinders
R x [0,27R]. By a slight abuse of language, we shall refer to the limit N — oo as the limit
of infinite cylinders.

In view of the results summarized in the previous section, two questions on the associated
polymer system naturally arise. The first question is whether the activity is stable or, more
generally, whether it can be rescaled to a stable activity. On p.46, we have observed that the
activity () can be rescaled to a stable activity if and only if the radius of convergence of
>, ant™ is strictly positive. From Lemma 2.6 we know that the L? norm squared of Laugh-
lin’s function, Cy = ||¥5]|? is the polymer partition function associated with the activity
(o). It follows from the relation (2.35) that ), «,t" has a positive radius of convergence if
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and only if ) C,t" has. Thus the question of the stability of the associated activity boils
down to the question whether the radius of convergence r of ) C,t™ is strictly positive.
Lemma 2.10 below shows that r > 0 for all (finite) cylinder radii R.

The second question is whether the associated renewal process has a finite mean p. By
Lemma 2.8, the normalization constant (C,,) obeys the asymptotics r*C,, — ¢ (the aperiod-
icity assumption of Lemma 2.8) is fulfilled because in the system associated with Laughlin’s
function, monomers have activity a; = 1). The limit ¢ is the inverse of the expected inter-
arrival time of the renewal process, ¢ = p~'. Thus the question whether 1 < oo reduces
to the question whether lim,, r™C,, is strictly positive or not. This question is addressed in
Theorem 2.12, where we prove that ¢ > 0 on sufficiently thin cylinders. The key ingredient

is an estimate on the radius dependence of the activity (Lemma 2.11).

The following lemma gives the asymptotics of the normalization constant. In particular, we
prove that the radius of convergence of ) C,r™ is strictly positive, for all values of the
radius. Apart from the information r > 0, we do not use the bounds (2.40) below in the
quantum Hall context. The bounds are however of interest in the plasma analogy, which is
why we prove them.

Lemma 2.10. For allp € N and v =1/R > 0, there exist v > 0 and g > 0 such that

n—0o0

1 1
—logr = 1\}21100 N logCn = Sl]i/p N logCrn, ¢q= lim C,r™.

Moreover, r = r,(7y) satisfies the bound

2 ~1
—= (n§+..+n2)) 1-2, €7 1
e E e »? v <rp(Vp (=) <L (2.40)
( e ! VT
ny+..4np=0

Before we turn to the proof, let us briefly look at p = 1 (filled Landau level). Laughlin’s
cylinder function at filling factor 1 is simply

TS =vo A Ahn_1.

It follows that Cy = 1 for all N € N, thus » = 1. This should be compared to the bound
(2.40) which for p = 1 reads e~! <1 < 1. Thus for the filled Landau level, the lower bound
is actually too small whereas the upper bound is exact.

Proof of Lemma 2.10. By Lemma 2.6 and the supermultiplicativity (2.32), we have Cyys >
CnChy. In particular, limy . o % log C'y = supy % log C'y and r is well-defined (but possibly
0). Now let
R 1 iny/R —ﬁ(w—Pn’ﬂ)Z
o) = e e € '
Then

Un(z1,.,2n) = \/%(det((bk—l(zj))lﬁj,kﬁf\f)p = \/%

and |¥y|?> = (det A*A)?/N!. Lower and upper bounds on Cy are now obtained with
Hadamard’s and Hoélder’s inequalities. Using Hadamard’s inequality

N N
[det Al < IO 14[*)

j=1 k=1

(det A(z1,..,2n))P



52 CHAPTER 2. THERMODYNAMIC LIMITS

we see
N—-1
1 N
Cy < — AP dxd
N =N (/Rx[o,sz](kz_o 194 (2)] ) * y)

1

© 1R =iz (@=pky)*\P N
_ 1 e .
N!(/_wlﬁ(;e ) x)

o N—1
“wlf L)

k=0
By Poisson’s summation formula,
o0 o0
Z efi(szp’y)z _ \/7_1- Z e—‘n'znz/(p'yz)ei%rnx/(p'y) . f(ac)
k=—o00 ’Y\/p n=-—00

Thus

/(N—1/2)m 1 (N—l y pk’y)2)17 1 Py @
— E e p\T de < —N f(z)Pdx
—pv/2 ﬁ k=0 ﬁ 0

:Nﬂ(ﬁ)p T

VIR L
— Nplfg(\/;)pfl Z e—ﬁ(n?—ku—i—ng)
v ni+..+n,=0

=: Nb(y).

The integral from —oo to —py/2 can be bounded from above by

—py/2
/ v (Ze—(w—pkv)z/p)pdx —.

o k=0

which is an N-independent, finite number. For symmetry reasons this is also a bound to the
integral from (N — 1/2)py to co. Thus we obtain

1
Cy < M(Nb(v) +2¢)V.

Using Stirling’s formula, we obtain the upper bound r > 1/(eb(vy)) > 0. Now we turn to a
lower bound for Cy. Let Iy := [—pvyl/2, (N — 1/2)pyl] x [0, 27 R]. With Hoélder’s inequality
| Jo FI<1QYP([ )P we get

1 1 1
Cn > — det A > — —— det A[2)”
NP1 )
(Np’ylZﬂR)’Flquo/\HAd)N*lHLPZUﬁ)

-1 N-1 (N-k—1/2)
=7 N oD RN T / 7 el gs
Npvyl2r R)N(P=

0 Y —(k+3)py
N N-1 p
= (%) \/ﬁpN kl;[O (1 - %erfc((N —k— %)\/;57) - %erfc((k + %)\/Z_W))
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where erfcx := % fwoo e~t*dt is the complementary error function. The decay properties of

erfc can be used to show that the product Hfj:_ol stays bounded away from zero. Making use
again of Stirling’s formula, we get

r < (py)P—ter! = ( e )Pt £-1

NN

N

The asymptotics r"C,, — ¢ > 0 follows from Lemma 2.8. 1/q is the expected interarrival time
of the associated renewal process. Note that the monomer activity of the system associated
to Laughlin’s function is a; = 1, thus the aperiodicity condition gcd{n € N | o, > 0} =1
needed to apply Lemma 2.8 is fulfilled. U

It follows from the previous lemma that > 0, and therefore ) «a,t"™ must have a non-zero

radius of convergence. Put differently, the activity can be rescaled to a stable activity. It is

still open whether the associated renewal process has finite mean p < oo, or equivalently, if
-1

qg=p >0

Remarks: 1. The bounds on r are interesting for small y. They can be related to a conjecture
on the relation between strip free energies and bulk free energies of Coulomb systems (see
Section 2.3). We now turn to the large v behavior.

2. For v = 0, the activity cannot be rescaled to a stable activity. Let us first define the
activity for v = 0. %\Iote that for general v, the activity and the normalization constants are
polynomials of e™" with integer coefficients:

On=" D lbwlmaemy) (e R0

0<mi<..<my<pN-p

ay = > (b (s ey )2 (€777 ) Za (PG00 =

0<mj<..<my<pN-—p
irred

where by (my,..,my) are the expansion coefficients of the p-th power of the Vandermonde
determinant. The by’s are integers since they are sums of signs of permutations, see p.37.
These expressions are obtained by combining (2.29) and (2.2). Note that by Lemma 2.5,
the sums in (2.41) contain only non-negative powers of e, For v = 0, corresponding to
the limit of infinite radii, we may define Cy and ay through (2.41). are well-defined for
~v = 0, corresponding to the limit of infinite radii. The value of Cy for v = 0 is known: it is
Cn = (pN)!/(Np!™) see e.g. [FGIL94], Section 5, Property 6. It follows that for p > 2 and
v =0, the series ) C,t" has a vanishing radius of convergence: r = 0.

Lemma 2.10 shows that for all (finite) values of the radius R, the activity of the polymer
system associated with Laughlin’s function can be rescaled to a stable activity. Now it
remains to see whether the associated renewal process has finite mean. Before we turn to
this question, let us have a closer look at the activity (o).

Lemma 2.11. The monomer activity is oy = 1. Furthermore, there exist integers by, € Ny
such that

YN>1:ay= Y. byme ™.
m=p(N—1)

In particular, as v — oo, N-mers have activity O(e‘p<N—1)72),
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Proof. Recall from (2.24) that the monomer functions are ug;y; = v,;. Thus the monomer
activity is [Jug;y|[* = 1. By Lemma 2.5, Z;V:l(pQ(j — 1) —mj) > p(N — 1) for any increas-
ing, N-admissible irreducible (mj,..,my). The second statement of the lemma now follows
immediately from the formula (2.41). O

Remark. Rezayi and Haldane [RH94] have observed that for systems with a fixed, finite
number of particles, Laughlin’s wave function approaches the Tao-Thouless state 2 in the
limit of vanishing cylinder radius:

TS ~ g ANYp N e Nbp(n—1) as ¥ — oc.

Using the polymer representation, this can be rephrased as: in the limit of thin cylinders,
the system is a pure monomer system. We will see that a similar statement holds for systems
with infinitely many particles. This behavior is consistent with the fact that in the limit
of thin cylinders, all polymers except monomers have vanishing activity, as shown in the
previous lemma.

Now let us come back to the question whether ¢ = lim,, r*C},, > 0, or equivalently, whether
the associated renewal process has finite mean. Recall that this is the case if and only if
Yoo apr™ =1and > 7| na,r™ < co. The crucial observation is that these two conditions
are automatically fulfilled if )", «,t" has a radius of convergence R strictly larger than the
radius of convergence r of ) C,t". Thus we are going to compare domains of convergence.
Furthermore, observe that the monomer case is rather trivial: for a monomer system,

o0 o0 1
doant" =t D Cut"=1—
n=1 n=0

whence 7 =1 and the “series” )  t"a, =t has an infinite radius of convergence.

Lemma 2.11 tells us that on thin cylinders, the system looks almost like a monomer system
and the associated renewal process should have finite mean. This heuristic argument gives
the main intuition behind the next theorem.

We wish to apply Lemma 2.11. Thus it is useful to keep track of the y-dependence of the
various quantities involved. By (2.41), the activity and the normalization constants are
polynomials of e with coefficients in N (see also the previous lemma). We make the
~v-dependence more explicit in the notation by writing o, (6_72), Cn(e_72). The power series

Clt,e) =14 Cule )", Alte™) =t 4+ > an(e) 1"
n=1 n=2

are actually power series of two variables, ¢ and e, They have non-negative integer
coeflicients. By the results of Section 2.1.2, C' and A are related through

2 1
Clb ) = T 1 ey

2At filling factor 1/p, the Tao-Thouless state is a simple Slater determinant where every p-th Landau
orbital is occupied. It was proposed as a candidate FQHE ground state in [T'T83] but later abandoned
[Tho85].
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The quantities r = r(e*72) and R = R(e*VQ) are y-dependent too. They define curves that
may be characterized through the boundaries of the domains of convergence of C(t,u) and
A(t,u) in R2, see Figure 2.1. We know that r(u) < R(u) for all u. The case u = 0 corre-
sponds to the infinitely thin cylinder. By Lemma 2.11, in this limit we have a pure monomer
system. Consequently, 7(0) = 1, R(0) = co and 7(0) < R(0).

The strategy in the proof of the next theorem is to show the strict inequality r(u) < R(u)
subsists for sufficiently small u. This will imply that on thin cylinders the associated re-
newal process has finite mean, or equivalently, »"C,, — ¢ > 0. Furthermore, we show some
analyticity results.

I: A and C converge
II: A <00, C =
III: A and C diverge

IS
Il

m‘
2

Y

Figure 2.1: Domains of convergence of A(t,u) and C(t,u) for p > 2. The curve r(u) delimits the
domain of convergence of A, R(u) the domain of convergence of C'. Both series diverge when u > 1.

We know that r(u) =1+ O(u) and R(u) > const - u™” as u — 0. When u < 6_72, r(u) < R(u). It
is an open question whether the curves r and R touch for some u, = e strictly below 1.

Theorem 2.12. Letp > 2 be fized. Define the functions C(t,u), A(t,u),r(u), R(u) as above.
Let r =ru(7v), ¢ = ¢p(7y) as in Lemma 2.10. The following holds:

1. There exists a vy, > 0 such that for u < e, r(u) < R(u).

2. The functions |y,, oo[> v — 1p(7), ¢p(7y) are analytic and strictly positive. As v — oo,

() =1+0(), g(7)=1+0@ ).

Proof. The main idea is to use Lemma 2.11 and look at what happens when e’ = 0.
Observe that A(t,0) = ¢. It follows that R(0) = oo, C(¢,0) = 1/(1 —t) and 7(0) = 1 < R(0).
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Let
plw) ==Y o, (u)(r(u)" = r(w) 5 (r(u), u). (2.42)

We have £4(0) = 1. The crucial obervation is that

lim R(u) =00, Vue[0,1[: 0<r(u) <1

u—0

To see this, note first that R(u) > r(u) and r(u) > 0 for u = e’ €]0, 1] by Lemma 2.10.
Next, let 0 < u < v < 1; by Lemma 2.5 | there exist nonnegative numbers b,,,, so that

m u n— m u n—
an(W) = D7 b < ()R ™ = ()7 Van(v)

m>p(n—1) m>p(n—1)
Since R(u) = 1/(limsup,, (o, (u))*/™), this shows
uPR(u) > vPR(v).

For v < 1, R(v) > 0, thus letting u — 0 in the previous inequality, we obtain lim, 0 R(u) =
00. On the other hand, since A(1,u) > 1 > A(r(u),u) for all u > 0, r(u) < 1 for all u > 0.
Thus for sufficiently small u, r(u) <1 < R(u).

Let 7y, > 0 such that r(u) < R(u) if u < e = up. On [0, u,], the curve r(u) is in the
interior of the domain of convergence of A(t,u), thus pu(u) < co. Furthermore r(u) is the
solution of A(r(u),u) = 1. The power series A(t,u) defines a holomorphic function of two
variables, defined in

Da = {(w) € C? | 2| < R(u])}.

We know A(1,0) =1 and 0,A(1,0) = 1 # 0. Thus by an implicit function theorem, there
is a neighborhood U C C? of (1,0) such that for (z,w) € U, the equation A(z,w) = 1 has
a unique solution z(w); furthermore, z(w) is holomorphic. But for w = u € R, z(u) = r(u),

thus r(u) is analytic in a neighborhood of 0. Let u € [0, e [ We know that (r(u),u) is in
the interior of D4, and (9,A4)(r(u),u) > r(u) > 0. Thus the same reasoning as before gives

the analyticity of r(-) in a neighborhood of u. It follows that r(u) is analytic on [0,e~7"[.
Around u = 0, it has a power series expansion

r(e) =1+ Ba(e”7)"
whence r(e‘”z) =1+ 0(6_72). The quantity u(u) from (2.42) inherits the analyticity, and
from 2(0) =1 we get (e ) =1+ O(e™"). Since ¢ = p~ 1, this concludes the proof. [

Remark. The characterization of r(u) and R(u) as boundaries of domains of convergence
gives access to convexity properties: for example, the set

{(logt,logu) | t,u >0, C(t,u) < 0o}
is convex (see e.g. the book [H6r90]). It follows that the functions logu — logr(u) and
0,003 7 = —logr,(7)

are convex.
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2.1.4 Correlation functions and clustering

The normalization of Laughlin’s wave function was expressed as a polymer partition function.
For sufficiently thin cylinder (i.e. sufficiently large v = [/ R), the associated renewal process
has finite mean. In Section 2.1.2, we showed that this implies the existence of the thermo-
dynamic limit of correlation functions for the associated polymer system, the resulting state
is translationally invariant and mixing.

Laughlin’s wave function inherits the properties of the associated polymer system. The
thermodynamic limit of all correlation functions exist (Theorem 2.13). Since u;yx = t(j -
pyl)®N Xy 3 | the translational invariance of the polymer system becomes invariance of
Laughlin’s state with respect to magnetic translations by multiples of pyl; moreover Laugh-
lin’s state is reversal invariant (Theorem 2.14). We prove also that Laughlin’s state is mixing
with respect to the group of translations t(n - pyl) (n € Z) (Theorem 2.16). The question
whether pyl is the smallest period of the state is deferred to the next section.

In the following, the meaning of A depends on the parity of p € N: when p is odd, A is the
canonical anticommutation algebra over H = L?(R x [0,27R], i.e. the C*-algebra generated
by 1 and the creation and annihilation operators c*(f), c(g), f,g € L*(R x [0,27R]). When
p is even, it is the canonical commutation relation algebra over H, i.e. the algebra gener-
ated by the Weyl operators W(f) = exp(i®(f)) where ®(f) is the closure of the operator
(c(f)+c*(f))/V2 defined in terms of the bosonic creation and annihilation operators, on the
bosonic Fock space (see [BR79b], Section 5.2).

Details of proofs will be worked out only for odd p.

Theorem 2.13. Suppose r"C,, — q > 0. Then there is a state {-) on A such that for all
sequences (an)n of integers with ay — —oo and N 4+ ay — oo, the state (-) N associated to
tlanpy)®N U converges weakly to (-): for all a € A,

(a)n = (tlanpy)®N Uy, at(anpy) N UN) /|| N2 N e (a). (2.43)

Proof. Tt is enough to prove the convergence (2.43) for operators a = ¢*(f1)..c*(fn)c(g1)..c(gm)
where fi, .., g are elements of a complete orthonormal system of L?(R x [0,27R]). The ex-
pectation (a)n vanishes if m # n. Since ¢(f)¥y = 0 if f is orthogonal to the lowest Landau
level, it is enough to consider functions in the lowest Landau level. Thus we are left with the

case a = cz,l ¢y ¢p,..cq, where again for k € Z. cp = c¢(ix). These operators anticommute

and we can take ¢; < .. < ¢, and similarly ¢} < .. </£.
Strategy. For L = {f; < .. < .} CZ,let cp := ¢y, ..ce, and ¢ := (cr)*. Let by :== N + an.
We will see that (¢}, cp)n can be written as

Nan

U.NC N n . .
(chet)v=>_> #fn( —pj, L = pj). (2.44)

n=1j=an

for a suitable family of functions (fy,)nen. We use the notation L — pj = {¢4,.., 4.} — pj for
the set {¢1 —pj,.., ¢ —pj}. Let us anticipate and mention some of the properties of (f,)nen:

e VneNVLCZ: f.(L,L)>0.

3For a € R, t(a) is a shorthand for a translation in the z-direction: t(a) = t(aes).
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e The functions have compact support: f,(L’, L) # 0 implies L U L’ C {0, ..,pn — p}.

For fixed j and n, Cj_qyChy—j—n/Cn — qr"™ due to C,,r™ — g > 0. This suggests the
following definition:

{cLrew) Z Z fa(L' = pj, L —pj). (2.45)

The theorem is proved in three steps:
1. Define f,, and prove (2.44).
2. Show (cjecr) <1and (cjer)n — (cicr).
3. Prove > . qr"|fu(L' —pj, L — pj)| < (chep)?(ch ep)'/? and (ch,cn)n — (cher).
1. Let L', L C Z with |L'| = |L| = r. We start with the representation
(U, cpeL¥n) = Y an(m)an(m)(@m, ¢ircpm)- (2.46)
m’,m

The sum ranges over increasing N-admissible sequences m = (m1,.,my), m' = (mf,.,mYy),
and ay (m), 1., are short-hands for ax (m1,.,my), Ym, A .. Amy. Suppose m and m’ have
common renewal points s,t such that L UL’ C {ps,..,pt — p}. Then

<1/}m,Cz/CL77[}m> = H 5mj,m;‘as(m17~-ams)|2|aN—t(mt+1 _pta--va)|2
j€{1,..,s}U{t,..,N}

s (M — pS, .., my — ps)ag—s(Ms1 — Ps, .., My — ps)
. <¢m;+1 N Nt CLiCLWmo iy N oo A m,). (2.47)

This motivates the following definitions: we call m,m’ L U L’-irreducible if m and m’ have
no common renewal points except 0 and N that are below or above L U L’:

ke R(m)NnR(m')n{1,..,.N —1}
= (LUL)NA{0,..,pk —p} # 0 and (LU L") N {pk,..,pN — p} # 0.
Similarly, we call a single sequence m L U L’-irreducible if it has no renewal point except
possibly 0 and N below or above L U L’. The function fx(L’, L) is defined by (2.46) except

that the sum runs over increasing N-admissible pairs of sequences that are L U L’-irreducible.
With this definition, combining (2.46) and (2.47) we obtain (2.44).

2. For L = L/, the definition of f,, gives
Z |a’N ‘ XLC{ml, mpy}

where the sum ranges over increasing N-admissible sequences that are L-irreducible. In par-
ticular, fy(L,L) > 0. Moreover, if fy(L,L) # 0, there exists an N-admissible sequence m
such that L C {my,..,my}, whence L C {0,..,pN — p}.
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Let d € N. From (2.44) and f,,(L, L) > 0 we get

dejn

a Cb n . . *
> %fn(L—pj,L —pj) < (cfer)n <1

n=1 j=an

If f,,(L — pj, L — pj) # 0 we must have L — pj C {0, .., pn — p}, thus only a finite number of
j’s contribute to the sum and we can take the limit N — oo, which gives

d [eS)
S>> @ fuL—pj, L—pj) < 1.

n=1j=—oc0

Letting d — oo, we obtain the convergence of the sum defining (cjcr). The proof of
(¢5en)n — (cicr) is completed by an €/3 argument. For e > 0, there exists an m € N
such that

Yo > @ falL—pi L —pj) <e/3. (2.48)

n=d+1 j=—o0

By Lemma 2.10, 0 < Cpr™ < 1 and C,r" — ¢q. By the assumption ¢ > 0, we get
min,, r"C,, =: ¢ > 0. Therefore

C]‘CN,j,n < Cn_n < p=(N=n) 1

Cn - Cy = er N - Er '
It follows that
bN n C
Z > ”N—an(!l pj L —pj) < — (2.49)
3qc

n=d+1 j=an

Finally, there is an M € N such that for N > M,
d bN n C

b

|Z<Z ”NC—NNJ"fn(L i, L —pj) Z qr" fn(L—pj, L — pj))|<6/3 (2.50)
J=an Jj=—00

Putting together (2.48), (2.49) and (2.50) we see that for N > M,

2 -1
epenhn — (egen) < 290

and we obtain the desired convergence.
3. Let d € N. As before, we have
m by—

d 00
doar™ Y fal —pjl=pj)l = lim Y Z len( —pj,1=pj)|
n=1 7

=—00 nljaN



60 CHAPTER 2. THERMODYNAMIC LIMITS

since due to n < d only finitely many terms contribute to the sum. But now

b .
> Z len( —pj, L —pj)|
n=1j=an
N bN n

<Y 3 Gl (1 g )

n=1 j=an

< Z lan (m")an (m){¥m, cpreLm)|/Cn

= Z lan (' Uk)an(CUK)|/Cn

kezN-—r

< (3 Jan(? OB lan(Cuk)?)? /0N

kezZN-r kezZN-r

= (cirer) N (chenhy” < 1.

Here r = |L| = |L'| and ¢, € Z" are such that L = {¢1,.,¢,}, L' = {¢},..,0.}. The
notation k U ¢ refers to the increasing sequence obtained by rearranging ki, ..,kn_, 01, .., {;.
Letting first d and then N go to infinity, we get the absolute convergence of the sum defining
(¢3,cr) and the bound |{c},cp)| < (¢ ep)/?(c;er)t/? (Cauchy-Schwarz for the state (-)).
An argument strictly analogous to 2. then shows (¢}, cr)n — (¢} cr). O

Now let us turn to the symmetries of Laughlin’s state. A unitary map U in B(H), H =
L?(R x [0,27R]) induces the unitary map I'(U) := @ ey, UPY in F and a map

w:A—A T1ya):= F(U)alﬂ(U)*1

The map 7y is the unique C*-automorphism such that 7y (c(f)) = c¢(Uf) for all f € H
(the Bogoliubov automorphism induced by U). This construction can be applied to the
180° rotation (or reversal) sg, introduced at the beginning of the chapter, to the magnetic
translation ¢(vyle,) in the z-direction and to the translations t(ae,) (a € R) in the y-direction;
note that in the Landau gauge, magnetic translations in the y direction coincide with the
usual translation 1 — ¢ (- —ia). We will call the resulting morphisms of A 75, 7, and 7.

Theorem 2.14. Suppose r"C,, — q > 0 and let w(-) = (-) be the limiting state of the previous
theorem. Then w s invariant with respect to reversals, translations in the x direction by
multiples of pyl, and arbitrary translations in the y direction:

Vne€Z, VaeR: w=wor,=wor,P =wory.
Proof. The invariance with respect to y-translations and reversal follow from Lemma 2.1:

the y-translational invariance is a direct consequence of (2.8). For the reversal invariance,
suppose N is odd and let ay := —(N —1)/2. By (2.9),

sot(anpyles)*N Uy = t(anpyles)®N spn—1)y12¥ N = tlanpyle,)*N Uy,

whence the reversal invariance of (-)y. Taking limits along sequences of odd integers N =
(2M + 1) — oo, we obtain the reversal invariance of (-). The invariance with respect to 77
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follows from (2.45):

(tP(ciier)) = (ChrypCrap) = D ar™ Y foll'+p—pj,L+p—pj)

n=1 j=—00
=> " > full! = pj, L —pj)
n=1 j=—00
= {(cLcp).

O

We were initially interested in the thermodynamic limit of the one-particle density. Using
the representation

bN bN

% 1 % i 2 /72

()= 3 (enwlvuI = g opr o 3 fegerdwe T
= =,

we obtain immediately that, under the assumptions of Theorem 2.13, px(2) — p(z), where

1 > 22
- = } { Ve~ (@=kAD7/ 17 2.51
p(Z) 2WRlﬁ k:700<Cka>e ( )

Remark: Occupation numbers with even p. Strictly speaking, the previous expression holds
true only when p is odd. When p is even, the occupation number operator ny is unbounded
and thus 7y, ¢ A. The eigenprojections of 7y are in A, thus we may write 1, = >, ny Py and
set (ng) = >, nk(Py). It is implicit in the proofs of the following theorems that the sums
involved stay finite. Another procedure to give a meaning to (f;) is to check that the state
w = () is regular ([BR79b] p.24), in which case there is a natural definition of an operator
Ak in the cyclic representation (M., m,, (L) and one can set (fg) := (Qu, Mg w ). In the
following, we will keep on writing (f;) without explicitly requiring p odd.

The one-particle density p(z) is pyl-periodic in the direction along the cylinder axis and has
the correct average value:

Corollary 2.15. Suppose rC,, — q > 0 and let (-) be the state of Theorem 2.13. The
one-particle density p associated to (-) is independent of the coordinate y around the axis and

18 periodic with period pyl in the direction along the axis. Moreover, it has average density
(p-2ml?)~t:
1 e 112, 11
o) S leter) =

W 0 - 271'125k:0 T opomi2

Proof. The one-particle density p(z) is given by (2.51) and obviously independent of y = $z.
The periodicity of p follows from the periodicity of (-) proved in the previous theorem. By
Lemma 2.2,

L e = S e
— pr)dr = ~—— ChCk)-
Yl Jo 2ml P

Let ny := (cfck). It remains to prove ng +n1 + .. +ny—1 = 1. A close look at the definition
of f,, in the proof of Theorem 2.13 shows that f,({k},{k}) can be expressed in terms of the
polymer functions ux from Lemma 2.6:

fa{k} = pi. Ak} — pj) = (ui jrn—13, UG, jtn—1})-
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The formula (2.45) can be rewritten in terms of the polymer correlation functions pf’(X) =
qu(X)aN(X) from Proposition 2.9 as

me = (i) = Y p" (0 ) (2.52)
X

This formula is of interest in itself: in a probabilistic language, the probability for finding
a particle in the lattice site k given that there is a given polymer X covering the site is
{(ux,frux)/||ux||>. For our purpose it is more convenient to write it as

oo

)
n N
ng = § qr E <un7nk—pjun>7 Up = U{0,..,n—1}-
n=1

j=—o00

Using > po . (un, Agun) = nay, (uy, is an n-particle wave function with norm ||u,||* = as,),
it follows that
p—1 oo p—1 o [’} e’}
Dok =2 "> Y (s ppytn) = D ar”
k=0 n=1 k

<un> ’fbkun>
—00

n=1  k=0j=—00 =
= Z qr'na, =1
n=1
(recall g = 1/(3, nr™ay,)). O

The formula (2.52) can be generalized: any expectation value of a product of occupation
numbers 73, can be expressed in terms of the polymer correlation functions p? from Proposi-
tion 2.9 and the functions uy of Lemma 2.6. For example, the diagonal two-point correlation
is

R (ux, Npneux) P (ux,npux) (uy, neuy)
(e = S pP(x) I S pP(xLY) .
o [Jux]|? ~ [Jux][? [[uy [
pXD{k,f} pX3Sk, pY>¢

(2.53)
This suggests that the clustering properties of pf’ transfer to the state (-): if k and £ are far
apart, the probability that they are in the same polymer is small, thus in (2.53) the second
summand dominates; but then recall p” (X, Y) —p” (X)p" (V) = O(|uqist (x,y) — 1), where
Uy = 1r"C,, — p~ ! = ¢ > 0. One can show that
<ﬁkﬁg> — <ﬁk><’ﬁg> — 0.

|k—£]—o0

The speed of convergence is essentially determined by En>‘k7 0 nr’a, (this gives a bound to

the probability that k& and £ are in the same polymer) and |u;_g — p~t|. Similar statements

hold for general correlation functions.

Theorem 2.16. Suppose r"C,, — q > 0. Then the state w(-) = (-) of Theorem 2.13 is

mazing with respect to the shifts )Y ,n € Z:

Va,be A: lim w(att"(b)) = w(a)w(d). (2.54)
Proof. Again, it is enough to check (2.54) for operators a = cj,cp, b = ¢ cx, where

L, L',K,K' C Z and we agree cy = ¢y = 1. The main idea is to write a formula simi-
lar to (2.53). The correlation function can be written as a sum of two parts: one where
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LUL" and KU K’ are in a same compound block (this will be the sum ) ¢(..) defined
below) this part will be bounded by the probability amplitude that a long polymer occurs.
Another part of the sum consists of contributions where L U L’ and K U K’ are in differ-
ent blocks; this converges to the product of the correlations as LUL’ and KUK’ are far away.

We start by treating some special cases. Recall that (c¢,cr) # 0 implies |L| = |L/| and
k= = is comes from the translational invariance w o 7% = w, 7(cx) =
wer K wer = K (thi f the translational i i " o
e—ik:a/RCk)'

1. |L| + |K| # |L'| + |K'|. Then w(aty?(b)) = 0 and we must have |K| # |K'| or |L| # |L'|,
whence w(a)w(b) = 0.

2. |L| + |K| = |L'| + |K'| but |K'| # |K]|. Then w(a)w(b) = 0. Suppose for example
|K'| > |K|. Then

SIS SRS SIS S SR
keL'U(pn+K') keLU(pn+K) keL’UK ke LUK
for sufficiently large n, whence w(a72™(b)) = 0 for sufficiently large n.
3. |L| = |L|, |[K| =|K'|,but >, crox b # 2 rerux k- Then
ORI S S S T
keL'U(pn+K')  keLU(pnt+K) keL'UK'  kELUK

thus w(a7;(b))0. Moreover ), ik # > i kor Y o k# > ,cp k, therefore w(a)w(b) =
0.

We are left with the case |L'| = |L|, |K'| = |K|, > cxor kb = > koo k- We will show that
w(ab) — w(a)w(b) is small when d := min K U K’ —max L U L’ is large.

Suppose m, m’ are increasing N-admissible and have a common renewal point between LU L’
and K UK’ ie.:
s€ Rlm)NR(m'): LUL C{0,..,ps —p} and KUK’ C {ps,..,pN — p}.
Then
an (m')an (m) (m:, abpm)
= as({m hicj<s)an—s({mshi<ics) (Wmg A A e athmy A At

ran—s({mj — ps}jssrr)an—s({my — pstiss1)(Um A A, by A Aty )
(2.55)

Thus if we define
/
g (L', L; K' K) := Z an(m")an (m){(Ym:, CtcLCrecxm)

with a sum over L U L’ U K U K’ - irreducible pairs of increasing N-admissible sequences
m,m’ with no renewal point between L UL’ and K UK’ and the functions f,, as in the proof
of Theorem 2.13, we obtain

INUUK LUK)= Y fi(L,L)Cjifn—j(K' —pj, K — pj) + gn (L', L; K', K).
0<i<j<N
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For X ={j,..,7 + N — 1}, it is convenient to define
fx(L',L) = fn(L" = pj, L —pj), gx(L',L;K'.K)=gn(L —pj, L — pj; K' = pj, K — pj).
Using the representation (2.45), we get (ab) = F' + G where

F=3" NN p (1 L) (Capx yyr®™Y) — @) fy (K, K)
X<Y

G= Zq Jgx (L', L; K’ K)

Here, if X = {sx,..,sx + N(X)—1}and Y = {sy,..,sy + N(Y) =1}, d(X,Y) := sy — (sx +
N(X)). The previous expressions should be compared with

b> _ Zq2TN(X)+N(Y)fX(L,,L)fy(K,,K)

We start by estimating F' — (a)(b). Write X = {sx,..,ex — 1}, Y = {sy,..,ey — 1}. The
difference of F' and (a)(b) is a sum over X,Y which we split into two parts. Let M € N. The
first part is a sum over X,Y with sy —ex > M. It is bounded by

sup [1—a” G| qu Nfx (I, L quN(Y)\fy(K’ K)|)

< sup |1 —¢q~ Ly C’n|((cL,cL/>(chL><cK/cK/><cKCK>) 172 < sup |1 —qilr”C’n|.
n>M n>M

The second part is a sum over X,Y with sy —ex < M — 1. Writing d = (min(K U K’) —
psy) + p(sy — ex) + (pex — max(L U L)), we obtain
min(K U K') — psy > (d — pM)/2 orpex — max(L U L) > (d — pM)/2.
Using C,r"™ < ¢, we can bound give a bound on the second part of the sum as
2 > gV | fx (L', L)] + 2 > gV O fy (K, K.
pexfmax(Lu)z:’)z(dfplvl)/2 min(KUK’)7;/5:}/20171)1&1)/2

If we go back to the definition of fx as a sum over N-admissible, LU L’ irreducible sequences
m/, m, we see that only m sequences with no renewal point between LUL’ and ex contribute.
By a procedure similar to step 3. of the proof of Theorem 2.13, one can show that

> NN < Y wtay

X: —
pex —max(LUL’)>(d—pM)/2 ?’LZ(d pM)/Qp

the right-hand side representing the probability in the polymer ensemble of Proposition 2.9
that a given point is in a polymer of length greater or equal to (d — pM)/2p. The sum over
Y can be estimated in a similar way. Thus we get

[F—(a))| < sup [L—¢ 'r"Col +4 > mon,.
=M n>(d—pM)/2p

It remains to give a bound on G. We start by looking at the non-vanishing contributions to
gn(L', L; K', K). Without loss of generality, we may assume »_, ,, k>3, -, k (otherwise,
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use (a*) = (a) to interchange L’ and L).

Claim. Suppose m/,m are increasing N-admissible sequences and ), ,, k> >, _; k. and
(Y, C5reLChicictbms) # 0. Then if s is a renewal point of m’ such that LUL’ C {0, .., ps —p},
KUK’ C{ps,..,pN —p}, s is also a renewal point of m.

Proof of the claim. Let m’,m, K, L, K', L', s be as described above, and M = {m1,..,mpy},
similarly for M’. Then we must have M'\(K'UL’) = M\(KUL). Intersecting with {0, .., ps—
p} we get M'\L'N{0,..,ps — p} = M\LN{0,..,ps — p}. In particular }35_, (m; —m;) =
Yoker k= ker B> 0. Thus

S

0= "(m}—p(j— 1)) Z p(j — 1)) > 0.

j=1 j=1

The inequality on the right-hand side must be an equality, and s is a renewal point of m.

As a consequence, if a pair m’, m contributes to g, (L, L; K, K) and X7, .., X5 is the partition
of {0,.., N — 1} determined by the renewal points of m’, there is a rod X such that pX’ N
(L'UL) # 0 and pX ;N (K'UK) # 0. In particular, N(X?}) > min(K'UK)—max(LUL') = d.
Thus in the spirit of step 4. in the proof of Theorem 2.13, we have

N N—nC C
iCN—n—j . . , .
> jciNnjgn(L’—pJ7L—pJ;K’—pJ,K—pJ)|
n=1 j=0
I
< an (m)aN (m/) Wm', ab¢m> |/CN
1/2
<cKcKchL Z lan (m)|* (W, €1rcLr Chercrcrthn)) / /CN.

where 3" is the sum over sequences m’ having no renewal point between LU L’ and K’ UK.
Taking the limit N — oo after shifting the origin to the middle of the cylinder, we obtain a
bound of G in terms of the square root of the probability that max L U L’/p is in a polymer
of length greater or equal to p. Finally, we obtain the bound

[{ab)y — (a)(b)| < sup |1 — ¢ '7"C,| + 4 Z nr'a, + ( Z nray,)? (2.56)
n=M n=(d—pM)/2p nzd/p

for any M € N. Choosing M of the order of d/(2p), we see that |{ab) — (a)(b)| goes to zero
as d — oo. |

Remark: Rate of convergence. Suppose ) . a,t™ has radius of convergence R > r. By
Theorem 2.12, this is the case for sufficiently large v. For A C Z, |A| < oo, let Ax be the
algebra generated by 1, ¢y, ¢l k,m € A. If a € Ay, b € Ay, then (ab) — (a)(b) goes to zero
like (r/R)%st (MA)/4p: there is exponential clustering.

2.1.5 Symmetry breaking

In Theorem 2.14, we proved that the state w = (-) of Theorem 2.13 is invariant with respect
to translations 7,7 by multiples of pyl. Thus pvl is a translational period. This leaves the
question open whether pyl is the smallest period. We will prove that for sufficiently thin



66 CHAPTER 2. THERMODYNAMIC LIMITS

cylinders, pvl is indeed the smallest period of w. Since w is an infinite volume ground state
of a Hamiltonian invariant with respect to translations by multiples of I (see Section 2.4),
this means that there is symmetry breaking.

In principle, it is possible that the state has pyl as its smallest period, but a ~yl-periodic
one-particle density. We will prove that for sufficiently thin cylinders, this does not happen
and pryl is the smallest period of the one-particle density.

The proof of the non-trivial periodicity of the one-particle density uses the analyticity results
of Theorem 2.10. They are consistent with numerical results by [SWK04] and related to
numerical results for tori [SFLT05]. This work looks at torus wave functions at filling factor
1/3 and gives numerical estimates of the order parameter

O — 1 & i27m5/3 ) (7 "
= < 20 e ()eldy)

Jj=1

(Vr, k € ZJ3NZ are the torus lowest Landau level basis functions). The authors find that
the curve e~ — O looks like e=¢*/7” for some constant ¢ > 0. In particular, for large radius
R =1/v, O is very small but non-zero.

As a complement, we prove that the states w, w o 7,,..,w o 7P~! are orthogonal if
(o]
Zn2r”an < 0. (2.57)
n=1

We call the states wi,..,wp on A orthogonal if for all positive functionals @ on A, and all

ke{l,.,p},
((I)<wk andd;<2wj) =w=0
i#k
or equivalently, if in the cyclic representation (m,,, H.,, (L) associated to w 1= wq + ... + wp,
there exist mutually orthogonal projections P, .., P, € m,(.A)" such that

wj(a) = (Pify, mu(a)Q) (7 € {L,..,p}), a€ A

(see [BR79a] Lemma 4.1.19, p.333). The analogous notion for probability measures is dis-
jointness of supports.

For the proof of the orthogonality, it is enough to restrict to a commutative subalgebra and
we can use a probabilistic picture. The proof then follows ideas of [AM80], who look at
thermodynamic limits of a classical one-dimensional jellium systems. They notice a simple
condition on the range of the electric field. This condition subsists in the thermodynamic
limit and shows that the distribution of the electric field cannot be translationally invariant.
[AMS0] then use an ergodic theorem to prove that the electric field is a function of particle
positions and conclude that the distribution of particle positions cannot be translationally
invariant (see also p.71 for more details). Something similar can be done here. The second
moment condition (2.57) ensures the integrability of an auxiliary random variable, needed
for the ergodic theorem. A related approach is also used in [AGLO01], who conjectured that
their results could be applied to jellium tubes.
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Theorem 2.17. Suppose C,,r™ — q > 0 and let w = (-) be the state of Theorem 2.13.

1. Suppose that the second moment n%r"a,, is finite. Then the states wo TF, k =
0,....,p — 1 are orthogonal. In particular, w o TF = w if and only if k is an integer

multiple of p.
2. Let vy, be as in Theorem 2.12. Then we have:

(a) The second moment condition and the conclusions of 1. hold for all v > ,.

(b) Let p, ny, = w(ciex) be the one-particle density and occupation numbers associated
to w. Then the order parameter

1 e . 2 Pl
(Op) = — p(z)e™ 272/ (P10 gy — ——e »?2? Zn e~12mi/p
Pl
is an analytic function of vy €]yy, 00[, and (Op) =1+ O(e™") as v — oco. Hence
on |y, 00[ (Op) cannot vanish except possibly on a discrete set, and for sufficiently
large 7y, (O,) > 0.

Remark: For p = 3, the reversal symmetry implies n; = n_; = ny and the order parameter

equals
1 1 x2k2

1 o —127 31 —
<03>:3_*yl/0 p(z)e”" x/('y)dngme 97 (ng — ny).

Thus (O3) is really a measure of the amplitude of oscillations.

Again, we give details of the proof only for odd p. When p is even, the occupation numbers
7y are unbounded operators (thus n, ¢ A). We start with the simpler part of the proof,
namely with the proof of 2.

Proof of 2. Recall from Theorem 2.12 that for v > ~,, the series ) a,t" has a radius of
convergence R strictly larger than the radius of convergence r of >~ C,t™. It follows that for
7 > 7p, the second moment condition (2.57) holds. Now let us turn to the order parameter.
The analyticity is essentially a consequence of the analyticity of r, () and g, () (see Theorem
2.12). For the asymptotics of the order parameter as 7 — oo, remember that the natural
variable is u = 6_72, and u = 0 describes a pure monomer system. The asymptotics follows
from an expansion around the point u = 0. We give more details now.

Let ny, = cj.cr. Remember

ng = qu anz Umﬁk—pjun>/||un”2-

JEZ
For n € N, we have
=1 oo _ p—p
Z eil2ﬂk/p Z <'U/na ﬁk—pjun> =P Z eil2ﬂk/p <Un, ﬁkun> =D Z eil2ﬂk/p <Un; ﬁkun>
k=0 j=—o00 kEZ k=0
Let (Op)' := L Y07 () e =™ /P, Then
oo 1 pn—p
= anr"an<op>;, (Op)y = o (un, Z € ZQTrk/pnk) )/l .
n=1 k=0
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Recall that (gnr™a,,) represents a probability distribution on the lengths of polymers. The
previous formula expresses the fact that each polymer contributes a part to (O,), depending

only on its length. Both ||u,|[2 = v, and (unfgu,) are polynomials of e, for example

‘2672 S (mi-p*(i—1)%)

(unfipun) = > X{mrsoomag } (B) b (i, ..y my)
0<m1<..<my<p(N-—1)
irred.

where by (my,..,my) are integers. By Theorem (2.12), r(e’“ﬁ) and ¢ are analytic functions
2 /

of e € [0,e[. Since {Op)| < 1, and an(e™) < an(e_VQ) for v > 4/, the sum

Yo nran (Op);, is a uniformly convergent sum of analytic functions, hence it is analytic

itself. In pargicular, it has a convergent power series expansion in e’ = 0 around u= 0.
Since a, (€77 =0) =0forn > 1, r(0) = 1 and ¢(0) = 1, we obtain (O,)), =1+0(e™7"). O

Proof of 1. The main ingredients of the proof of 1. are a lemma that we will state and prove
below and the observation that orthogonality of states needs only be checked on a subalge-
bra. In the problem at hand, there is a natural choice of subalgebra: it is the algebra Aq
generated by the occupation numbers 7. The algebra Ay is abelian and thus can be treated
using a probabilistic language. The associated probability space ) describes point particles
on a lattice. The state w on A is associated with a probability measure P on €2, and shifted
states woT¥ correspond to shifted measures Py. In order to prove orthogonality of the states,
we need to prove that the shifted measures are mutually singular. The singularity of the
measures follows from the existence of a random variable @) with the following property:
there is a set of pairwise different values qo, .., ¢,—1 such that for cach k € {0,..,p — 1}, the
random variable ) takes the value gy Py-almost surely. This means that the measures Py
have their supports in the disjoint preimages under @ of qo, .., ¢p—1-

The existence of such a random variable @ is the object of Lemma 2.18 below. The main
work to be done is the proof of this lemma, which we postpone to p.71 where the reader will
find also a description of the physical intuition behind this lemma.

Let Ap be the closed subalgebra of A generated by the occupation number operators ny =
cpck, k € Z and the identity 1. We start by showing that it is enough to check orthogonality
on Ay. Let w, := wo 78", and let @ be a positive functional on A with @(a) < wp(a) and
&(a) < (wi(a) + ... + wp_1(a)) for all a € A. In particular, the inequalities hold for a € Ay.
If the states w;| 4, are orthogonal, it follows that @|4, = 0. Since 1 € Ag, we have @(1) = 0.
By the positivity of @, for all a € A, |@(a)| < ©(1)||a|| = 0, whence @ = 0.

Thus we need only show that the restrictions of wy,.,wp—1 to Ag are orthogonal. But Ag
is a commutative algebra and we can use a probabilistic language. Let us briefly recall
the construction of the probability space. The occupation number operator 7y gives the
number of particles at lattice site k. The probability space 2 we will consider describes
particles on a lattice. Each particle configuration X € () is characterized uniquely by the
sequence of occupation numbers (ng(X))rez, where ng(X) gives the number of particles at
the lattice site k. For simplicity, suppose p odd. Then Laughlin’s function is antisymmetric
and thus describes fermions. There is at most one particle per lattice site and we may take
Q = P(Z) = {0,1}%, where we identify sets with their characteristic functions. We give {0, 1}
the discrete topology and {0, 1}” the product topology, and let £ be the Borel-c-algebra. The
mapping 7 — ng(-) extends uniquely to a homomorphism ¢ from 4 to C(£2), and there is
a unique probability measure P on (2, ) such that for all a € Ay, w(a) = [ ¢(a)dP.
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The probability of cylinder sets can be specified as follows: for K, A C Z,

PUX | XNK =AY =w([[ax J] (1-7n). (2.58)

ke A keEK\A

Equivalently, for all K = {k1,..,k.} CZ, |K| =7 < 00, and all (€1, ..,¢.) € {0,1}",

PUX | g (X) = €1, omp, (X) =& }) =w(J] 2w [T (1 = ).

keEK keK

ep=1 € =0
Shifted states area associated with shifted measures: let 7: Q2 — Q, X — X + 1. Then the
measures P; associated to the states w; = w o 77 are given by P; = P o 7/. To conclude the
proof, we need the following lemma:

Lemma 2.18. There is a map Q : Q — R%, X +— (Qx())zez such that:
o forall X € Q, forallx,s € Z: Qxis(x) = Ox(x — 8), i.e., Q is “covariant”;
e for P-almost all X € Q, for allz € Z: Qx(z) € —x/p+ Z.

The lemma will be proved a little later. For a given set of particles, Qx (x) should be thought
of as the total charge accumulated in | — 0o, x[, where the particles account for a charge 1 and
a uniform background of density —1/p is added. By Lemma 2.18, there exists a measurable
subset M of Q such that P(M) =1 and for all X € M and « € Z: Qx(z) € —x/p+ Z. We
have

P(M)=1 andforall X e M: Qx(0) € Z.

It follows that for j € Z, the shifted measures P; = P o 77 satisfy
Pi(M—j)=1 andforall X e M+j: Qx(0) € —j/p+Z. (2.59)
To see this, let X € M — j; we may write X =Y — j with y € M and
Qx(0) = Qy—;(0) = Qv (j) € —j/p+ Z.
By (2.59), the measures P = Py, Pi, .., P,_1 are mutually singular.

As a consequence, the states w; on Ag are orthogonal. Indeed, let @ be a positive functional on
Ag with @ <wp and @ < (w1 +..+wp—_1). Let 1 be the measure (not necessarily a probability
measure) on (€2, F) associated to & through a relation similar to (2.58). Then, for all E € F,
w(E) < Py(E) and p(E) < (Pi(E) + ..+ P,—1(E)). Applying this to E; = M + j, we get
pu(E;) =0 for all j € {0,..,p — 1}, hence pp = 0 and @ = 0. O

The proof of Lemma 2.18 follows ideas of [AM80, AGLO01]. We start with a summary of the
ideas of these works that we shall use. In [AMS80], Section 4, Aizenman and Martin consider
a one-dimensional classical jellium system, consisting of N particles of negative charge —e
moving in a neutralizing background of charge density pe on a line segment [—L/2, L /2] C R.
For simplicity, we will assume e = 1. The one-dimensional Coulomb potential is —|z|. Each
particle configuration is characterized by a set of particle positions x1,..,xy. The electric
field at x is a function of the particle positions: for x € [-L/2, L/2],

E(z;{z;}) = — ngn(w —xj) + 2pz. (2.60)

j=1
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(Actually, the field is not well-defined at the location of a particle, x = z;. We shall not
deal with this difficulty here.) Due to the overall neutrality of the system, the electric field
vanishes outside the volume containing the charges:

E(=L/2;{z;}) = 0= E(L/2;{z;}). (2.61)
Furthermore, for z < y,

E(y;{z;}) - E(x;{a;}) =2p(y —2) -2 Y 1. (2.62)

z;€[z,y]

It follows that

E(w;{z;}) = E(w;{z;}) — E(~L/2{x;}) =2z + N =2 > 1
z;€[—L/2;x]

Suppose we take N even; then
E(x;{z;}) € 2px + 27Z. (2.63)

This constraint will subsist in the limit N — oo, the density p being kept fixed, and shows
that the limiting distribution of the field F cannot be translationally invariant. It can at
best be periodic with period 1/p. We would like to know whether the particle positions have
a translationally invariant distribution. In the limit of infinite volume, the particle positions
can be recovered from the electric field as the locations of its discontinuities. But a function
of a periodic quantity may very well be translationally invariant, so this is of no help. In
order to conclude that the particle positions have a non translationally invariant distribution,
we need to know that the field is a function of the particle positions. This is of course the
case for finite volumes, but for systems with infinitely many particles the formula (2.60) no
longer makes sense. Nevertheless, the field can be recovered from the particle positions. This
is shown in [AMS80] using an ergodic theorem.

An abstract version of the argument previously described is considered in [AGLO01], who look
at point processes and at one-dimensional charge distributions. Let us sketch some aspects
of [AGLO01] for the special case of one species of particles moving on a lattice. Let P be
a translationally invariant probability distribution on the space of particle configurations
P(Z) = {0,1}2. Let p be the average number of particles at a given site. We might think of
the particles as point charges with charge 1 moving in a neutralizing background of charge
density —p. For a given configuration X C Z and a,b € Z (a < b), define

Fx(Ja,b]) :== |XN]a,b]| — p(b — a). (2.64)

Fx(Ja,b]) is the difference between the number of particles in ]a,b] in the configuration X
and the average number of particles in ]a, b]. It can also be considered as the total “charge”
in Ja,b]. [AGLO1] prove that if the random variables X +— Fx(]a,b]), a,b € Z, a < b have
variances uniformly bounded in a, b (actually, [AGLO1] give weaker conditions), there exists
a covariant antiderivative, i.e., there exists a family of random variables X — Ex(a), a € Z,
such that for P-almost all X C Z and all a,b € Z, a < b:

Exi1(a) = Ex(a—1), Fx(la,b)) = Ex(b) — Ex(a). (2.65)

Combining the second identity with (2.64) gives an expression for £x(b) — Ex(a) analogous
to (2.62). Thus Ex(a) can be thought of as the “field” in a, or simply as the total charge
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accumulated in | — 0o,a]. Now the probability space can be partitioned into level sets of
X +— Ex(0) (modulo 1). For 0 € R/Z, let

M = {X € P(Z)| Ex(0) =6 mod 1}.

Using (2.65), one easily sees that the shift Ty, : X — X + k maps My onto Moix,. If pis
not an integer, there are several sets My, and [AGLO1] prove that the probability measure
P decomposes into a mixture of mutually singular measures Py, supported in My. In the
particular case that the density is rational and not integer: p = p/q, p,q coprime and ¢ > 2,
we obtain a decomposition of the probability space into ¢ subsets invariant under shifts by
multiples of ¢q. In particular, the probability measure P cannot be ergodic with respect to
shifts by multiples of ¢: in this sense, there is symmetry breaking.

Now let us come back to Lemma 2.18. The idea of proof is a combination of ideas found in
[AMS80] and [AGLO1]. From [AGLO1] we take the idea to construct a generalized “electric
field” or “total charge” random variable. This is the variable Qx () of Lemma 2.18. For the
construction of the random variable, we follow the idea [AM80] of looking at finite volumes
first and then making a detour involving a larger probability space and an ergodic theorem.
As we have seen in the proof of Theorem 2.17, the level sets of the field play an important
role for the symmetry breaking, just as in [AGLO1] and [AMS80].

Proof of Lemma 2.18. The starting point is the following: the state w is associated with a
probability measure P on Q = P(Z), where a particle configuration is characterized through
the set X C Z of occupied lattice points. The measure P is invariant with respect to shifts
(on Z) by multiples of p. By Corollary 2.15, the average density is

We think of the particles as point charges of charge 1 moving in a neutralizing background
of charge density —1/p. Each configuration X C Z defines a “charge distribution” F on Z
through

1
Fx(4) =IXn4|- |4, AcZ.

The previous considerations suggest to search for a covariant antiderivative of Fx, i.e. to
search for a map X — (Qx(x))zez such that

Oxts(w) = Ox (v — ), Fx([z,y]) = Ox(y) — Qx ()

and to show that the probability measure P is supported in the set where Qx(z) = —z/p
mod 1. We will proceed as follows:

1. We start by looking at finite volumes. For systems with finitely many particles N,
we can simply define QY (z) as the total charge accumulated in | — oo,z (with a
suitable background distribution). The field thus constructed is not covariant, but
essentially satisfies the condition QY () = —z/p mod 1. We will see that finite volume
configurations may be characterized through an auxiliary space (), Fr, Pr); this
serves as a guide for the infinite volume case.

2. As a second step, we construct an auxiliary probability space (', F’, P') space from
which the particle positions may be recovered, i.e., there is a random variable M : Q' —
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Q = P(Z) such that the measure P is the image of P’ under M: P = P’ o M. The
approach in [AMS80] suggests to take as larger probability space Q' the configurations
of the field, but we will see that in our setting, a different construction is more natural;
the auxiliary space arises roughly as infinite volume limit of the space Q' of 1.

3. We proceed by showing that there exists a field ' > v — (Q,(x))zecz, defined on the
auxiliary space, that is an antiderivative of the particle positions in the sense that

FM(V)([x7yD = Ql/(y) - Qu(x)v

where M : Q' — §) reconstructs the particle locations from the auxiliary variable v € €'.
We show that @ has a covariance property, that @, (x) = —z/p mod 1 P’-almost surely
and that v — @Q,(z) has finite expectation value; this is the place where the second
moment condition (2.57) enters.

4. Just as in [AMS80], we use an ergodic theorem for @, (z) to show that the field @, can
be recovered from the particle locations, i.e., there is a map Q : 23 X — (Qx())zez
such that

VeeZ: Qu(x) = Quey(x) for P’ —almost all v e .

The map Q, suitably defined, is the map of Lemma 2.18.

1. Finite volumes. For N € N, let (-) ; be the state defined by ¥ and Py the corresponding
probability measure on Q = P(Z). Note that X C {0,..,pN — p} and |X| = N Py-almost
surely. More precisely, let ay(mq,..,my) be the expansion coefficients of Laughlin’s N-
particle state, Cyy its L?-norm squared, then the probability Py is defined as

PN({m1, ..,mN}) = |aN(m1, ..,mN)|2/CN

where for X C Z we write P(X) instead of P({X}). Think of Py as describing N particles
located in {0,..,pN — 1}, with a uniform neutralizing background so that the total charge
accumulated in | — 0o, x| vanishes if z < 0 or > pN. Let

Xn0,z[| - Lz, if ze€{0,.,pN},
0, else.
For X C {0,..,pN — 1}, | X| = N, we have
QX (0) = QX (pN) =0.

This equation is the analogue of (2.61). If 2,y are in {0, ..,pN} and < y, we have obviously
1
QX () — QX (@) = X N[0,2]| — s

in this sense, Q% is an antiderivative. Furthermore, it is obvious from the definition of Q¥
that
VX C Z, Vo € {0,..,pN}: Q¥ (x) = —z/p mod 1.

This is the analogue of the constraint (2.63) on the electric field for one-dimensional jellium.
Now let us use the additional structure present here. First, note that if X C Z has a

non-zero probability, Py (X) > 0, there exists an increasing, N-admissible finite sequence
m = (my,..,mp) such that X = {mq,..,muy}. Now, we claim that:
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Let m = (my,..,my) be increasing m; < .. < my and N-admissible. Let X =
{m1,..,my} with Py (X) > 0. Suppose k is a renewal point of m. Then Q¥ (pk) =
0 and for pk <z < pN,

QX (x) = [X N [pk, [| — (= — pk) /p.

Thus renewal points give zeroes of the field, and the field at x depends only on
the particle configuration up to the next renewal point.

To see why this holds, let m, X, k. Px(X) > 0 implies that (mgy,..,mg) and (mg41 —
pk,..,my — pk) are k (resp. N — k)-admissible. In particular, 0 < my,..,my < pk — p, and
pk < mpy1,..,my < pN — p, therefore if x > pk

QX (z) = (X N[0, pk[ | — k) + (IX N [pk, [ | = (= = pk)/p)

= (‘{mlv‘vmkﬂ - k) + (|X N [pk,x[—(w —pk)/p)
= |X N [pk, z[—(z — pk)/p,

whence the claim.

Definition of an auziliary probability space: finite volumes. We would like to use the obser-
vation on renewal points to define Q x for infinite systems. However, defining renewal points
for infinite sets X C Z seems even harder than defining a total charge, thus we have to make
a little detour. Recall from the proof of Lemma 2.5 that N-admissible sequences can be
characterized in terms of sequences vy, .., vy with

mjzp(j—l)—i—uj—l/j,l, vg=vny =0
vy Z O, Vit1 —2Vj +I/j_1 —|—p Z 1.

Furthermore v, = 0 if and only if k is a renewal point of m. The probability measure Py
defines a measure Py on the space )y of (v;)-sequences through

Py ({(0,v1,..,un,0)}) = Pxn({(m1,..,mn)}) = lan(ma,..,mn)|?/Cx.

The factorization rule from Lemma 2.4 leads to

PJ/\/'({Oa Vi,.yVi—1, 07 V42, UN—1, 0)}) =
Co Py({(0,v1,.,v-1,0)}) Cn 1 Py ({(0, ¥y, -, vn—1,0)}) /Ch,

moreover Py (v, = 0) = C,Cn_y/Cn for all k € {0,..,N}. Thus for k — 0o, N — k — o0,
Py(vp=0) — put =q.

2. Auziliary probability space: infinite volume. More generally, there is a natural probability
measure on the space of infinite sequences. Let ' C NZ be the set of sequences (v;)jez such
that

Vi€Z: vipi—2v+vi_1+p>1

and the set {j | v; = 0} is bounded neither from below nor above. Define a probability
measure P’ on Q' by requiring that the zeroes of (v;) are distributed like a stationary renewal
process with interarrival distribution (p,) = (", ), constant renewal probability

Py =0)=q=p"" =1/(Q nr"an),
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and for all a € Z, N € N, and €441, .., €q1 N—1 in Ny,
Pl({(Vj) | Vo = 0,Vaq1 = €ay1s s Var N—1 = €atN—1,VatrN = 0})
= /'L_lcNTNP]/\/'({(O> €a+1y -y €Ca+N—1, 0)})

The measure P’ is invariant and mixing with respect to shifts (v;) — (v;_1). The probability
measure P on () is recovered with

M:Q—=Q, (vj))—{p(j—1)+v;—v,_1|jEL}
as P = P’ o M. Note that M((v;—1)) =p+ M((v;)).

3. Definition of an auziliary map Q. For v € Q' and « € Z, let j € Z be such that v; =0
and pj < x. Define Q, () := Fprq)([pj, z[). This definition is motivated by the observation
made in 1. that a renewal point arising through v; = 0 give zeroes of the field @, (pj) = 0.
Note that the definition does not depend on the choice of j: suppose pj’ < pj < x and
vy =v; = 0. Let my := p(k — 1) + vp41 — v. By the convexity property of (vy)x, (my) is
increasing, furthermore v, > 0 implies

my <p(i'—=1), pj' <mjs1 <. <m; <p(i—-1), pj<mjii.
whence M (v) N [pj’, pjl= {mj 4+1,..,m;} and
Furw)([pi', #l) = Farw)([pd, 2) = Fae)([ps', pil) = 0.
Q. has a series of properties:
1. @, satisfies a constraint on its range: @, (z) = —z/p mod 1 for all v € Q
2. @, is an antiderivative of the charge density F: if x <y, Q. (y) — Q. () = Fare ([, y[)
3. Q, is covariant: Q,,(z) = Q,(z — p), where (7v); =v,;_4
4. The field at z has finite expectation value: [, |Q, (x)|dP'(r) < oo for all x € Z.

Indeed, let x € Z,j € Z with v; =0, pj < x, then
Qu(z) = Frn([pd 2[) = [M(v) N [pj, ]| — (z —pj)/p= —2z/p mod 1.

Ife<y,

Choose j small enough so that p(j + 1) < z and let v} := v;_1. Then v}, =0, and

QTV(J:) = QV' (J?) = FM(TV)([p(j + 1)7£D
= Fpim()([ps + p,2l) = Fyue)(lpj, 2 — pl) = Qulz — p).
Finally, suppose pj < z < p(j+n—1) and v; = vj,, =0, j € Z, n € N. Then M(v)N

g, p(j+n) —pl = {mjs1, .., mjsn} and |Q, (x)| < n+(z—pj)/p < 2n. Forv € ', let n, ()
be the smallest possible n. Then

/\Ql,(x)|dP'(V) < Z/QI ny(z)dP'(v) = 2 Zn ‘nr’a,, < oo,

n=1
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where we used that P(n,(z) =n) = nr'a,.

4. Definition of Qx(x). We wish to define Qx (x) such that Q,(x) = Qs (x). Note that
by P = P’o M, for P-almost all X, there is a v € Q' such that X = M (r). We need to check
however, that @, (x) depends only on M(v), i.e. M(v) = M (V') implies Q, = Q,+. This is
done by means of the ergodic theorem (P’ is mixing with respect to shifts). Let

Q= %/(Qy(a:) +Qu(z+ 1)+ ..+ Qulz+p—1))dP'(v).

Then for P’-almost all v € €/,

QZklggoka Qr—o(@) + . + Qrry(x+p—1))
=
:kllrgoljk;(Qu(x+pr)+..+Qu(x+p7"+p—1))
1 z+pk—1 1 z+pk—1
= v — v F v
fm 30 Q)= fim 3 (@ule) + Fuco (o)
It follows that for P’-almost all v € €,
z+pk—1

The right-hand side depends on M (v) only, hence Q, () = Q) (z) for P'-almost all v with

Ox () Q —limy o - oF Zwﬂ)k Y Fx(lz,y]), if the limit exists
x) =
X 0, else.

If the limit Qx (x) exists for some x € Z, it exists for all y € Z. Let M’ be the set of X € Q
such that the limit exists. Then

VX e M': OQx(y) — Ox(z) = Fx([z,y]).

For s,x € Z,
z+pk—1 z+pk—1 z+pk—1
Z Fxys([z,y[) Z Fxys([z,y]) Z Fx([z — s,y —s])

y=x

1 a:erkflfs

——— Y Fx(z—s)
pk
y'=z—s

hence if X € M, then also X + s € M’ and OQx4(z) = Qx(x — s). This relation is also
true if X ¢ M, in which case it reads 0 = 0. Thus

VX €Q, Vo,s € Z: Qxis(z) = Ox(z — s).
Finally, Qx inherits from @), the condition on its range:

Ox(z)=—z/p mod 1 for P-almost all X. O
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Theorem 2.17 answers the question whether there is symmetry breaking in Laughlin’s state
only for thin cylinders. It leaves open what happens on large strips. In view of the numerical
results mentioned at the beginning of this section, we believe that, at least for small p, the
result applies to broad cylinders, but this still awaits a proof.

2.2 Solvable models

In this section, we define generalized Laughlin-type cylinder and torus wave functions. The
starting point for the cylinder function is the representation as a power of a Slater deter-
minant of Gaussians. The generalized function is obtained by allowing functions f different
from Gaussians. These functions are interesting mainly for two reasons.

The first reason is that for particular choices of f, the modified cylinder function defines a
solvable model: if we choose f as a function with sufficiently small, compact support, the
modified cylinder function is associated with a monomer-system on Z. The partition func-
tion of a monomer-dimer system on a linear chain satisfies a two-step recurrence relation (see
e.g. [HL72], p.196). Consequently the L2-norm squared of the modified function satisfies a
two-step recurrence relation, which is of course explicitly solvable. The correlation functions
can be computed explicitly as well. We look only at the one-particle density.

More generally, the modified cylinder functions retain a lot of the structure present for
Laughlin’s cylinder function, and most of the results of Section 2.1 have an analogue. In
particular, the modified wave functions are associated with polymer systems. An important
parameter in the description of Laughlin’s wave function is the ratio v = I/R of magnetic
length and cylinder radius. We have seen that as v — oo, the system approaches a monomer
system. A similar phenomenon appears here: the definition of modified functions involves
not only the function f but also its translates f(- — pnyl),n € Z. We choose f as a function
of compact support. Then we observe the following phenomenon:

1. When # is very large, f(-) and its neighbors f(- — n+yl) have non-overlapping supports,
and the associated polymer system is a monomer system.

2. When + is such that only nearest neighbors f(:) and f(- £ «l) overlap, we obtain the
monomer-dimer system mentioned above.

3. As soon as v is small enough so that next nearest neighbors f(-) and f(- — 2n~l) over-
lap, the associated polymer system has polymers of non-vanishing activity of arbitrary
length.

The second motivation is the comparison of cylinder and torus functions. Up to now, this
chapter has only been concerned with cylinder functions, and our goal was to show that they
display a kind of symmetry breaking. This kind of symmetry breaking is well-known for
torus functions [HR85b, Hal85]. A torus can be seen as a cylinder with periodic boundary
conditions. It is widely accepted that for small p (p < 7), Laughlin’s function describes an
incompressible liquid. Thus boundary conditions should not affect the bulk behavior, and we
expect that the cylinder and torus wave functions are equivalent in the limit of long cylinder
/ tori. We check this equivalence for the solvable monomer-dimer model: when the cylinder
modified function is associated with a monomer-dimer system on a linear chain, a suitably
defined modified torus function is associated with a monomer-dimer system on a ring, with
possibly one additional long polymer covering the whole ring.
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2.2.1 Generalized Laughlin wave functions

We start by giving the definition of generalized cylinder and torus functions ®§;, ®%. In
Proposition 2.20, we verify that the modified functions have periodicity properties that jus-
tify the denominations “cylinder” and “torus” functions. The definition of the modified
functions involves a function f : R — R. In Proposition 2.21, we check that we recover the
Laughlin wave functions of Definition 1.1 if we choose f as a suitable Gaussian.

Let f : R — C be a continuous even function (f(z) = f(—=)) such that [~ |f|*’ = 1. For
n € Nand N € N, define

MY Ef(g — nyl),  on( n 2.66
27TR f( pnyl) Z Pn+kN- ( )

k=—o0

Definition 2.19. Let f, d)n,ggn be as above. The generalized Laughlin cylinder and torus
wave functions for N electrons at filling factor 1/p are the functions

@%(21, Wy ZN) =

1 P
—W (det<¢n71<zj>)1gn,jszv) -
P A
L (21, .., 2n) T H ¢ Xews/ONEYG (2 -y DN

where Zy, .., Z, € C satisfy Y .0_, Xs/(pNyl) € Z, Y'_, Y, /(27R) € Z.

The conditions on Z1, .., Z, are similar to conditions imposed on the zeroes of theta functions,
see [FKO1], Chapter 7. Let us remark that there is a small difference between the definitions
of ®§ and ®%: the cylinder function is, up to a prefactor, the p-th power of a determinant,
whereas the torus function is in general only a product of p determinants.

Recall the expression of the magnetic translation in the z-direction:

(t(ae,)y)(2) = e ¥/ (2 — a).

If ¥ is an N-particle wave function, we denote by ¢;(a), j € {1,.., N} the magnetic translation
in the j-th variable. For example, (¢1(ae,)¥)(z1,..,2n) = U(z1 — ia, 22, .., ZN).

Proposition 2.20. The functions @% and @% have the following periodicity:
t;(2mRe,)®% = ®%, t;(2nRe,)®% = O,
tj(pNyle,) Py = Oy
forall j € {1,..,N}.

Proposition 2.21. Let
1 I T
flx) =~ e i

Then the modified cylinder functions equal Laughlin’s function ®S, = ¥, and the functions
%, are torus Laughlin wave functions. Conversely, any torus Laughlin wave function W1, is
of the form W1 =A@ with X\ € C and ®%; as in Definition 2.19.
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Proof of Proposition 2.20. The periodicity in the direction around the cylinder follows from
On(z + 27 Ri) = ¢p(2) and

el o0y Xe2mR/(pNI?) _ i2m 320, Xo/ (pNAD) _

For the quasiperiodicity of the torus wave function, we compute
(tl(pNvl)CI)%)(zh o a2n) = ePNVERST (2 — pNAL .. 2y).

Using

i 7 Zs 7 7 Zs
N /By (21 — pNAl — v)=¢ Y R G2 — )

and Y.?_, Y, € 2rRZ, one can check t1(pN~l)@% = ®%. The periodicity in the variables
Z2, .., ZN is shown in an analogous way. ]

Proof of Proposition 2.21: cylinder function. The cylinder Laughlin wave function is

]. / / N 2/ 267%172’)’2 Z;'V:BI j2
‘b%(zl,..,zN) = — (e R _ o2k R)pef oy g /2l S
VN Sk (27 Rl\/m)N/
1 1 —1)z SN 2 N 1y2\P
~ VM (2rRI/7)N2 (det(e(n Dzi/Ry) oy 6w 21T g5y’ i 1)2)
1 1

_ (det(ei(nq)yj/Re—Z)ﬁ(%—p(n—l)vl)z)

= VN @rRIymN?

This is of the form given in Definition 2.19 provided we choose f(z) as a Gaussian with the
correct multiplication constant.

P
1§j,n§N)

Torus functions. We start by showing that any ®% function is a torus Laughlin wave function.
Note first that

_ 1N 2
@%(21, 3 ZN) - f(Z1, ey ZN)E 212 Z:J':l Tj

for some holomorphic function f. This is checked using
[ee]
e X/RG (5 %) x (exsz/wvﬂ) Z e(n+kN>z/Rfm?<n+kN>2/z)eﬁ/(zm?)efX.f/upﬁN?)_
k=—oc0

Together with the quasiperiodicity of Proposition 2.20, this shows that ®%; is in the torus
lowest Landau level. On the other hand, ®% has a zero of order at least p as two particles
get close (z; —z1) — 0. Thus by the results of Section 1.4 it is a torus Laughlin wave function.

The functions gi;n can be considered as the basis functions of the lowest Landau level on a
torus [0, pN~I] x [0, 27 R] with a modified magnetic length I = ,/pl. The corresponding filled
Landau level wave functions are

N . )
_ i(zj —2) | 0L | L SN g2
G(Zl,..,ZN) —F(sz) H HI(T | ﬁ)e 2pi2 1
Jj=1 1<j<k<N
where L = pN~l and F' is a holomorphic function satisfying

F(Z +i2nR) = (-1)N"YF(Z), F(Z+L)=(-1)N"1?/Bl/CRp(7),
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But the space of filled Landau level wave functions is one-dimensional, hence there exists a
c € R such that

VNgo A .. Adpn_1 = cG. (2.67)
This gives
1 ; P N ] 2 u Ze Zs
OL(21,..,2n) = _N!cpez(zszl Xo) (=1 95)/ (PNI) 1:[1 G(z — ﬁ, AN — W)

N - :

1 i(z; — 2 1L 1 N2

v A DRI | ETE e PR S S L
: j=1 1<j<k<N

Fe™(Z) = F(Z — Z,)F(Z — Z5)..F(Z — Z,). (2.69)

Conversely, any torus wave function is of the form (2.68) for some holomorphic function F™
satisfying the conditions (1.7). We know from the theory of theta functions ([FKO01], Chapter
7) that any such function can be written, up to a multiplicative constant, as a product of
the form (2.69), where Zi,..,Z, are related to the zeroes of F*" and fulfill Y X, € LZ,
> Y, € 2xrRZ, and F is an odd or even theta function depending on the parity of N. As
a consequence, every torus Laughlin wave function can be written in the form of Definition
2.19. O

Remark. A more direct way of getting (2.67) uses a generalized Vandermonde identity in-
volving theta functions, see [For06], Proposition 3.1.

Now that we have defined the generalized functions, we can turn to their thermodynamic
limits. We start with the cylinder functions.

2.2.2 Cylinder wave functions

In this subsection we give some properties of the modified Laughlin function and investigate
the solvable monomer-dimer model. In Lemma 2.22, we prove that the modified cylinder
function is associated with a polymer system; this holds true for general f. In Proposition
2.23, we choose f as a function of compact support and show how the size of the support
compared to the “unit cell” [—pvl/2, pyl/2] affects the corresponding polymer system. When
the support of f is contained in [—pyl,pyl], the associated polymer system is a monomer-
dimer system. This system is solvable. In Proposition 2.24, we take p = 3 and determine the
normalization constant and the one-particle density for the solvable model (finite volumes),
from which we deduce the corresponding expressions in the infinite volume limit (Corollary
2.25).

Let N € Nand 7 € So,.. n—1}- We define the set of renewal points of the permutation 7 as:

R(rm):={k €{0,.,N =2} | n({0,..,k}) C {0,..,k}}.
For n € N, j € Z and p odd, define

Uu{0,..,n—1} = WA( Z sgn(oa..0p)

00, 0pESR:
R(og)N..NR(cp)=0

PPy (1) Po,(1) ® - @ ¢N—1¢02(N—1)--¢0,,(N—1)) (2.70)
Ugj, jn—1y = t(ipyles)* ugo,  no1}- (2.71)
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For even p, the antisymmetrization A is replaced with the symmetrization S. In the following
||-|| refers to the L2((R x [0, 2w R])") for suitable N. The one-particle density of ®; is denoted

PN (2).
Lemma 2.22. Let p € N odd, N € N, then

oG = > ux, A Auy, pv(2) = pr(X)vx(2)
X1,.,Xp X
Cn=l951F = D an-on,

ni+..+np=N
where the first sum ranges over ordered partitions X1 < .. < Xp of {0,..,N — 1} and

N(X)
) = lluxlPy vx(e) = 20 [ fuxPdes.dyyco.
[lux]
Similar formulas hold for even p, provided we replace the wedge product with the symmetric
product and, in the definition of uy, the antisymmetrization A with the symmetrization
operator S.

Proof. To fix ideas, we take p = 3. U§; can be expanded as
Uy =VN! A(Z sgn(o7)dodr(0)Po(0) @ - @ ¢N1¢T(N1)¢G’(Nl)) ; (2.72)

where the sum ranges over permutations of {0, 1,.., N —1}. The sum can be written as a sum
over (possibly empty) sets K C {0, .., N — 2} and permutations o, 7 with R(c) N R(7) = K.
The empty set K = ) gives (N!)*l/zu{OMN,l}. If K = {k1,..,kp} with ky < .. < kp,
the summation over corresponding o, 7 gives rise to [[(N(X;))"?uy, ® .. ® ux, with
Xj = {kj, ..,kj+1 — 1}, ko = 0, kDJrl = N. Using A(Af ® Ag) = A(f ®g), we obtain

N!

c_
Uy = X1¥XD(N(X1)!”.N(XD)!

1/2
) / A(UX1®..®UXD): Z ux, N..\Nuxp,.
X1,.,XD

Let Xj = {kj,“aijrl — 1}, O=ky<ki <. < kDJrl = N. Then

/

ux, A Aux, = A( Z ei(m’1y1+"+mNyN)/Rfm(l‘1,...,xN))

mi<..<mn

for suitable functions f,,, and the sum goes only over N-admissible partitions with renewal
points R(m) = {k1,..,kp+1}. This can be used to show

{Xl,..,XD} #+ {Yl,..,YD/} = /qu N Nuxpuy;, N .. /\UYD/dy2~-dyN =0 (273)

from which the representations of the norm Cy and the one-particle density can be deduced.
|

The previous lemma is of particular interest when the Gaussian is replaced with a function
f of compact support suppf C [—s, s]. The parameter s controls the size of the support and
the overlap between the function and its translates f(- — kpyl), k € Z. It takes the role of 7
as a parameter controlling the activities.
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Proposition 2.23. For large v, the associated polymer system is a monomer system. As -y
18 decreased, it becomes first a monomer-dimer system and then a system with polymers of
arbitrary length:

1. If py > 25, ¢pop, = 0 unless k =1, and ux vanishes unless N(X) = 1.
2. If py > s, ¢ = 0 when |k — 1] > 2, and ux vanishes unless N(X) € {1,2}.

3. If dpbrr2 # 0, ux # 0 for all rods X .

Proof. 1. Suppose py > 2s so that suppf C [—py/2,py/2] and ¢r¢; = 0 unless k = [. To fix
ideas, consider the case p = 3. The only permutations contributing to the sum in (2.72) are
o =7 =1id, so that

F = dg A AdN_1 = ugoy A AUN-1),  Ugny = D

2. Suppose py > s. Again, chose p = 3. If 0,7 contribute to the sum in (2.72), they must
fulfill

VE e {0,.,N—1}: |o(k) —k| <1, |r(k)—K| <1, |o(k) — (k)] < 1. (2.74)

This condition can also be expressed in terms of the permutation matrices Pq = 1, P,, Pr:
the matrices P,, P, and P, P! must be band-diagonal (only matrix elements pj,; and p; i1
are allowed to be non-zero). The first inequality in (2.74) implies that the cycle decompo-
sition of o consists of nearest neighbor transpositions (r r +1). If (r 4+ 1) is in the cycle
decomposition of o, the condition Vk : |o(k) — 7(k)| < 1 prevents (r —1 ) and (r+ 1 r +2)
from appearing in the cycle decomposition of 7. Thus there is a set of disjoint nearest neigh-
bor transpositions (i1 41 + 1), .., (ix ik + 1) consisting of the transpositions appearing in the
decomposition of o or 7. The supports of the transpositions {i1,i; + 1}, .., {ig,ix + 1} can be
completed by singletons {n} to give a partition of {0,.., N — 1} into monomers and dimers.
Following the arguments in the proof of Lemma 2.22, one sees that ®§ can be written as a
sum over monomer-dimer partitions.

3. Suppose ¢rori2 # 0. Let 0102, ..,0p, € So,...n—1} and (mo,..,my_1) := (01(0) + 02(0) +
w4 0,(0),..,00(N = 1)+ .. + 0,(IN —1)). The N-tuple (mq,..,my) can be considered as a
set of angular momenta, since

=N .
(Do (0)--Pory(0)) @ - @ (Gry (N—1) -y (N—1)) = € Z5=1 TV BE (31, ay)

for some function F. Suppose that (mg,m1,...,my—1) = (1,p,2p,...,(N —2)p, (N — 1)p — 1).
We wish to determine the corresponding permutations o1, ..,0,. To do this, we start by
looking at the partition of mo = 1 obtained by arranging o1(0), .., 0,(0) in descending order,
then at the partition of mq, etc. The only way of writing 1 as a sum of p non-negative integers
arranged in decreasing order is 1 =1+ 0 + .. + 0, hence the partition of my may be written
as (1 0P~1). Thus the sum m; = p = 01(1) + .. + 0,(1) has p non-negative numbers, among
which at least one is different from 1 and at most one is equal to 0. This leaves (2 17=2 0)
as the only possible partition. Hence the partition associated to 2p consists of p integers
> 1 among which at least one is different from 2 and at most one is equal to 1. The only
possibility is (3 2P~! 1). Proceeding in this way, we get the sequence of partitions

(10771, (21°P720), (32°721),...,(N -1 (N =22 N-3), (N-1)P"' N-2).
The corresponding product of functions

ST © 60020 @ o 10k Bon s © IR 1on 2
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does not vanish since we assume that nearest neighbor functions overlap. Now we have to
figure out the corresponding permutations. Up to a numbering of the permutations, the only

way to get the first partition is by choosing 01(0) = 1, 02(0) = .. = 0,(0) = 0. Therefore
02(1),..0,(1) must be different from 0. Thus in order to obtain the partition (2,1772,0) we
must have, up to a renumbering of o9, ..,0,, 01(1) =0, 02(1) =2, 03(1) = .. = 0,(1) = 1. It

follows that 02(2) = 3 and one of the permutations o, 03, ., o, takes the value 1. Continuing
in this way and restoring the degree of freedom in the numbering of the permutations, we
see that the only cycles in the decompositions of o1, ..,0, are transpositions (r r + 1), and
each such transposition occurs in the decomposition of exactly one permutation. There are p
choices for the permutation that takes (0 1), p — 1 possibilities for the one taking (1 3), etc.,
in total p(p—1)V =2 choices. For each of these, the product of signs is sgn(cy..0;,) = (—1)V 1.
In total we get

Ufo,..,n—1}
=plp— DN 2N h1h T @ 2 P ® . ® dn_10hy aN—3 ® SR 1bN_2 + T (2.T5)

where the remainder 7, has no contribution of the momentum type (1,p,..,p(N — 2),pN —
p — 1) and in particular is orthogonal to the first part of the sum. It follows that

Ufo,..,n—1} 3& 0

and the associated polymer system has polymers of arbitrary length and non-vanishing ac-
tivity ®({0,..,n — 1}) = [|[u({0,..,n — 1})||2. O

Remark: Formula (2.75) should be compared to the exact expression (2.5) of by (1, p,..,pN —
2p,pN —p—1).

When the associated polymer system is a monomer-dimer system, the normalization con-
stants and correlation functions can be determined explicitly. The following proposition
gives the one-particle density at filling factor 1/p = 1/3.

Proposition 2.24. Let p = 3 and suppose that ¢, = 0 if |k—m| > 2. Let a == ||p3¢1||* =
[[po®?]|? be a measure of the overlap between nearest neighbor functions *. The one-particle
density of ®; is

N-1 N—

Z %W“ Z CN L EEI2290(|¢2 0112 (2) + |60%44 2 (@)

Jj= Jj=

ANFL _ \N+1 1 1
Oy=-+_ == Ao = = +4/= +9a2.
NE TN DAL 0 Tyt

Proof. We start by computing the monomer and dimer functions wyy, %, n41). This can
be done directly from their definition (2.70), but it is more instructive to determine them
from Lemma 2.22. Remark that ®¢ = ugoy by that lemma, and ®§ = ¢¢ by definition, thus
ugoy = #3 and we get from (2.71) Ufny = ¢3. Next, looking at the 2-particle wave function

where

4The equality |[¢2¢1]|2 = ||¢o¢?||? is checked using that f is even.
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Y, we get

DY = —=(do ® ¢1 — b1 ® ¢p)°

P*<j —
[\

= ﬁ(ﬁbg ® ¢ — 3dgd1 ® Pod; + 3dod; @ PP — B ® )
= ¢4 N & — 31 A bt
= ufoy A\ U1} + Ufo,1}

which gives
Ugo,1) = —3GP1 A PodT,  Upnni1)y = —300Dni1 A Gpdiyy.

We know from the previous propositions that Cp is the polymer partition function of a
monomer-dimer system. The recurrence relation (2.36) becomes

Co=1, C1=1, Cni2=Cpns1+9°Cy

where we used that a; = [|¢3]|> = 1, [Jugo1}||* = 902, The normalization constant is then
expressed in terms of the roots A4+ of the characteristic equation A2 = X + 902 as
AVHL AN+
Cy = i S
A — A

By Lemma 2.22, the one-particle density is a sum of monomer and dimer contributions
N—1 N—-1
CiCn_j-1 CiaaCn_j_o
pr(@) = > AT oy (@) + Y TR R0y (@),
— N — N
7=0 7=0
vy (@) = 16517 (),
2

v 54132

9
— a—j(|¢§¢m|2<x> + 16,071 (@)).

vy (T) = /Rx[o - ‘U{j’j+1}|2(l‘,$2 + iys)dxadys.

O

The previous proposition leads immediately to the existence of the thermodynamic limit of
the one-particle density, away from the boundaries of the finite cylinder [0, pN~l] x [0, 27 R].

Corollary 2.25. Under the assumptions of the previous proposition, the one-particle density
has a limit away form the boundaries of the support of ®% : for x € [0,pN~l], |pn(x)—p(z)| <
£(i2] + [pNAl — ) with f(m) e 0 and

p(r) = A Z(Iab +— \¢o¢1l2+|¢0¢2|2))(a:_3mz)_

In particular, we see that the one-particle density is periodic with period 3yl. We have
observed in Proposition 2.23 that the system becomes a pure monomer system as v gets
large. Our results allow us to check that, loosely speaking, the transition is smooth: indeed,
recall the roots Ay are defined are simple functions of the overlap parameter o := ||¢3¢1||?
(see Proposition 2.24). The transition from the monomer-dimer to the monomer system
corresponds to the transition from a > 0 to a = 0, and we see that Ay is a smooth function
of the overlap parameter a.
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2.2.3 Torus wave functions

The Laughlin-type torus wave functions proposed in [HR85b] form a p-dimensional space;
they are eigenfunctions of suitable center-of-mass translations. This invariance entails the
periodicity of the one-particle density, which is thus much simpler as in the cylinder case.
In Lemma 2.26, we check that this feature is reproduced by the generalized torus functions.
This holds for general functions f.

Next, we take f as a function of compact support such that the associated cylinder polymer
model is a monomer-dimer system and show that for a suitable choice of Z1, .., Z, (the de-
grees of freedom in the definition of torus functions), the torus function is associated with
a monomer-dimer system on a ring, with one additional long polymer covering the whole
ring (Proposition 2.27). As a corollary, we obtain that the one-particle density of the corre-
sponding torus function equals the one-particle density of the cylinder function in the limit
N — oo (Corollary 2.28).

Let us start by looking at the translational invariance of the torus functions. We have
seen that the torus functions are quasiperiodic in each complex variable z1, .., zy of periods
L = pN~l and 2w R. The space of such functions is invariant with respect to center-of-mass
translations by multiples of yle, and 27 R/(pN)e, (the lattice ¥IZ x (2nR/pN)Z alrcady
appeared on p.8; see also p.94). The modified torus functions are invariant with respect to
overall shifts by p times the lattice vectors yle, and (2rR/pN)e,

Lemma 2.26. For a € R2, let T(a) := t(a)®N be the magnetic translation of all the parti-
cles. Then the torus wave functions are invariant with respect to overall shifts by pyle, and
2ntR/Ney:

2TR
T(ple) 2k = (1P Vef, T, 0f = (-1 Vel

The periodicity is enhanced for particular choices of Z, .., Z,,. For example, if Z; = ij2rR/N,
J=1..p

T(—rey)n = (1) 1oR.

Proof. Using eiy/Rék(z —-py) = q3k+1(z) and ¢p = on, we see that

¢Z1 TARRWAN (ZNSN = (—l)N_l(ZNS() AN (Z~5N71

and

2 X,
(t(p’yl))®N<I>JTV(Zl, L EN) = = P2 Yi/R H (det ’LX:'H?/(I)NI )¢k—1(zj N —p'Y))ij)

s=1

T (aetle om0, 2, = )00

T s=1

(—1)PN=DST (2, .., zn).

%\H%\H 2~
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Similarly, gzgn(z —i2rR/N) = e~ i2m/N g hence

A . . - X
T(i2nR/N)ST, ( det(e1X+ s i2nR/N)/NTP) im(k=D)/N G (o Ksyy

1 P
-l £

—i(30L, X.)2m R/ (pN1%) p—i2mp 3530, (kfl)/N‘I)%

1PN gT

—~ O

Suppose in addition that Z; = ij27rR/(pN), then

. 1 £ - _2rR  27R
T(’LZﬂ'R/pN)(I)% = ~ S]T[l(det((bk_l(% — Z]p—N — Zp—N))lgj,kSN)

-

2

(-0 T (detlbis(as — 52 rsnen)

s=1

= (-1)Vlef,.
O

The previous lemma implies that the one-particle density of the torus wave functions is
doubly periodic with the period pyl in the z-direction and 2rR/N in the y-direction. The
periodicity of the one-particle density of the cylinder function would follow if we knew that
both functions are equivalent in the thermodynamic limit. We prove the equivalence only for
the special case of nearest neighbor overlapping.

Note that there is only one Laughlin function, but a p-dimensional space of torus functions.
One must thus be careful as to which torus function one compares the cylinder function.
The most natural candidates are the torus functions @%’1 and @%’2 obtained by choosing

7y =..=Z,=0for @ | and Z; = ij2n R/(pN) for @} ,. The first function has in common
with ®§ the representation as the power of a determinant, while @7]:,72 and ®§ are both
eigenvectors of T(i2mrR/(pN)) for the eigenvalue (—1)N =1,

For X ={j,..,7+n—1}, N € N, let ux be defined as in the previous section and

Ux = Z t(kpNryley)®N Xy y
keZ

its periodification. The torus wave functions for Z; = .. = Z;, = 0 have a representation of
the form

Of = Y dix, A Adix, +iiy
X1,.,Xp
where X1, .., Xp are partitions of the ring Z/NZ. However, in general @y is not orthogonal

anymore to »_ X,..xp- For this reason we restrict to nearest neighbor overlapping. For
simplicity, we take p = 3.

Proposition 2.27. Let N > 3. Suppose ¢pdy = 0 if |k — 1] > 2, take p = 3 and let Gx be
defined as above. Let tgo N1} := Uy_1,0} and

Uy = 3(_1)N—1$3Q~51 AN &?v,lq;N + 3&0&% AN QEN,MZ;?V.
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Then the torus function ®% for Z; = .. = » = 0 is represented as a polymer system on a
ring, made up of monomers, dimers, and one additional long chain:

’
‘I)JI\} = Z E{Xj}ﬂxl AN NUx, +aNn (2.76)
X1,..,XD

The sum ranges over two types of partitions:

1. partitions X1 < .. < Xp of {0,.., N — 1} into monomers {j} and dimers {j,j+1}. For
these partitions, €{x,; = +1;

2. X1 ={0,N — 1}, Xo < .. < Xp partition of {1,..,N — 2} into monomers and dimers.
For this type of partition, e{x,} = (—1)N-L,

The different contributions to (2.76) are orthogonal and the normalization constants in
L2(([0,3N~1] x [0,27R]))N) as well as the one-particle density have representations similar
to Lemma 2.22, for the correct associated polymer system.

Sketch of proof. We start with

1 o L y
oY = ﬁfl( Z sgn(07)P0P0(0)Pr(0) @ - @ ON-1Do(N—1)Pr(N-1))-

0,7€S{0,..,N—1}

To derive (2.76), we use a reasoning similar to the proof of 2. in Proposition 2.23. If o, 7
give a non-vanishing contribution to ®%, (k,o(k)) must be nearest neighbors on the ring
Z/N7Z, and similarly for (k,7(k)), (7(k),o(k)), for all k& € Z. This leaves two possibilities.
First, o and 7 can be products of nearest neighbor transpositions (including (0 N — 1)) with
disjoint support. Second, we can have o,7 € {1,¢} or 0,7 € {1,c"'} where c is the cycle
c=(012.N —1). The transpositions give the sum over >y in (2.76). The sign
€1x,} is (=1)N =1 if the transposition (0 N —1) occurs: in this case we have to permute in the

wedge product. The cycles give @y (note that oN = (50). For N = 2, the cycle c¢ is a nearest
neighbor transposition; this is why we assume N = 3. In order to get representations of the
normalization constant and the one-particle density, one has to check that an orthogonality
relation similar to (2.73) holds. Again, this is done by looking at the y-momenta. The only
difference is that y-momenta are only defined modulo 3N. ]

Remark. Similar representations can be derived for torus functions with X; = .. = X, = 0 but
Y1, ., Y, possibly non-zero. The shift in y by Y, then leads to phase factors in front of the poly-
mer functions dx. If the zeroes are chosen in a way that T(i2rR/(pN)e,)®% = (=1)V 1oL,
we obtain a formula with @y = 0, there is no "ring contribution”.

The previous proposition allows to check the equivalence of modified cylinder and torus
functions in the nearest neighbor overlapping case.

Corollary 2.28. Under the assumptions of the previous proposition, and with the overlap
parameter o = ||¢(2J¢1H%2(Rx[0 2]’ and A+ as in Proposition 2.24, the torus normalization
constant satisfies
T N
CN N:oo )\+
and the one-particle density of the torus function has as thermodynamic limit the function p
giwen in Corollary 2.25.
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Sketch of proof. Let Q = [0, pN~I]x[0, 27 R] and © = Rx [0, 27 R]. Note that llux||p2@neoy =
ldx||p2@nexy and ||ﬂ"”i2(§zn) = 18a™. For N > 3, write H(I)%HQLZ(QN) =Dy +18a". Dy is
a sum over monomers and dimers and can be written in terms of the cylinder normalization
constant as

Dy =Cn_1+20Cn_2, 2 = [Jufo1}|]* = 90°

(see also [HLT72], Section III, equation (3.8)). The first summand corresponds to partitions
where 0 is covered by a monomer, while 2Cy_o comes from partitions where 0 is in the dimer

0,1} or {N —1,0}. Thus we obtain, using Ay A_ = —9a2 and Ay + \_ = 1:
{ 9 ) ) g At +
1
T 0n2 N _\N
CNN—>007/\+—)\_(1+2 9 _/\+))\+ AL

We get for the finite volume probabilities of finding a monomer or a dimer

o A !

p N-1 +

0 = ~ N
pnr({0}) T Ap =222 A =

Cnoo A0 1 922 1
P 1) = 2 ~ + Bt ——
pnr({0,1}) = 9o cT PP D LD VD VD

The limits are the same as for the polymer system with non-periodic boundary conditions; the
long chain uy does not contribute in the limit N — co. We conclude with a representation
of the type

pnr(z) =Y pr(X)ix(2). O
X

Thus for the solvable monomer-dimer case, the modified cylinder and suitable torus functions
give the same one-particle density.

2.3 Jellium tubes

In the beginning of the thesis, we have presented the plasma analogy: the modulus squared
of Laughlin’s wave function is essentially the Boltzmann weight of a classical one-component
plasma, with a logarithmic Coulomb interaction. The results on the normalization constants
and correlation functions of Laughlin’s wave function lead to results on the free energy and
correlation functions of the plasma system.

The plasma system related to Laughlin’s cylinder wave function lives on a cylinder, or
semiperiodic strip, and following [AGL01] we will refer to it as a jellium tube. When the
cylinder is very thin, the system is close to a one-dimensional jellium system, while for large
cylinder radius, the jellium tube approaches a fully two-dimensional one-component plasma.

For one-dimensional jellium systems, the symmetry breaking has been proved a while ago
[Kun74, BL75]. When N electrons are placed on a line of length L and interact between
themselves and with a neutralizing background through a one-dimensional Coulomb interac-
tion, they tend to minimize their Coulomb interaction by taking positions on a lattice. The
spacing between two consecutive positions is L/N. If we view the jellium tube as a quasi
one-dimensional system rather than a two-dimensional system, we may expect the same peri-
odicity. The tubes we consider have length pNI?/R. In the jellium context, the period pl?/R
is thus quite natural.
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Forrester [For91] has examined the asymptotics of jellium strip free energies as the strip width
gets large; he has also looked at torus Coulomb free energy finite size corrections, motivated
by the question of universal finite size corrections and a relation to Sine-Gordon fields (see
[For06] and the references therein).

In the first subsection, we look at the jellium tube in both limits: large and thin strips. We
give an expression for the jellium tube free energy. We compare the free energy and the
correlation functions of thin cylinders to the corresponding quantities for one-dimensional
systems and find that they are in good agreement with existing results. We also compare the
free energy of broad jellium strips to the bulk free energy; this leads to a conjecture consis-
tent with results by [For91] and with the bounds on the normalization constant of Laughlin’s
wave function derived in Lemma 2.10.

The plasma analogy also sheds some light on the recurrence relation satisfied by the nor-
malization constants. In the second subsection, we recall Lenard’s combinatorial treatment
of the one-dimensional two-component plasma. Lenard derived a renewal equality for the
isothermal-isobaric partition functions and interpreted it in terms of minimal electrically
neutral components. Then we derive a recurrence inequality for jellium tubes with the help
of Newton’s electrostatic theorem; the inequality looks similar to a renewal equation. Again,
there is a relation to minimal neutral blocks.

2.3.1 Interpolation between one- and two-dimensional jellium

The plasma analogy relates Laughlin’s cylinder wave function to a one-component plasma on

a semiperiodic strip of width 27 R, with a “Coulomb” interaction V& (z) = — log |% sinh 5%/,
where Ry > 0 is a reference length scale. When the width of the strip goes to infinity, we

recover the full two-dimensional logarithmic interaction: if z # 0 and Ry > 0 are kept fixed,
lim Vc(z) = —10g |Z/R0| = VD(Z)
R—o0

In the opposite limit of thin strips, for all z € C with x = Rz # 0,

R |z
Vo(z) = —log— — — +0(1) as R — 0.
o(2) = —log - = o + o)
The right-hand side represents a one-dimensional Coulomb interaction. Thus the semiperi-
odic strip interpolates in a natural way between the two-dimensional and the one-dimensional
systems, and it is instructive to compare our results to existing results on these systems. We
start by giving an expression for the cylinder free energy.

Let C :=[-L/2,L/2] x [0,27R]. The free energy of the jellium tube is

1 1 N 2 1
— L —B(= TN, bl +Uc)) _ ( —ﬁUc)
pE: 1°g<N!h2N /(RQ)NXcNe e log{ Nman /CNe

(2.77)

where Ag := /Bh?/(2mm) is the thermal wavelength and h Planck’s constant. We will be
interested in the free energy per particle in the thermodynamic limit N — oo with a fixed
density n = N/|Q|. For the cylinder and torus systems, we keep the radius R fixed when
taking the limit. The corresponding free energies (per particle) are

1

1
ﬁfzﬁfo—]\}iinooﬁlog(m /CN e_ﬁUc), Bfo =lognAj — 1. (2.78)
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fo is the free energy of a system of noninteracting particles: Uos = 0 would give f = fy. In
view of the plasma analogy (1.36), if I' = 3¢*> = 2p and n = (p - 2wl?)~! for p € N, the free
energy can be written as

A2 1. NuNEY
Bf=PBf+ 7 — lim —log ———F— v
12 N—oco N LN (Ix[0,2nR))N | N‘
where [ = [-£ + p(V 1)71 Ly p(V ;1)71]. In the following we assume that the result is

unchanged if mtegratlons are carried out on the infinite cylinder instead of I x [0,27R)|
(remember that U§ decays exponentially outside (I x [0,27R])™. Under this assumption,
using Stirling’s formula, L = Np~yl and

r 2p
2 2.2
= = = 2.79
AmnR?  dn(p-2ri2)—k2 P70 (2:79)
we get
e
Bf = Bfo + —I— log — NG + logrp(7) (2.80)
where r,(7y) comes from Lemma 2.10.
Comparison with a one-dimensional Coulomb gas. Let V(z) = —|z|/(2R) and for

L>0,NeN, ny:=N/L

U(z1,..,TN) = ¢* Z V(z; — xr) — nog Z/ xj; — x)dx+

1<j<k<N
L L
§n(2)q2/ / V(x — 2')dxdz’
o Jo

be the energy of a one-dimensional Coulomb gas of N particles moving in a neutralizing
background. A useful quantity is I'y := QfRn , the plasma parameter or coupling constant; it
is the ratio of a typical potential and kinetic energy. Large coupling constants correspond to
kinetic energies that are small compared to typical potential energies. In the thermodynamic
limit N, L — oo at fixed density n, the free energy per particle including kinetic energy can
be expressed as

@, BV = lognors — 1, (2.81)

r
B M = pfs" + 75 —log

where zp(A) is an analytical function such that limy_ . z0(A)A/y/7 = 1 see [Kun74], and the
one-particle density p(x) is

p(x) =ng Y. e T1oe =k B (noz — k), lim Fr,(z) = x;-11(2), (2.82)

oo 'y —oo
see [Kun74, BL75]. If we look at a one-dimensional system with density ng = 2w Rn, the
one-dimensional plasma parameter is nothing else but the quantity A\? of (2.79):

592 — 2

F = ——-—---- =
Y7 9R - 27Rn
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Comparing (2.80) and (2.81), we see that the one- and two-dimensional free energies f — fo
and f(M) — fél) get close as the strip gets thin, ie., R — 0 or A = py = pl/R — o0 at
fixed two-dimensional density n. (Recall that lim,_,o 7,(7) = 1.) The one-particle density
of Laughlin’s wave function on thin strips is

1 B2 1+0(e), if kepZ
R (z—ky1)*/1 th — ’ )
p(x) b 2nl? %nke with ny {0(6_72)7 olse.

This compares well to the one-dimensional density, since

2
T —k)? = —_—
oz = k) = (7= a

—pky)? = l%(x - p)*.

Comparison with a two-dimensional Coulomb gas. The free energy SF of a two-
dimensional jellium system (particles of charge ¢ + neutralizing background of charge density
—ngq) with logarithmic Coulomb interaction Vp(z) = —log|z/Ro| is defined by a formula
similar to (2.77). The thermodynamic limit of the free energy per particle exists and is given
by an expression of the type

r
BF* = Bfo+9(T) - 7lognRG,  Bfo =lognj -1

for a suitable function g and I' = 3¢?, see [SM76]. The value of the function at coupling
constant I' = 2 is known and equals
e

NG

We expect that the strip free energy (2.79) approaches the two-dimensional energy as R — oo
if the length scale Ry is chosen consistently; we will choose R = Ry. Forrester [For91] derives
more refined asymptotics for the strip free energies. He shows that if the thermodynamic
limit of correlation functions in the bulk (i.e., in the fully two-dimensional geometry) and in
the strip geometry exist, if the strip correlation functions converge to the bulk correlation
functions as the strip width goes to infinity, and if in addition the bulk correlation functions

satisfy sum rules typical for conducting Coulomb systems, then the following asymptotics
hold:

1
g(2) = —3 log(27) + log

@y T ol
Using (2.80), the expressions of 3f(?) and g(2) given above, and the identifications T' = 3¢ =
2p, n = (p2ml?)~L, one finds that (2.83) is equivalent to

as R — oo. (2.83)

(p—p°)7?

5 T92p) —pg(2) +O(y") as v — 0 (2.84)

log Ap(v) =
where the auxiliary quantity
ey _ )
Ap(7) :Tp(V)(ﬁ)l Pple
is exactly the quantity on which we have given bounds in Lemma 2.10. As observed by
[For91], for ' = 2, the relation (2.83) can be checked explicitly: the normalization constant
for the filled Landau level (p = 1) is Cy = 1 whence ri(v) =1, A1(7y) = 1 and (2.84) holds.

For p > 2, we do not have a proof of (2.83) (note that Forrester’s assumptions are quite
strong); however, (2.84) is consistent with Lemma 2.10 if

p(g(2) — 1) < g(2p) < pg(2).
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Is there a phase transition? The previous paragraphs picture the jellium tube as an
interpolation between one- and two-dimensional jellium systems. It can be characterized in
terms of the two parameters I' = 3¢%, \? = (¢°/(4mnR?) that are the coupling constants
of the related two- and one-dimensional plasmas. An interesting feature is that the one-
dimensional system exhibits no phase transition (Kunz [Kun74] proved that the free energy
is an analytic function of the coupling constant). On the other hand, there is numerical
evidence of a phase transition for jellium systems of dimensions 2 or 3 (see e.g. [BST66] for
three dimensions, [CLWHS82| for two dimensions). It is believed that above I' & 140, the
one-component plasma is crystalline.

We proved that for all even plasma parameters I' = 2p, there is a value 7, such that for
v = {4/R > 7, the free energy is an analytic function of 7, or equivalently of A\? = (pv).
One might speculate that for small «, the nature of the limiting two-dimensional system and
hence the magnitude of I' = 2p should play a role for large strips.

2.3.2 Minimal electrically neutral components

The normalization constants of Laughlin’s wave function satisfy a recurrence relation, the
renewal equation described in Section 2.1. This relation was used extensively to prove the
existence of thermodynamic limits. However, we did not give any physical meaning to it. The
aim of this subsection is to show that the plasma analogy gives some intuition that makes
the relation less surprising.

One-dimensional two-component plasma: Lenard’s combinatorial treatment. It
is interesting to observe that the renewal equality already appears in Lenard’s combinatorial
treatment of the two-component, one-dimensional plasma [Len61]. Let us briefly summarize
the model. Consider 2N particles of charges o1, ..,0n5 € {0} moving on a semi-infinite line
[0, 00[. The potential energy of the system is

Ulqi,o05.5qn,08) = =21 Y oi05]q; — g1,
1<i<j<N

The system is assumed to be neutral, >, 0; = 0. Let 8 > 0 be an inverse temperature and
P > 0 an external pressure. It is convenient to work with a different set of parameters: write
0; = €0, ¢ = £1, x5 = 27rﬂa2qj, 4 = P/2ma?. Lenard considers the isothermal-isobaric

partition function

1
e BG .— B /ZN 2N E?Nl P35 /24U (q1,015.5an ,0 N )+ P max; q_[)dpdq (2.85)
tooy,. ,UN =4o /K xR
et 1
[ee] T2N T2 _
Qv = Y / dray / dran 1. / dryeXisicisan lrmnlTIN) (9 g6)
617.4,6N::|:1 0 0

The sequence (ey,..,€x) can be characterized in terms of the charges v; = >, _, € accu-
mulated to the left of charge number i. Lenard calls a configuration (e, ..,ex) irreducible
if ; # 0 unless i = 0 or i = 2N. Let Qn (%) be defined through (2.86) except that the
summation is over irreducible e-sequences only. Then

N
QN = Z Z Qn1an

k=1ni+.4+np=N
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This can be expressed in terms of a renewal equation and as a formal power series identity.

1
Q)
Lenard then proves (p. 688) that Q(z) is meromorphic in a disk of radius R with a unique
pole r inside that disk; r is real and

QY = 1+ O((r/B)Y), rQ(r) < oo,
Q)
Later (p. 691), Lenard comes back to the significance of the irreducible configurations and
characterizes them as “the minimal electrically neutral parts of a general configuration”.
Let P, := r"Q,. The numbers (P,) define a probability distribution on N, they give the
probability that an irreducible block of a given length appears. The first moment

Q(z) = Q) =1+ Quz", Q(z)=)_ Quz".
n=1 n=1

i nP, =rQ'(r)
n=1

is finite for all 4 > 0 and represents “a measure of the efficacy of electrostatic shielding”.
However, in the limit ¥ — oo, the moment gets infinite: “the number of particles within a
shielding distance tends to infinity”.

A renewal inequality for jellium tubes. Newton’s electrostatic theorem plays a crucial
role in the investigation of thermodynamic limits of Coulomb systems [LL72]. In one di-
mension, the Coulomb potential is essentially —|x| and disjoint neutral subsystems on a line
do not interact: this may be viewed as a one-dimensional version of Newton’s electrostatic
theorem. The y-average of the semi-periodic version of the logarithmic interaction gives the
one-dimensional Coulomb interaction. These observations and a clever partitioning of the
configuration state into neutral blocks allow the derivation of a renewal inequality.

Consider N particles of charge ¢ moving on a cylinder [0, NT| x [0,27R] in a neutralizing
background of charge density —ng = —q/(27RT). The Coulomb interaction is taken as
Vo(z) = —log|2sinh 5|, z = 2 + iy = (z,y) € R?. Let
_ 1 /
N J(o,NT)x[0,2x RN

be the associated partition function. We will be interested in a splitting of the system into
neutral subsystem and define the total charge accumulated to the left of z € [0, NT| as

Qz;z1,..,aon)=q[{j€{l,..,N} | 0<z; <z}| —ng-2rRz.

ZN : 6_5UN

If the subsystem to the left of z is neutral, the background charge ¢gn2n Rz = z/T com-
pensates an integer number of charged particles, so that x must be a multiple of T. It
is convenient to label particles from left to right and partition the configuration space ac-
cording to the set of zeroes of Q(;x1,..,xn): for k € {1,..,N}, let Ry be the set of
((z1,91), - (xn,yn)) € ([0, NT] x [0,27R])YN such that

1 <. <zyand min{z > 0| Q(z;z1,.,zn) = 0} = KT.

The set Ry, may be seen as a minimal electrically neutral component, in the spirit of
Lenard’s treatment.

Now we are ready to state the renewal inequality:
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Proposition 2.29. For N € N, let ay = fRN Y e PUN_ Then Z, = ay and for N > 2,
IN 2> a1dn-1+oZn_o+ ... +an_1Z1 +an.

Proof. Z1 = ay is obvious; for N > 2, note that Zny = Z,ivzl fRN,k e PUN 50 that the
proposition follows from fRN . e PUN > oy Zn_1. We prove the inequality for k = 1, the

case k > 2 is analogous. If Q(T'; x1, ..,z ) = 0, the system splits into two neutral subsystems,
consisting of the charges and the background located to the left /right of 2 = T'; there is only
one charge to the left of z = T. The potential energy can be written as

Un(21,.,2n) = Uii(21) + Ura(z1, -, 2n) + Usa(22, .., 2w)

where Uy, Usg represent the energies of the separate subsystems and Uy 12 their interaction.
Using Jensen’s inequality, we get

/ e—ﬁUN > eiﬁ fRN,l U1287ﬂ(U11+U22) / e—B(U11+U22). (2.87)
RN, RN,
The neutrality of the subsystems located to the left and right of x = T" implies

/ NUlg(zl,..,zN)dyldyg..dyN :0.
(0,27 R]

Indeed,
1 2T R

_27TR 0

T+ iy
2R

_lal
2R

log |2 sinh |dy =

hence the y average of Uy reduces to a one-dimensional interaction which we may write

xy — af
Wiy == [ it =0
s DXL

where py := d,, — ndz} and py = Z;VZQ 0., — ndzy represent the charge densities of the two

subsystems, and p; ([0, 7]) = 0 = pa([T, NT]) due to neutrality. Since e~ #(V11+V22) and Ry,
are invariant with respect to translations (y1,y2,..,yn) — (Y1 — @, .., yn — a), it follows that

/ Upge AlUn+U2) — g (2.88)
RnN,1

Due to translational invariance,
/ e PUL1 = BU22 _ a1 ZN_1.
RnN1

Combining this with (2.87) and (2.88), we obtain [, e N > ayZy . O

The previous proposition is an analogue of Lenard’s formula for the two-component plasma
partition function. The result is not completely satisfying and we would prefer an equality
instead of an inequality. However, we believe that it connects the renewal inequality to phys-
ical intuition, at least in the jellium picture. It would be interesting to have an interpretation
of the renewal equality in the quantum-mechanical setting of Laughlin’s wave function.
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2.4 A Lieb-Schultz-Mattis type argument

Up to now, we have not used the characterization of Laughlin’s wave function as the ground
state of a truncated interaction. Laughlin described his state as incompressible; in order to
apply the characterizations of incompressibility of Section 1.5, we need a Hamiltonian that
has Laughlin’s state as its ground state. The truncated Hamiltonians of Section 1.4 serve
this purpose. In this section, we show that if the truncated Hamiltonian reproduces the in-
compressibility of the ground state, then there must symmetry breaking. This can be shown
with a Lieb-Schultz-Mattis method as given by Koma [Kom04]. A drawback is that it has
not been proved that the truncated Hamiltonian give an incompressible ground state, see
the discussion by Haldane in [PG87], p.319 and the end of this section. Moreover, the argu-
ment in this form applies to short-range, translationally invariant interactions, and cannot
be applied to the lowest Landau level projected Coulomb Hamiltonian. Note that not only is
the Coulomb interaction long-ranged, but the neutralizing background on the cylinder gives
a potential attracting the electrons to the center of the cylinder: the background creates a
potential that is not translationally invariant.

Koma [Kom04] considers infinite volume ground states of electrons on a cylinder, confined to
finitely many Landau levels and interacting via a short range potential. Using a Lieb-Schultz-
Mattis type argument, he establishes a relation between the existence of a gap, spatial periods
and average density of a ground state. This section gives a simplified version of his argu-
ments, adapted to the truncated Hamiltonian that has Laughlin’s p = 3 wave function as
its ground state. Before we turn to the proof, we give a glimpse of the Lieb-Schultz-Mattis
argument for spin chains, its extension to electrons on a lattice by [Tas04, YOA97] (see also
[Osh00]), and point out a connection to the usual argument for degeneracy of ground states
on a torus.

In [LSM61], Appendix B, Lieb, Schultz and Mattis prove the nondegeneracy of the ground
state and absence of an energy gap for a Heisenberg spin chain with periodic boundary
conditions. The non-degeneracy is proved first; the existence of low-energy excitations is
then inferred from a nice interplay of two transformations ([LSM61] p. 457): an overall shift
T, and a “twist” OF = exp(ik Zf:[:l nS?), where N is the length of the chain. Using the
commutation rule

T,OFT L = Ok kN ST =ik 20, ST (2.89)
it is shown that for suitable k the candidate excited state O* W is orthogonal to the ground
state Uy. A related argument is given in a setting with infinite spin chains in [AL86], where
the global twist was replaced with a local twist exp(iy ij_é 27+ 10).
Later, the argument has been adapted to fermions on a one-dimensional lattice, for the finite-
volume [YOA97] and the infinite volume [Tas04] case. The twist operator that is used is of
the type exp(ik Zj Jjnj), where 72; is the occupation number operator of lattice site j. This
is applied in [Kom04] to electrons in a magnetic field on a lattice.

For electrons in a magnetic field on a torus, there is a simple argument establishing a relation
between the density and the degeneracy. It rests on the non-trivial commutation rules of
magnetic translations, reminiscent of (2.89). Let us briefly recall the argument: consider a
Hamiltonian of the type

1 N

Hy =5 > i+ eAlz )+ Y, Viz—z)

j=1 1<j<k<N
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in L2([0, L] x [0,27R]) with quasiperiodic boundary conditions as discussed on p.8. Define
the center of mass translations

L 2R
Tx = t(N—fem)(@N, Ty = t(—;\;f ey)®N.

Then t(L/Nye,)t(2rR/Nye,) = e>"/Nit(2rR/Nye,)t(L/Nye,) and
[Hy,T,] =0, [Hy,T,] =0, T,T,=¢*NNiT,T,.

Suppose that H has an eigenspace of finite dimension d. Consider T}, T}, as unitary operators
in this space, then

det T, det T, = det T, T, = det e">™N/Nr T, T, = ¢2™N/Ns det T, det T,

whence ¢27N/Ns = 1 and dN/N; € N. Write N/N; = p/q with p, q coprime and suppose
v =p/q ¢ N. Then ¢ divides d, and every eigenspace of Hy is at least ¢-fold degenerate.
Moreover, if ¥y is a translationally invariant state, i.e. T, ¥, = ¥, for some o € R, it
breaks the y-invariance:

T, T,V = P97, T, Wy = '2™P/9eT, Wy,

¥y and T, W belong to different eigenspaces of T, and thus (o, Ty\If()} =0.

This can be nicely related to the Lieb-Schultz-Mattis type argument for electrons on a lattice,
as given in [YOA97], if we restrict to the lowest Landau level. The lowest Landau level has
a basis Uy, k € Z/NyZ. Each basis function can be thought of as a lattice site. The effect
of the magnetic translations is t(L/Ney )ty = g1, t(2TR/Nye, )y = e~ 278/ Nsapy . Thus
the shift in the y-direction may be rewritten as

Ny

T, = exp(—i Y _ ji;)

J=1

and we recognize the twist operator of [YOA97]. From this point of view, Koma’s approach
looks like an infinite volume version of the torus degeneracy argument (let us mention how-
ever, that Koma allows a one-particle potential V(y)). The overall y-shift is replaced by a
local twist, and instead of orthogonality of Wy and T}, ¥, we obtain orthogonality only in the
limit where the local twist becomes global (see Lemma 2.34 below).

In the following we restrict to the lowest Landau level. Let Ay be the canonical anti-
commutation algebra over the lowest Landau level, i.e., the sub-algebra of A generated by
1 and ¢, ¢, k,m € Z. For A C Z, let Ap be the sub-algebra of Ay generated by 1
and cy, ¢, k,m € A, and let Ajpe := Upcz,|aj<ocAn be the set of local observables. Let
Ny, = cjc and consider the formal expressions

H= 37 S [k = K)f(n=n)eichencn, N =i

k,k' mn' €L kEZ
where f(n) := nexp(—”{nQ) and 7, = cjcg. The Hamiltonian H is the second quantized
form of the truncated interaction of Definition 1.3, see Corollary 1.7. For A € A;,., the sums
(H A= Y fn=n)f(k=K)cuciencn Al [N A] =) [, A

k,k" nn'€Z keZ
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are absolutely convergent: suppose A € Ax, A C Z, |[A] < co. The commutator [fg, A
vanishes unless k € A, thus [N, A] is a finite sum. Similarly, [c}, ¢} cncnr, A] vanishes unless
one of the indices k, k’,n,n’ is in A. Let C,c > 0 such that |f(n)| < Cexp(—cn?). Then

Z Z Okt [ (0 = 1") f(k = K)[cfrchencnr, Alll

keEAN k' n,n'E€Z

<201A[1Y 0 > Skanrmenw|f(n =) f(k = K|
keA k' nn'€Z
<204 Y] > o= 5 (0'+K' —n—k)*+4(k—n)*)

keAn€Z k' ,n'el:

n!—k!/=k—mn

<2cfAl DD eIy e <oo

keEAnEZL teZ

For 1 € R, A € Ape, let 8, (A) := i[H — uN, A] = i[H, A] —iu[N, A]. Then §,, is a symmetric
derivation on Aj... Its closure is the generator of a strongly continuous group (a4')serof
C*-automorphisms of Ay r:

& ot (4) = ol ([H — N, 4)

see [Mat96], Theorems 1.1 and 2.9. The algebra AY() is the subalgebra of operators of Az y,
that preserve the total particle number. More precisely, let v; be the *-automorphism of A
such that for all k € Z, v;(cx) = e "¢ and AV the set of A € Ay such that v (A) = A for
all t € R. Note that 9y, (cx) = +ivi ([N, ex]), v is associated to the derivation a — i[N,a].
A local observable is in AV if and only if [N, A] = 0.

Vi eR, VA€ A :

Definition 2.30. Let p € R and w be a state on Ary,.
e w is a ground state of H — uN if
Va € Ajoe 1 w(a*[H — puN,a]) > 0. (2.90)

e w is a ground state at fized density, or ground state for AV if it is gauge-invariant
(wor; =w for allt € R) and (2.90) holds for all a € AVM) N Ajge..

For 2., the precise value of the chemical potential is irrelevant. This is due to [H — uN ,al =
[H,a] for all a € AV N A, Tt follows from 1. that wo of = w (see Lemma 5.3.16 in
[BR79Db]), and there exists a positive Hamiltonian H,, such that

H,Q, =0, m,(at(a))=eHom,(a)e e

where (7, Hy, €1,,) is the cyclic representation associated to w. We will say that the state w
is gapped if H, has a gap above its (possibly degenerate) ground state. An equivalent, more
intrinsic definition is the following (see also [AL86], p.65):

Definition 2.31.

1. Let p € R, and w be a ground state of H — ,uN. Then w has a gap wy > 0 if for all
a,b € Apr, the function pay(t) = w(aad (b)) has a distributional Fourier transform pap with
supppapN]0, wo[= 0.

2. Let w be a ground state at fized density. Then w is gapped with respect to AV j.e.,
excitations preserving the number of particles, with gap > wy, if the previous condition on

pap holds for all a,b e AV,
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The thermodynamic limits of cylinder Laughlin wave functions are ground states at fixed
density, but also of H — uN at chemical potential 4 = 0. This follows from the positivity of
the truncated Hamiltonians. To see this, let (a,)nen be such that a, — —o0, n+ a,, — 00
and let wy, be the state on Ay, associated to t(a,3vle,)®N ¥ The weak-* limit points of
w are ground states of H. Recall that the states form a weak™-compact set.

Proposition 2.32. Suppose that for a subsequence (w)n, of (Wn)n, Wn, — w. Then w is a
ground state of H.

Proof. For simplicity suppose w, — w. Let A, := {3a,,3a, + 1,..,3(an +n — 1)} and let
Hy, = Z3angk,k’,n,n’§3an+3n—3 Oktk! mtn [ (K —K') f(n —n')c; cencn be the finite volume
truncated Hamiltonian. The shifted Laughlin state is a ground state of Hjy, considered
as an operator in A"span{t¢y | k € A,}, of energy 0. But Hp, is a positive operator in
Aspan{¢y | k € A, }, and the shifted Laughlin state can also be considered as a ground state
in this larger space (i.e., changing the number of particles does not lower the energy, and we
can take y = 0). Thus
Va € Ay, : wy(a*[Hy,al) > 0.

Let a € Aj,.. By the absolute convergence of the sum [H,a], [H,,a] converges to [H, a].
Thus

|w(a™[H, a]) = wn(a"[Hn, a])| < |w(a®[H, a]) — wn(a*[H, a])| + ||a*[H — Hp,all[| = 0
thus w(a*[H, a]) = lim,, wy, (a*[H,,a]) > 0. O

Remarks: 1. Equivalence of torus and cylinder functions. In Section 2.2.3, we compared
modified cylinder and torus wave functions and proved their equivalence in special cases.
The description in terms of truncated Hamiltonians allows an indirect approach to a similar
question. The torus wave functions can be used to define lowest Landau level states (we map
@/:k to 1k); these are ground states of H on finite chains, with periodic boundary conditions,
and their limit points should be ground states of H as well. Thus in the thermodynamic limit,
torus and cylinder states are ground states of the same Hamiltonian. If they are different,
the infinite volume Hamiltonian has a degenerate ground state.

2. FEquivalence of ensembles. It is often easily checked that the limits of N-particle finite
volume ground states are ground states at fixed density. To prove that they are also ground
states of H — uN for suitable u (equivalence of canonical and grand-canonical ensembles)
may require more effort and can be done by using general theorems (see [Mat96]).

3. Value of the chemical potential. The limit of Laughlin’s wave function at p = 1/3 is a
ground state of H — 0 - N, but not the only one: the limits of Laughlin’s wave functions at
lower filling fractions 1/p’ give ground states as well, with a lower density. However, in view
of the incompressibility, we expect that there exists a positive chemical potential p > 0 such
that the limits of the 1/3 functions are ground states of H — uN, and the 1/p wave functions,
p > 3, are not (u > 0 favors higher density). In Theorem 2.33 below, we have in mind such
a positive chemical potential o > 0.

The remainder of the section aims at the proof of the following theorem on ground states of
H — uN (among which we find Laughlin’s states):
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Theorem 2.33. Let ;1 € R be a fized chemical potential.

1. Suppose H — uN has a unique ground state w and w is gapped. Then w must be
translationally invariant and have an integer filling factor v.

2. Suppose all ground states of H — MN have a spatial period. Let w be a pure, gapped
ground state with filling factor v. Write v = p/q, p,q € N relatively prime. Then any
period of w is a multiple of q, and the ground state of o' is at least q-fold degenerate.

The theorem says essentially that at non-integer filling factor, the existence of a gap implies
symmetry breaking. If there is a gap, there are either ground states with no translational
period at all, or all ground states have a period related to the average density. If one tries
to write this down as a mathematical statement, one has to assign an average density to a
state that may have no translational period. The theorem is formulated slightly differently
to avoid that trouble.

In view of the discussion on gaps in the first chapter, let us remark that the low-lying energy
excitations are constructed by means of local twists U, € A" N Aj,.. Thus we actually
only use the gappedness of w with respect to excitations that do not change the number
of particles. Nevertheless, we chose to formulate the theorem in terms of H — uN because
ground states for AY() are less likely to fulfill the assumptions on the degeneracy of the
ground states (e.g. 1. will never hold, since there are different ground states for different
densities).

The strategy of the proof is to take a gapped ground state w with period ¢ and construct
candidate low energy states using a local twist. One proves that under suitable assumptions
among which an incommensurability of the period ¢ and the filling factor, these candidate
states are orthogonal in the limit of global twists (Lemma 2.34) and have energies converging
to the ground state energy (Lemma 2.35). Thus if w is gapped, the constructed low energy
states are close to a ground state, but orthogonal to w. This gives a ground state degeneracy
and 1. follows. Lemma 2.36 below then allows to show that the candidate states are close to
ground states with no translational period at all, which is used to prove 2.

Lemma 2.34. (Orthogonality.) Letw be a state on Ay, with a period q € N, i.e., wor? = w.
Let v := %Z?Zl w(nj) be the filling factor. For n € N, let

n—1

2T
U, = expli™ 3 jiy).
exp(i - Jn;)

=0

Suppose qu ¢ N and limy, o (5 Z:L;:lo nif;) = v? (this is the case if w is ergodic with

respect to 73). Then lim,_,. w(U,) = 0.
Proof. Let £ € N. By a direct computation,
P(UF) = Upe 5SS R, Ry o S,
Thus
22mg ~LHg—1 o
w(Up) = w(td(Up)) = w(Upe "¢ Z5=a ™ Ry)

;2w L+q—1

(1 o e—i27rqu)w(Ue) _ W(RzUz(eilT j—q n; e—i27rqu1)) _’_e—i2wquw(UZ(Re o 1))
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The second member of the sum goes to zero since ||R; — 1|| = O(1/¢). Note that for A € A,

a € C,
A—«o

(e —ei)* (et — ') = 4]sin I < (A—a)*(A-a).

R,Uy is unitary. Using Cauchy-Schwarz, we see

l+q—1
-2 £4+q—1 o

. 1
w(RUp(e™ 2050 0 — em2m 1) 2 <amPuo(( D iy — 1)),
J=q

The upper bound goes to zero by the assumptions of the Lemma. Thus

(1 —e ™) y(Uy) — 0 (£ — 00).
If qv ¢ N, this implies w(U;) — 0. O
Lemma 2.35. (Low energy states.) Let w be a state on A, u € R. Then

Jimn (U7 [H,, U) + (Ul H, Uf])) = 0.

If w is a ground state at fived density, the two parts of the sum go to zero individually.

Proof. Let ¢ € N. First note Uy € Ajpe, and U, commutes with every number operator 7.
Thus [H — uN,Uy] is well-defined and equals [H,U,]. Similarly, [H — uN,U;] = [H,U;].
Note also Up, U} € Alli(cl). Thus if w is a ground state for AYM | w(U,[H,U;]) > 0 and
w(U/S[H,Ug]) > 0. In this case the sum converges to zero if and only if each summand

goes to zero. Let g(k) := kx[1,0-1)(k). so that UpcpyU* = exp(i%fg(k)fy)ci. Then, using
cosz — 1 = —2sin*(x/2), we get

WU [Hy, Ur)) + w(Ue[Hy U7)) = =4 D Skpwrnpn f(n =) f(k = &)
k,k' mn' €L

Sin2(27ﬁ(9(n) +9(n') — g(k) — g(K')))ckchencns
hence
\w(Ug [Hy, Udl) + w(Ue[Hy, U]

—e((n—n')2 2y . 2T
<4c’ > e el TR )51n2(7(g(n) +9(n) — g(k) — g(K')))
k,k/ ,n,n' €L
k+k!=n+n’

where ¢, C" are chosen so that | f(n)| < C’e="". The sum on the right-hand side can be split
into two parts. Let § €]0,1/3[. Let 3; denote the sum over indices such that k —n =n’'—k
has modulus smaller or equal to £°/2 for some § €]0,1/3[, and X5 the sum over indices where
k —n =n' — k' has modules greater than £°/2. We claim that there is a constant C' > 0 so
that for sufficiently large ¢,

35
|21|§C%, Lol <CC Y ek
k>05)2

Thus X7 and X9 go to zero as £ — oo.
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Estimate of Y. The only contributions to the sum come from indices k, k', n,n’ where at
least one of them is in {1,..,£ — 1}. By a reasoning similar to the one used to prove the
convergence of [H, A] for A € Ajye, we get

Z Z e*C((n*n')QJr(k*k')Q)
ke{l,..,0—1} k,k/,n/ ,n€L
< Z Z e—2c(k—n)? Z e—ct®/2

k—n=n’—k |k—n|>£5/2
ke{l,..4—1} n€Z:|k—n|>€5/2 teZ

The parts of the sum where k', n’ or n lie in {1,..,£ — 1} are treated in a similar way. This
gives the claimed estimate on Y.

Estimate of ¥1. Let k,n € 7 such that |k — n| < £°/2. We claim that dist (g(k) —
g(n), {0, —£,0}) <. Ifk,ne{l,..,0 —1}. |g(k) —g(n)| = |k —n| <0/2. fn>0>k>1,
g(k) —g(n) = k > £ —°, thus |g(k) — g(n) — €] < £°/2. The other cases are treated in a
similar fashion. Using sin(z + 7) = —sinz and |sinz| < |z|, we see

> > e=el(n=n)*+(k=k"?) sz(%ﬂ(g(n) +g(n) = g(k) — g(k")))

ke{l,..,0—1} Kk’ ,n,n! €Z
ktk!=ntn’,|k—n|<e5/2

626 Jo 2
< 471_27 Z Z (Z e—c(n—n) )(Z e—c(k—k) )

ke{l,..,0—1 neL: '€ k'€Z
€{1,.., }‘n_k‘sem n'e €
30
2ol
§47T2(§ :e ct )27
teZ

Again, the cases k',n’ or n € {1,..,£ — 1} can be treated in a similar way, and we get the
bound on |¥s]. O

Lemma 2.36. Let w be a fized state on A with a period q, | € N. Let we(A) := w(U;AUy).
wy defines a state on A. Suppose that wy is close to a periodic state, i.e., there exist an € > 0
and a periodic state w" with ||w — wy|| < €. Then wy is close to w:

[lwe — wl| < 2e.

Proof. Let w' be a periodic state on A, i.e. w' o7l = w’ for some T € N. Without loss of
generality we may assume that 7" is a multiple of q. Let A € A;,.. Then for n € Z
[l = wl Al = o (77 (A)) = we(ry T (A))]] = o (A) = w(UF 7" (A)Uo)]

x

But for sufficiently large n, U;t27(A)U, = 727 (A) and w(U;rT(A)U,) = w(rPT(4)) =
w(A), and we get
w'(A) = w(A)] < [l = w||[|A]

for all local elements. Since Aj,. is norm-dense in A, this shows ||w' — w|| < ||w’ — wy,
whence
[lw = wel| < Jlo” = wel[ +[lw" — wl| < 2[|w’ — wl] < 2. 0



2.4. A LIEB-SCHULTZ-MATTIS TYPE ARGUMENT 101

Proof of Theorem 2.33. 1. Let w be the ground state of H — uN. Since o}’ is translationally
invariant, w o 7, is a ground state too and by the unicity of the ground state wo 7, = w. Let
v := w(fnq) be the filling factor. Suppose v ¢ N. Since w is the unique ground state and any
extremal ground state is pure, w is a pure state. In particular, it is ergodic with respect to
7,. By the previous lemmata,

Jim w(Up) =0, lim w(U7[H,U]) = 0. (2.91)

Let (Hy, T, Q) be the cyclic representation associated to w and H,, the unique self-adjoint
operator in H,, such that H,Q, = 0 and m,(a}(A4)) = etfor (A)e *Ho. Let 1py =
7w (Ug). Note |[1e]] = 1. (2.91) can be rewritten as

eli{go<9w7¢f> =0, glilgo@bz’ Hw¢€> =0. (292)
Write 1y = 1y + (Qu,10¢)Q. Then

[el] — 1, (e, Hotbe) — 0, (the, Q) =0,

contradicting the uniqueness of the ground state and the existence of a gap above the ground
state.

2. Let w be a gapped pure ground state of ) with spatial period T" and filling factor v = p/q,
p, q coprime. Suppose Tv ¢ N. Let H,,, 7, Q, Ho, 1 be as above. Let G be the projection
on N(H,) in H,. Then (2.92) stays valid, thus (¢, H,1e) — 0. The existence of a gap
above the ground state implies limy_,o (1 — G)ty = 0. Thus for € > 0 there exists [ € N and
a normalized ¢’ € N(H,) such that |[¢ — ¢y|| < € and |(Quw,r)| < €. Let w’ be the state
defined through «’(A) = (¢, 7,(A)¢'). W' is a ground state of H — puN, therefore by our
assumptions it has a period. Moreover, |[w’ —wy|| < 2e. Thus by Lemma 2.36, ||w; —w|| < 4e,
ie.,

VA € mo(Arr) s (e, Ae) — (Qu, AQL)| < 4e||A]]- (2.93)

Since the bicommutant 7, (Arr)" C B(H,) is the closure of 7, (Arz) with respect to the
seminorms [{&,-n)|, (2.93) extends to m,(ALr)”. But since w is pure, H,, is irreducible with
respect to 7, (Arr) and (7, (A))” = (C1) = B(H,). Thus we may take A = [Q,)(£,], the
projection on CS,, in (2.93) and obtain

|<w€aQw>|2_1 §46a |<'(/)Z7Qw>| <e
This is contradictory for sufficiently small e. Thus ¢7T € N, i.e., T is a multiple of q.

Finally, recall that a state w is called pure if for any positive functional w’, w’ < w implies
w' = A\w for some X € [0, 1]. From this we see that wo7J (j € Z) inherits the purity of w. Let
T be the minimal period of w. Then w,wo7,,..,wo7! ! must be distinct. The translational
invariance of ' implies that they are all ground states. Thus we have T distinct pure ground
states, and the affine dimension of the ground state is greater or equal to T. Since T is a

multiple of g, this concludes the proof. O

Is the truncated Hamiltonian gapped? Theorem 2.33 shows that the existence of a
gap above the ground state, at filling factor 1/3, implies some kind of symmetry breaking.
However, the question whether the the truncated interaction has a gap above its ground state
is open. Numerical computations [SFLT05] suggest that the truncated Hamiltonian has a
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non-vanishing gap above its ground state, for all values of the radius, but to our knowledge
this is yet unproven.

In the previous section on jellium tubes, we mentioned that the jellium tube interpolates
between a system with a phase transition (the one-dimensional jellium) and a system without
(the two-dimensional system). A similar aspect appears in relation to the question of gaps of
truncated interactions on cylinders. We start by observing that in the limit of thin cylinders,
the truncated interaction at filling factor 1/3 may formally be written as

H=Hrp+0(e™"), Hpr =Y (e g + 4™ fipiy2) (2.94)
kEZ

see also [SFLT05], equation (9). The limiting Hamiltonian H7r has obviously the ground
state energy 0. Ground states consist of configurations where electrons sit in lattice sites
spaced apart at least by 3 sites. At density 1/3, the unique ground state having a particle in
0 is the state which we loosely write

W AD_g Ao A ths A ...

(the Tao-Thouless state). This state is exactly the limit of Laughlin’s state as v — oo, on
finite samples (see the remark on p.54) as well as on infinite samples (this is implicit in the
proof of the second part of Theorem 2.17). Furthermore, the Hamiltonian Hpp has obviously
a gap of size 4e=27" above the ground state at density 1/3.

By the results of Section 1.4, the cylinder Hamiltonian may be considered as a periodified
version of the plane interaction (see also the expressions of the Hamiltonians in [RH94] and
the corresponding expressions of the disk interaction in [PG87], p.307). Thus we expect that
in the limit v — 0, the truncated interaction H on the cylinder has a gap above its ground
state if the disk truncated interaction has.

More generally, we can consider truncated interactions for different filling fractions 1/p,
p € N and ask whether these have a gap. In the limit 7 — oo, we will again obtain a gapped
Hamiltonian without hopping terms as in (2.94) and thus expect that the Hamiltonian on
thin cylinders is gapped. In the limit v — 0, the Hamiltonian approaches the disk truncated
interactions. In [PG87], p.319, Haldane argues that the disk Hamiltonian should be gapped
for p < 70 but gapless for p > 70; this is related to the expected phase transition of the
two-dimensional one-component plasma at coupling constant I' ~ 140.



Chapter 3

Charge transport

Laughlin’s work [Lau81, Lau83] is important for the understanding of both the integer and the
fractional quantum Hall effect. Laughlin’s argument refers to the subtle use of a clever geom-
etry - the cylinder - and gauge periodicity in an explanation of the integer effect. Laughlin’s
wave function is considered as a good approximation of fractional Hall effect ground states
at simple filling fractions. It has been suggested [TW84] that a degeneracy in the ground
states of electrons on cylinders is required in order to reconcile Laughlin’s cylinder argument
for the integer quantum Hall effect with fractional Hall conductances. If this is the case, and
if Laughlin’s function is indeed a good approximation to the ground state, it should reflect
this degeneracy. This is a heuristic argument; nevertheless, it is interesting to observe that it
is consistent with the symmetry breaking (on thin cylinders) proved in the previous chapter.

For quantum Hall systems on tori, the Hall conductance can be characterized in terms of a
Chern number, and fractional quantization of the Hall conductance requires indeed a ground
state degeneracy. This is a rigorous result. It is less clear what the significance, beyond
heuristics, of our symmetry breaking results is for the FQHE. This chapter is devoted to that
question. Let us anticipate and say that we do not give a full answer. The Hall conductance
for systems without impurities is related to the electronic density, and our results do imply
that the charge transport in Laughlin’s state has the correct quantization. However, as we
will see below, this uses only the fact that the density is periodic and has average value
(p-27ml?)~1, but not that the minimal period is pyl. Another drawback is that the results
only pertain to samples without impurities. However, we think that this chapter is useful in
replacing our results in their FQHE context.

We start with a brief summary of the gedanken experiments involving slow addition of a flux
quantum, as described in [Lau81, Lau83]. Then we turn to a simple model of bulk charge
transport on a cylinder. First we consider cylinders with quasiperiodic boundary conditions
in the direction along the cylinder axis, i.e., we look at a system on a torus. We show that
in the absence of a background potential, the adiabatic curvature appearing in the Chern
number approach can be expressed in terms of the one-particle density. We pursue with
spectral boundary conditions, more suitable for the cylinder Laughlin wave functions, and
give an account on the number of approximations involved to recover the widely accepted
fact that Laughlin’s function describes a fractionally quantized charge transport.

103
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3.1 Laughlin’s argument(s)

Integer quantum Hall effect: cylinder geometry

In his paper on the integer quantum Hall effect [Lau81], Laughlin considers a gas of electrons
(charge —e) on a finite cylinder of radius R. A magnetic field is perpendicular to the surface,
an electric field of strength E,. is present on the cylinder in the direction along the cylinder
axis, and a flux ¢ threads the cylinder. This system is represented by the Hamiltonian

| X p N
, 2
=5 j; —ih0y; )" + (—ihd,, + e(B. — ﬁ) )+ ;eExxj
N
Y W)+ Y Vi —aey; — we)
= 1<j<k<N

V' is an interaction potential and W a background potential. For the moment, we leave open
the modelization of the cylinder edges. At fixed flux ¢, the electric and magnetic fields lead
to a Hall current around the cylinder axis. The corresponding current operator is

N - é OH

Iy = = 2rR m ( 10y, +e(B: = 27TR)) 00

Now imagine that we are given a projection P(0) onto a many particle wave function at flux
¢ = 0. If we consider the electrons as non-interacting, we may fill the one-particle states up
to a given Fermi energy and take P(0) to be the projection onto the corresponding many-
particle state. We wish to evaluate the current (I, (0)) := trP(0)I,(0). Suppose that P(0)
can be extended to a smooth family of projections P(¢) commuting with the Hamiltonian

H(¢): [H(¢), P(¢)] = 0. Then
OH otrPH
96" = a5

If slow variation of the flux ¢ results in an adiabatic time evolution Ua(¢), we may take
P(¢) = Ua(¢)P(0)Ua(¢)*. Therefore the derivatives in (3.1) are referred to as adiabatic
derivatives. Now, the Hamiltonian is gauge periodic:

(L, (0)) = trP(0) 5= (0)- (3.1)

H(6+ ¢o) = ' =m0/ M H(g)em 1 2m w/ 8
for all ¢. The period is the flux quantum ¢y = h/e. This suggests the following approxima-

tion:

i.e., the derivative is approximated by a difference quotient with a flux difference A¢ := ¢y.
Now comes the key sentence of [Lau81]:

(3.2)

“Since, by gauge invariance, adding A¢ maps the system back into itself , the
energy increase due to it results form the net transfer of n electrons (..) from one
edge to the other. The current is thus

neV. — ne?V .
I=c¢ = .
A h
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(Here, V is the difference in electrochemical potential between the left and right edge.) Several
difficulties are encountered when one tries to turn Laughlin’s argument into a mathematical
statement, giving rise to different versions of the argument, compare e.g. [FGW00, ASY87].
We do not give a detailed discussion of the various difficulties encountered.

Suppose first H(¢) has a non-degenerate ground state, for each ¢, and let Py(¢) be the pro-
jection onto the ground state. If the ground state energy stays separated from the rest of the
spectrum by a gap g(¢) > gmin > 0 (see hypothesis H2 below), adiabatic time evolution fol-
lows the ground state: Py(¢) = P(¢). In this case, P(¢) is gauge periodic and the difference
quotient in (3.2) is 0. This is obviously not a good approximation to (I, (0)).

To gain a better understanding, we have to take into account edges. We will consider only
independent particles (V' = 0). The one-particle Hilbert space can be written as direct sum
of three orthogonal subspaces representing left edge, bulk and right edge states. Let Py(¢)
represent a state where bulk states are filled up to a given Fermi energy and edge states up
to local chemical potentials. The one-particle Hamiltonian restricted to the bulk state has
discrete spectrum with large gaps, whereas the restriction to the edge states has a spectrum
that becomes continuous in the limit of large radii. Thus intuitively, adiabatic time evolution
follows the ground state in the bulk, but not in the edges. In the words of [Lau81]:

“isothermal differentiation with respect to ¢ (..) is equivalent to adiabatic differ-
entiation in the sample interior.”

Therefore the adiabatically evolved bulk state should be gauge periodic, but changes may
occur in the edge states, the “net transfer of n electrons”.

However, it is not clear how to make sense of the separate application to edge and bulk
of adiabatic time evolution. The decomposition into edge and bulk Hilbert spaces is flux
dependent. During the flux increase left edge states typically flow into the bulk and bulk
states into the right edge. Another problem is related to the integrality of the charge transfer.

Fractional quantum Hall effect: infinite plane with flux tube

It is instructive to compare the previously described argument with the effect of slow addition
of a flux quantum as performed in [Lau83]. Consider a gas of electrons moving in a plane
with a perpendicular magnetic field. A solenoid carrying a flux ¢ pierces the plane at the
origin. A one-particle Hamiltonian Hy(¢) can be defined whose spectrum consists again of
the eigenvalues hw(n + 1/2), n € Ny, and the lowest Landau level N'(Hy(¢) — hw/2) has a
complete orthonormal set

Une(2) = cn,¢|z\¢/¢°z (37‘”2/4127 neZ:n>—o/do,
see [ESV02], Section III. Now consider the N-particle Hamiltonian
N
H(p)=> Hij(¢)+W(z)+ Y, Viz—2)
=1 1<j<k<N

describing N particles. Imagine that we start in a many-body ground state Wy at flux ¢ =0
and slowly increase the flux from 0 to the flux quantum ¢q. If a suitable adiabatic theorem
can be applied, the final state in the adiabatic limit will be an eigenstate of H(¢p). But
H(¢y) is gauge periodic, thus applying a unitary U to the adiabatically evolved state we
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obtain an eigenvector of H(0). We wish to apply this procedure to Laughlin’s state as a
starting vector. (We suppose that it is an eigenvector for some interaction.) In [Lau83], the
adiabatically evolved state is given as

N
U UV (21,0 20) :C’Nsz\I!k(zl,..,zN), (3.3)

j=1

Cy € C. In [PG87], p. 260, Laughlin explains that (3.3) should be considered as a good
approximation to the adiabatically evolved state. This is motivated through the help of
several approximations. The background potential is chosen to be a lowest Landau level
projected Gaussian: W (z;) = Ial|z;|*II. With this choice, Wi, 0 = 2a(n + 1)tb, 0. It is
stated that adiabatic time evolution away from the solenoid is not affected by interactions,
so that we can set V' = 0. The one-particle states 1, o evolve, up to a phase, to v, ¢,, which
is unitarily related to ,,1,0. The n-dependence of the normalization constants is neglected:
Yni1.0(2) = 290 0(2). Thus if U5 = S a(my, ..., mN)¥m, 0 A .. A my.0, the adiabatically
evolved state will be, up to the unitary U

UﬁlUA\IJJL\/T(Zla'vZN) = Z Q(mlw-amN)?/)mﬁl,O/\--/\1/1m1+1,0

mi,..,,MN
~ Z a(mu, ..., mN)Z1. 2ZNUmy 0 A . A, o
mi,.., MmN

= zl..zN\Ifk(zl,..,zN).

A plasma analogy gives access to the one-particle density pp,(z) of the obtained excited state:
pr(z) should converge very fast to (3 -2n1?)~! away from the origin (|z| — o), and

1 1
/Rz(,oh(fﬂay) - m)dfﬂ dy = -3 (3.4)

The excited state is therefore called a quasihole state: in the limit of infinitely many particles,
it represents a uniform gas of charge density —e(3 - 27l?)~! except that there is a hole at
the origin which leads to an overall missing charge —e/3 (fractional charge of the quasihole).
Hence during the adiabatic flux increase, a charge —e/3 has been transferred from the origin
to infinity. This leads to a fractional Hall conductance.

It is interesting to observe that there is a double use of the adiabatic flux increase: it is
invoked to show that the Hall conductance is fractionally quantized, but also to show the
existence of exited states describing a fractionally charged hole.

Hall conductance as a relative index. The (integer) Hall conductance for non-interac-
ting electrons can be characterized as a Chern number when there is a doubly periodic
background potential on the plane, or when the electrons are placed on a torus. When the
background potential is not periodic, but macroscopically homogeneous, it can be expressed
as a non-commutative Chern number (see [BVESB94]), which in turn can be expressed as
the relative index of a pair of projections. In [ASS94] the Hall conductance is related to
an index without non-commutative geometry. Let H;(¢) be a one-particle Hamiltonian
representing a particle in an infinite plane with a flux tube in the origin and a magnetic
field perpendicular to the surface. Let P;(¢) be the projection onto the ground state of
Hi(¢). Due to gauge periodicity, Pi(¢o) = UP(0)U~1. The relative index gives a precise
meaning to trP;(¢o) —trP;(0) in case the traces are infinite-dimensional. The difference may
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be interpreted as a charge deficiency, i.e., the difference in the number of electrons in the
ground states at the two values of the flux. If we regard P;(¢) as the one-particle reduced
matrix of a many-particle state, trP;(¢g) — trP;(0) is an analogue of (3.4). Note however
that subtleties show up: due to gauge invariance, the one-particle densities of Pj(¢g) and
Py (0) are identical, so that a strict analogue of (3.4) would give zero.

3.2 Charge transport on a cylinder

Based on Laughlin’s cylinder argument, Tao and Wu [TW84] have suggested that a fractional
transport on the cylinder requires ground state degeneracy. They present the picture that,
at filling factor 1/3, there are three ground states; adding one flux quantum shifts the system
from one ground state to the other. Only after addition of three units of flux does the system
return to itself, so that Laughlin’s argument would guarantee an integer transferred charge
only after addition of three flux units, leading to a fractional charge.

For Hall systems on tori, the Chern number approach requires indeed a ground state de-
generacy in order to explain fractional quantization of the Hall conductance. For cylinder
systems, the significance of ground state degeneracy is not quite clear. Since the connection
to charge transport has motivated the investigations of this thesis, let us go into some detail.

In the following, units are chosen so that h = 1,eB, = —1,1 = 1,m = 1. We adopt a
simple model for the bulk charge transport, induced by a variable flux threading a cylinder
[0,L] x R/(2mRZ). Consider the N-particle Hamiltonian

H() = 30 502 + 0, (02 + S W) + Y Vi - 20, (33)

J i<k
where the velocity operators are

¢

Vg = _iawjv Uy (¢) - _iayj - (J) B m)

We do not yet specify boundary conditions. Let x be a switch function, i.e., a function with
derivative x’' € C§°(]0, L]) such that x' > 0 and x(0) = 0, x(L) = 1. We suppose that y’
has its support in the middle of the cylinder, away from boundaries. According to Faraday’s
law, a time-dependent flux ¢(t) will generate an electric field of strength ¢/(2wR) around
the cylinder axis which together with the magnetic field gives rise to a Hall current along the
cylinder axis. The y’-averaged current in the z-direction is

N
> O ()0, + vay X (25))-

Jj=1

I, = —

N =

The flux ¢ is slowly increased from 0 to the flux quantum ¢o = 27: let f € C1([0, 1];R) be a
monotone increasing function with f(0) =0, f(1) = 27 and let ¢(t) := f(¢/7) for some time
scale 7 > 0. The associated propagator in the rescaled time s = ¢/7 satisfies

i0,U,(s) = TH(f(s))Ux(s), Up(0) = 1. (3.6)

Let the system be initially in a state described by a projection P of trace ¢, and let P, (s) :=
U, (s)P(0)U,(s)* be the time evolved projection. The current and total charge transport are
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given by
I(s) := 1trPT(s)I Q- (s) == 7'/1 I (s)ds. (3.7
q v 0

We are interested in expectation values of this current when the flux ¢ is adiabatically
changed, i.e. in limits of the quantities above in the limit 7 — oo. In view of F, =
d(t)/(2nR) = —f'(t/7)/ (127 R) this corresponds to the limit of small electric fields E,. The
time average over the period of the flux increase of the field is ¢¢/27R. A fractionally
quantized Hall conductance oy = %62 /h arises when the charge transported during the flux
increase by one flux quantum ¢g = h/e is fractional: @ = e/p, or when the charge trans-

ported during an increase by three flux units is @ = e.

We will look at two different choices of boundary conditions: quasiperiodic boundary condi-
tions lead to the characterization of Hall conductance as a Chern number, whereas spectral
boundary conditions are the natural setting for the cylinder Laughlin wave function.

It is commonly stated that the quantization of charge transport in Laughlin’s state follows
from the correct value of the average density. This is based on the picture that, in the
absence of impurities, the (bulk) conductance equals the electronic charge density. This can
be checked for the torus geometry (see the next subsection), where the adiabatic increase of
the flux results in an overall translation of the system. As a result, one gets, for W = 0, a
charge transport in terms of the one-particle density p(x,y)

/!

1 ¢ / (b /
Q@) xgg [([ V@ g ) (38)

For a cylinder with boundaries, such a formula holds at best in the limit of infinitely long
cylinders. If the one-particle density has period 3/R in the direction of the cylinder axis,
and we extend the z-integration in (3.8) to R, the average charge transport after addition of
three flux units is proportional to

1 327 ¢
/
P X' (z)p(z — 5, y)dzdy)do
2rR Jo (/Rx[o,%R] (z)el 2rR ) )

= (/ X’(I)dx)(/ p(u, y)dudy) = 3 - 2mp
R [0,3/R]%[0,27R]

where p is the average density. Thus if the average density is p = (3 - 27)~!, we obtain an
integer transport after addition of three flux units and a correct quantization of the Hall
conductance. The question whether 3/R is the smallest period of the one-particle density
does not play a role. However, the symmetry breaking is consistent with the heuristic that
“it, takes three flux units before the system returns to itself”.

The following two subsections are devoted to the proof of formulas of the type (3.8) on
tori (i.e., cylinders with periodic boundary conditions) and cylinders with spectral boundary
conditions. The main interest on tori is to compare the formula to the interpretation of the
Hall conductance in terms of Chern numbers.

3.2.1 Periodic boundary conditions

This subsection presents the classical Chern number approach (see [KS90, ASS94]) in a way
slightly different from the usual way. Our presentation simplifies the comparison with charge
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transport on cylinders as defined in the next section. This section also aims at clarifying
the relationship between the characterization of the Hall conductance as a Chern number
and the common saying “the correct quantization of Hall conductance in Laughlin’s state is
obvious provided it has the right one-particle density”.

Quasiperiodic boundary conditions in the direction along the cylinder axis are defined in
terms of the magnetic translations t(L)y(z) = e'¥%)(z — L). Tt proves useful to consider the
family of boundary conditions ¢(L)y = e*1). Thus we should consider the Hamiltonian of
(3.5) with these boundary conditions; call it H (8,¢). In order to make the 8-dependence
more explicit and get a nice representation of the current I, we will work with the unitarily
related Hamiltonian

H(3, ) = 3 5 (0, () + 0, (0)) + S W(z) + 3 Ve — ), (3.9)
Jj=1 J i<k

¢

Uz (6) = _iaﬂﬁj - ﬂxl(xj)’ Uy, (¢) = _iayj - (:L’ - 2R

) (3.10)

with the 8-independent boundary conditions (L)1) = 1. The current can be represented as
a derivative:

o

IX(67¢) = aﬁ

(8, 9).

We will need the following hypotheses:

H1: We say a function ¢ : [0, L] x [0, 27 R] fulfills the condition (QP) if it can be extended
to a function 1) € C°°(R?) satisfying the quasiperiodicity condition

O(x + L,y) = e L¥(x,y), bz, y+2nR) = d(x,y). (3.11)

Let Dy be the set of N-particle functions v € L?(([0, L] x [0,27R])Y) that satisfy (QP) in
each variable. There is a family of self-adjoint operators H ({3, ¢) with common domain D
and common core Dy, given on Dy by the expression (3.9).

H2: The family of Hamiltonians is smooth and has a band bordered by gaps:

(i) Consider (3,¢) — H(B,¢) as a map from R? to B(D,Hy), the space of bounded
operators from D equipped with the graph norm of H(0,0) to Hy. Then H(:,-) is
twice continuously differentiable.

(ii) There are two real-valued, continous functions g_ < g4 and € > 0 such that for all 3, ¢:

dist {g1(8,),9-(8,8)}, o (H(B,9))) > €

and the spectral projection P(f3, ¢) of of H(3, ¢) associated with [g_, g+ ](5, ¢) is finite-
dimensional, of (constant) dimension ¢ > 0.

Remarks: 1. The family of Hamiltonians is gauge-periodic:

H(f + 2, ¢) = €27 25 X) F (3, )27 25 x(m)
H(B,¢+2m) = ! i /R H (3, g)e ™ Zim v/ B,
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2. The Hamiltonian H (3, ¢) is unitarily related to a more standard operator, used in [ASS94]:
let H(B, ¢) be defined exactly as H(3, ¢) except that the velocity operator in the y-direction
is vy () = —idy — B/L. Then

H(3,9) = eZﬂ(X(xj)_xj/L)E[(IB, ¢)e—iﬁ S (x(eg) =z, /L)

H1 and H2(i) ensure the existence and uniqueness of the propagator U, (3, s) (10U, (53, s) =
TH(S, f(s))U(B,5)). Let P-(8,s) := U.(f,s)P(3,0)U(53,s)* be the time evolved projec-
tion. The adiabatic limits (7 — o0) of the current and charge transport are characterized by
the following two theorems:

Theorem 3.1. ([ASY87, KS90]) Suppose H1 and H2 hold and define the current I. and
charge transport Q. as in (3.7). Then the current is a 2mw-periodic function of 5 whose
average in the large T limit is

1 27 - f’(S)
2r ), BB =—=o

/0 T WP((05P), (9, P)(5, f(s)dB+O(1/7)  (3.12)

uniformly in s € [0,1]. As a consequence, the average charge transport is

1 [ 1

— A(B)dp = —c(P 1

5 || @(8)8 = )+ 001/7)
where ¢(P) = 5= f[o 2] x[0,27] trP[(04P), (03 P)](6, $)dBde is an integer, the Chern number
associated with the gauge periodic family of projections P((, ¢).
Theorem 3.2. Suppose in addition to HI and H2 that there is no background potential:

W =0 1in (3.6). Let p(xz,y; 3, ) be the one-particle density associated to the density operator
q 'P(B,¢). Then

s) = _f/(s)i o ") da 2
LG = | PO @y =00 (313
ol y:6,0) = oz — 5.0+ 2:0,0) (3.14)

(8.13) holds uniformly in (8,s) € R x [0,1]. The current and the charge transport are
independent of (3.

Remark. The one-particle density is the function p : [0, L] x [0,27R] — R such that for all
continuous f : [0, L] x [0,27R] — C,

1 N
P G = | p(w, ) f (2, y)dady.

= [0,L]x[0,27R)
In (3.14) we consider p as a doubly periodic function from R? to R.

Proof of Theorem 3.1. Details of the proof can be found in [KS90]. We recall the key idea
behind (3.12): the current can be rewritten in terms of the persistent current formula

OE,
ap

I.(B,s) = (8,s)+ qiTtrPT[(E)SPT), (08P-)](8, s). (3.15)
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where E.(3,s) := ¢ 1t P(3,s)H(f, f(s)) is a 27 - periodic function of 3. The adiabatic
theorem allows to prove

trP-[(0sPr), (9 P-)|(B,5) = ['(s)trP[(05P), (95 P))(B, f(s)) + O(1/7)

uniformly in /3, s. Inserting this into (3.15) and taking the average over (3, we get (3.12). O

Proof of Theorem 3.2. The key observation is that the Hamiltonian is not only gauge-periodic,
but gauge-constant. For ¢ € L%([0, L] x [0, 27 R]), let

(B, O, ) = X (o — 2y )

where 1 is identified with its quasiperiodic extension as in (3.11). The unitary u preserves
the set of smooth quasiperiodic functions. To see this, consider x as a function in C*°(R)
with the quasiperiodicity x(z + L) = x(x) + 1 (this is compatible with x' € C§°(]0, L[),
x(0) =0 and x(L) = 1). For ¥ € Dy, let 1 := u(3, $). Then 1p € C>°(R?) and

B

V(@ + Lyy) = e+ Ly + 7)

B0 =i L8/ D) gy D)
YT
= D T vy (3, y + %) = e "M (a,y).

The y-periodicity of ¢ is obtained in a similar way. Thus u(f, ¢) satisfies (QP). Let V(f, ¢) :=
u(B3,¢)®N. Then V (83, ¢) leaves the domain of definition of H(3, ¢) invariant, and

H(3,0)V(B.6) = V(8.0)H(0,0)V(8,9)", H(B,¢) =V(53,0)H(0,0)V(53,0)""  (3.16)

for all 8,¢ € R, and (3.14) follows from P(3,¢) = V(3,¢)P(0,0)V(8,¢)~ . Moreover, the
propagators are related through U, (3, s) = V(3,0)U-(0, s) so that the time evolved projec-
tions P,(0,s) and P-(0,s) are unitarily related. As a consequence, the energy F,(3,s) =
E.(0, s) does not depend on 3, the persistent current dgE; in (3.15) vanishes and

159) = L wp(0,9), 026, 5(5)) + 011/ (3.17)

uniformly in 3, s. In order to evaluate trP[(04P), (0gP)], we use the Chern-Simons formula
(see [KS90], Lemma 3.2) which gives

trP[Ag P, 0, P)(8, ) = datrP(0, )V (8,0) " (04(V (53,0))) — ptrP(0, $)V (3,0) " (93(V (5, 0))
= —9ytrP(0,9)V(5,0)"1(95V)(8,0).

By an explicit computation, idgu(8,0)y) = (£, — x(z))u(B,0), whence
Y i
6P P, 0y P = ~05trP(8,6) D (+0y, — x(x))- (3.18)

j=1
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Now let ¢ € L2([0, L] x [0, 27 R]) fulfill (QP). For 3, ¢ € R, let ¥ := u(3, $)1p. Again, consider
X as a quasiperiodic function (x(x + L) = x(z) + 1).

(w(B, ), (13, = x(2))u(B, 6))

L+¢/2rR  27R i
S P Ay >f< 0,0) () — X(o+ 5o ) (o)) dndy

¢/2mR

27rR
/<;5/2 R/ Vlw.y) Z Ayy)(@,y) = x(z + —)W)(I y)|[?)dxdy

¢/27R 271'R ¢
+ [ / ST L)1 (00)( + Ly) = x(a + 5o + D)l + Ly))dudy

27TR .
= [ I 0w - a5 ey
In passing to the last line, we used the relation

V(z + L,y)0yv(z + L,y) = P(z,y)0yp(z,y) — iL[Y(z,y)?

deduced from (3.11). Thus we get

. 27rR
(3,0 (50, o0z = [ 0w~ xto gl P

A similar computation gives

N . -
trP Lo =6 _ 2R ¢ dad
rP(8,¢') Z 9y, — x(z5) |¢/ x+2 R) p(z,y)dzdy.

j=1

If we differentiate this equation, change variables (note that x’ and p are periodic) and use
(3.18), we get

27R
¢
P[9P, 0,P1(8,¢) = 5= / / T = 5 my)drdy
which gives, together with (3.17) and (3.14), the desired identity (3.13). O

Thus we see how the representation of the Hall conductance through an adiabatic curvature
and the saying “Hall conductance = one-particle density” (in the absence of background
potential) fit together.

Theorem 3.2 is just one among several arguments relating the Hall conductance to the one-
particle density in the absence of a background potential. This way of proving it is interesting
insofar as it allows a direct comparison with the Chern number approach and facilitates the
comparison with the spectral boundary conditions setting of the next subsection.

Furthermore, this theorem generalizes a result by Tao and Haldane. In [TH86], they compute
the Chern number associated to the family of projections onto flux-dependent Laughlin-type
wave functions on a torus.
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3.2.2 Spectral boundary conditions

Instead of (quasi)periodic boundary conditions, we can use the spectral or chiral boundary
conditions introduced in [AANS98]. The treatment of charge transport in this subsection
follows closely the PhD thesis by Richter [Ric00]. Before we turn to the charge transport, let
us recall some facts about spectral boundary conditions.

Spectral boundary conditions: one particle. Let [a,0] C R, R > 0 and ¢ € R.
Consider the formal operator in L?([a, b] x [0,27R]) given by

¢

1, . 1, .
H(¢) = 5(—13x)2 + 5(—1311 —(z— ﬁ)ﬁ
We will consider H(¢) with periodic boundary conditions in the y-direction, thus it is useful

to work with Fourier series: let U be the unitary

U: @ L?([a,b]) — L*([a,b] x [0,27R]), (fr)rez — Y _ ™/  fi(x).

kEZ keZ

Then formally,

D)y b=y E @D (319)

U H()U = P h((k+ ) E

kEZ

For p € R, let B, be the set of functions f : [a,b] — C that are C° and satisfy the p-
dependent boundary conditions

p<a: f'(a)=0, @)= (p—0)f(b)
a<p<b: fla)=(p—a)f(a), f(b)=(p—0)f(b
p>b: f'(a)=(p—a)f(a), f'(b)=0

Then B, — L*([0,L]), [ — (=824 (z — p)?)f is essentially self-adjoint. We take h(p)
as its self-adjoint closure and define H(¢) through (3.19). The spectrum of h(p) consists of
simple eigenvalues eg(p) < e1(p) < ... where the smallest eigenvalue eg(p) is always > 1/2 and
eo(p) = 1/2 if and only if p € [a,b]. The resolvents p — (h(p) + i)~! are norm-continuous,
but not norm-differentiable: the smallest eigenvalue has a non-zero left derivative in a. From
this we get the following properties of H(¢):

1. H(¢) is norm-resolvent continuous in ¢.

2. For n € Z, ¢ € R, let ¢, (z,y; ¢) = exp(iny/R) exp(—(z — %)2/2). The Hamilto-
nian has the finite dimensional ground state

nEO2T gy (3.20)

N(H(¢)—1):span{¢n|n€Z:a§ 7 <

2

Loosely speaking, one may say that the spectral boundary condition leaves the form
of the lowest Landau level basis functions unchanged; the only effect of the boundary
conditions is to pick out those Gaussians that are centered inside [a, b].

3. H(¢) is gauge periodic: H(¢ + 2r) = ¥/ B H(p)e /.
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In view of the definition of charge transport, it is important to notice that H(¢) does not
satisfy H1, since the domain of definition is ¢-dependent. Moreover, the ground state does
not satisfy H2. Indeed, the gap above the ground state

1 n+¢/2rm
2 R

min (FE — 1) < min{eo(n + ¢/2n

T Beo(HoN1/2) 2 R

9(9) ¢ [a,b]}.
is strictly positive for all values of the flux ¢, but discontinuous for flux values where
n + ¢/2m € {Ra, Rb} for some integer n € Z and approaches zero in those points. These

values also correspond to discontinuities of the projection onto the ground state (3.20) of

H(o).

The fact that H(¢) does not satisfy H1 and H2 leads to technical complications. For example,
the existence of time evolution becomes more complicated.

Proposition 3.3. Let 7 > 0 and ¢(-) € C([0,1]) such that ¢ > 0. Then there eists
a unique map of unitaries U.(s),s € [0,1] that is strongly differentiable, and such that
DH(¢(0)) C D(H(¢(s)) for all s € [0,1] and

i0,U,(s) = TH(¢(s))Ur(s), Up(0) = 1.

Proof. We give only a sketch of proof, following [Ric00], Lemma 1.4.1 but correcting a small
mistake done there. The main idea is to note that the Hamiltonian is equivalent to a (non
self-adjoint) operator with constant boundary conditions. First remark that it is enough to
prove the existence of the solution to the time-dependent Schrédinger equation

i0su(s) = Th(p(s))u(s) (3.21)

in L?([a,b]). Define the p-dependent function

%%(x_a)27 p<a,
fo(s) = 5(x = p)?, a<p<b.
%%(ac—b)Q7 p > b.

A smooth function g satisfies the boundary conditions (B,) if and only if § = e/» g satisfies the
von Neumann boundary conditions §'(a) = §'(b) = 0. Moreover, if i9sg(s) = Th(p(s))g(s),

then
9.5() = (reln h(p(s))e ™0 +i592 L)g(s) = A(s)q()
dp ds

The right-hand side is well-defined for p(s) ¢ {a,b}. On those intervals the operator A(s),
although not self-adjoint, is better behaved than h(p(s)) and a classical result (cf. [RS75])
ensures the solvability of the equation. We can patch together a continous, piecewise dif-
ferentiable solution and then apply e~/» to obtain a continuous, piecewise differentiable
solution g(s) of the time-dependent Schrédinger equation (in particular, g(s) € D(h(p(s))
for all s € [0,1]). Then (3.21) and the continuity of h(p) imply that g(-) is actually strongly
differentiable. O

Multiparticle Hamiltonian. The previous considerations lead us to a different set of
assumptions on H(¢). Let W be a background potential and V' an interaction potential
between the particles.
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H’1: For each ¢ € R, the operator

N N
H(¢) ZZHJ‘(¢)+ZW(ZJ‘)+ > Viz— )

1<j<k<N

is selfadjoint, and its domain is the same as for W =V = 0; H;(¢) is the spectral boundary
Hamiltonian for the j-th particle.

H’2: The time evolution exists and has an adiabatic limit:

(i) Let ¢(-) € C>(]0,1]) with ¢ > 0, and 7 > 0. There is a strongly differentable unitary
U-(-) such that U.(0) = 1, U,(s)D(H(¢(0))) C D(H(¢(s))) for all s € [0,1], and
105U (s) = TH(¢(s))U-(s).

(ii) There is a continuous, piecewise differentiable family of finite-dimensional projections
P(¢) leaving the domain of H(¢) invariant and commuting with H(¢), such that

lim U-(s)P(¢(0))U-(s)" = P(é(s))

T—00

for all s € [0,1].

Lemma 3.4. Assume H’1 and H’2. Let the charge transport be defined as in (3.7). Let
q :=trP(¢) and p(z,y; ¢) be the one-particle density associated to g~ *P(¢). Then the charge
transport in the adiabatic limit is

N
dim Qr = M rP(6(s)) Y x(x)[i50

j=1

/ / - p(x,y;0(1)) — p(x, y; ¢(0))dwdy.

Sketch of proof. We observe that i[H (), — Zjvzl x(z;)] = I, in the sense of quadratic forms,
i.e. for all functions ¢ in the domain of H(¢), we have

N
=D _x(z;)¥) Z X(@;), H()) = (1, 1),

This is shown by an integration by parts. The spectral boundary conditions on 1) are needed
to ensure that the boundary terms arising in the integration by parts vanish. (With quasiperi-
odic boundary conditions, the previous commutator relation does not hold in the sense of
quadratic forms.) It follows that for ¢ € D(H(¢)),

N
Os(Urtp, = > Urp) = (Urth, LU-9)).
j=1

This implies that
N
QT:——trU (s)P *ZX o
q ot

Passing to the limit 7 — oo, we obtain the desired result. O
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Lemma 3.4 motivates the following definition:

Definition 3.5. Let P(¢),¢ € R be a norm-continuous family of projections in L?(([a,b] x
0,27 R))N) and x € C>([a,b]) a switch function of finite dimension q¢ > 0. Then

Qal6) = =" 0(P(6) = PO) ) x(ay)

is called the adiabatic charge transport through suppx’ when the fluz is varied from 0 to ¢.

Charge transport as adiabatic curvature. The map ¢ € L?([a, b] x [0, 27 R]) s e?PX(@)q)
leaves the spectral boundary conditions unchanged. Define H (3, ¢) through (3.5) with spec-
tral boundary conditions. Then H ([, ¢) is unitarily related to H(¢) through

H(B,9) = RIED DA X(%‘)H((b)e—i S5 Bx(x;)

(This is to be compared with (3.16).) If P(¢) is a projection as in the previous lemma, let
P(B,¢) = ¢ i X(”f)P(gb)e_w 355 x(@) | Then the adiabatic charge transport Q4(¢) can
be expressed as an integral of the adiabatic curvature P[0z P, 04PF)] and is independent of 3:

@
Qa(0) = —a* [ tePI9,P.0,P1(5./)a
This is to be compared with Theorem 3.12. Thus the adiabatic charge transport on a finite
cylinder (spectral boundary conditions) is an integral of an adiabatic curvature, just as it is
for the torus. The projections P(3, ¢) that arise typically are gauge constant in 3, but not
gauge periodic in ¢. Hence contrary to the torus case, there is no Chern number associated
to the projection.

Flux dependent Laughlin functions. The advantage of Lemma 3.4 is that it allows
to associate a “charge transport” to a family of projections without making reference to a
Hamiltonian or a time evolution. If we wish to apply this to Laughlin’s state, we need to
define a flux-dependent wave function that coincides with Laughlin’s wave function at flux
¢ = 0. There are two natural candidates:

W1, en) = [ (e9/7 — e/ RyPe Dim o mim)*/2 (3.22)
1<j<k<N
U, (21,0 2n) 1= > an (M, o M)y 6 A oo Ay (3.23)

0<mi<..<my<3N-3

In (3.23), an (ma, .., my) are the expansion coefficients of Chapter 2, and 4., 4 are normalized
ground state functions of H(¢) (spectral boundary conditions) restricted to the y-momentum
sector 01 = p: let f, € L?([a,b]) be a normalized ground state function of h(p), then

1 m
Yma(2) = N YR f v gy2m) R ().

Note that
o mt /27

- R
Both choices have their advantages and inconvenients. The function (3.22) shares the multi-
plicity of zeroes of Laughlin’s wave function: as two particles get close z; —z, — 0, it vanishes

<bh = ¢m.¢(2) x eimy/Re—(l’—(eraﬁ/?Tf)/R)Q_
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as O((z; — z)%). It is the cylinder version of the function given in [TG91] for electrons on an
annulus. However, it is made of wedge products of eigenfunctions of the one-particle Hamil-
tonian with spectral boundary conditions in L?([a,b] x [0, 27 R]) only as long as a < ¢/27R,
(BN =3+ ¢/27)/R <D.

The function (3.23) is built using adiabatic time evolution in the absence of interactions and
background potential. It is always a sum of Slater determinants of eigenfunctions of Hi(¢).
But it does not have zeroes of order 3 as two particles approach.

Of course, we expect that both functions have the same bulk properties as the cylinder gets
infinite. Intuitively, in the bulk, for both functions, increasing the flux from 0 to ¢ just shifts
the function by an amount of ¢/27R along the cylinder axis, and we expect that the charge
transport is essentially given by a formula of the type (3.8). We check this for \1153) and time
evolutions that leave the wave function in the bulk.

Proposition 3.6. Let ¢ € R, and P(¢) be the projection in L*(([a,b] x [0,27R])Y) on \Ilg\z,?d),
d >0, and x a switch function with suppx’ Cla+d,b—d[. Let Qa(¢) be the charge transport

associated with P($) through Definition 3.5. Suppose ‘I’gv)o and W' )¢ are bulk states, i.e.,
a<0< (BN -3)/R<banda—¢/2mr <0< (3N — )/R<b— ¢/2n. Then

Qu(d) = / (x(x + ¢/27R) — x(2))plaz. y)ddedy + o(1) (3.24)
[a,b] x[0,27 R]

as dist (suppy’, {a + |¢|/27 R, b — |¢|/2wR}) — o0, uniformly in the number of particles N.
Here, p(x,y) is the one-particle density of \I/§3)¢

Pmof Let p(z; ¢) : fo p(x,y; @)dy be the y-integrated density of \If . For ¢ € R, let
= ¢/2m. We consider only ¢ > 0 and suppose d > ¢'. Then

3N—-3

pn(230) = Y mpdpy e @ FHD
k=0

where 0 < nj, < 1 are ¢-independent, and d, = (fab e_(””_p/R)zdac)_l. Let 0 <m< M <
3N — 3 and set

m—1 M
’ 2
Z Nidiggre —(k+¢")/R)? pB (2 ¢) = Z Ny s @ EFS)/R)
k=m
3N-3 )
3 nndyy gre @B/ R)
k=M+1

(roughly, left edge, bulk and right edge contributions). We have to estimate the difference

b b
/ 3(@) (ol 6) — pla: 0))di / (x(x + ¢/ /R) — x(x))pla:0)dz = R+ B+ L

where R, B, L are obtained from the left-hand side by replacing p with p’t, p, p¥. The three
contributions are estimated separately.
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Bulk. The bulk remainder can estimated as

Bl = |/ z;¢) — pP(z — ¢/ R; 0))d$+/b p? (2;0)dz|
+¢/ &
< Z nk/ |dpygr — diple™ @ EFV/ R gy Z nkdk/ o~ (@—K/R)? g,
NG M
< \/EZ; |t — di| + T(mglggMdk)(;erfc(b —(k+¢)/R)).
where erfc(u) \/— f e~*"dz is the complementary error function. Let ¢ > max, /R€[a,b] d,

(cis essentlally 2/ /7 when b — a is large). Then one can show that

k+ ¢

k
|ditor — di| < c2?(erfc(ﬁ —a) + erfe(b — ).

By the good decay properties of erfc, we get a bound of the type
M+ ¢

);

where F' is independent of N, m, M, ¢ and goes to zero at infinity.

Bl < F( —a)+ F(b—

Left edge. Suppose (m + ¢')/R < a+ d. Then

b b
|L| S/ p(l‘;¢)dx+/ p(x;0)dx

atd—¢'/R +d
m k—f—(b/ m k+¢/
§ﬁZerfc(a+d— 7 )gﬁZerfc(a+d— B )
k=0 k=0
/
ng+d—m;¢)

for some function F' going to zero at infinity.

[

one rewrite R as an integral involving x. := 1 — x. As for the left edge, we obtain a bound

M+ ¢
R

Right edge. Using
3N-3

— Y = / R(;0)dz,

k=M+1

R < F( —(b—d))

if (M+¢)/R>b—d.

Choosing m/R well between a and a+d — ¢’ /R, (M + ¢')/R well in between b —d and b and
putting together the estimates of B, L, R one sees that the sum B + L + R is small when d
is large. O

Differentiating (3.24) with respect to ¢ and passing to the limit of infinite cylinders, we obtain
a formula for the charge transport of the type of (3.8). The discussion of the beginning of
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the section applies, and we obtain the “correct” charge transport if the one-particle density
has the “correct” value.

To summarize, we went into some lengths to show that if Laughlin’s wave function has
the right one-particle density, it is associated to a fractionally quantized charge transport.
The picture behind this is that in the absence of impurities, slow addition of a flux acts
like translation. This can be proved rigorously on cylinders with periodic boundary con-
ditions, i.e., tori. In contrast, cylinders with spectral boundary conditions model samples
with boundaries. We expect that in the bulk, adiabatic addition of a flux quantum still
acts like a translation. A proof of this would require a simultaneous on an adiabatic and a
thermodynamic limit. Especially for systems of interacting particles, this involves some work.

Additional difficulties come from the flux-dependence of the boundary conditions and the
fact that eigenvalues cross. The first problem can be handled, on finite cylinders, by relating
the Hamiltonian to an operator with flux independent boundary conditions, at the price of
obtaining an operator that is not self-adjoint. On an infinite plane pierced by a flux tube, the
situation is more delicate, see [AHSOE)]. The second problem can be addressed by restricting
to an invariant subspace (e.g., a given y-momentum) where the crossing does not occur, or
by the use of an adiabatic theorem without a gap condition [AE99)].

The violation of the gap condition reflects the fact that adiabatic time evolution does not
follow the ground state. This is clearly behind Laughlin’s use of the adiabatic flux in-
crease to obtain the quasihole excitation. On the cylinder, the situation is as described in
[TG91, GT93]: as the flux increases, a bulk ground state moves into the right edge. This is
accompanied by an energy increase. Meanwhile, a many-body state partially living on the
edge moves into the bulk, thereby decreasing its energy. In the process, energy levels may
Cross.






Conclusion

We have shown that on sufficiently thin cylinders, the thermodynamic limit at filling factor
1/p of Laughlin’s state exists. The limiting state is translationally invariant and mixing with
respect to shifts by multiples of pi?/ R along the cylinder axis. The state is not 2/ R-periodic.
Since Laughlin’s state is the ground state of a [?/R-periodic Hamiltonian, this means that
there is symmetry breaking.

The key ingredient to our proof is the use of a product rule of expansion coefficients
in the expansion of Laughlin’s wave function into lowest Landau level basis functions. The
product rule allows the representation of Laughlin’s cylinder function as a quantum polymer.
The normalization constant is the partition function of a polymer system with translation-
ally invariant activity. Using bounds on the normalization constant, we have shown that the
activity can be rescaled to a stable activity. The polymer system is associated with a one-
dimensional renewal process. Our proof of symmetry breaking relies on a condition on the
interarrival distribution of the renewal process. Using information on the radius dependence
of the activities, we have shown that for thin cylinders, the associated renewal process has
finite mean. What happens for broad cylinders remains open.

A torus can be considered as a cylinder with periodic boundary conditions. In this sense,
cylinder and torus wave functions differ merely by boundary conditions. It is commonly ac-
cepted that Laughlin’s wave function, for small values of p, describes an incompressible liquid.
Thus intuitively, boundary conditions should not affect the bulk behavior and we expect that
the torus and cylinder functions are equivalent in the limit of long cylinders. We have defined
a class of solvable models, using functions of compact support. Under certain conditions on
the supports of the functions (next nearest neghbors overlap), the torus and cylinder func-
tions are related to monomer-dimer systems and we have shown their equivalence in the limit
of long cylinders. We believe that the solvable model gives a hint on the mechanism behind
the equivalence of the cylinder and Laughlin-type wave functions and that the method of
proof may be extended to the general case.

In view of the plasma analogy, our results can be interpreted in terms of jellium tubes.
Semiperiodic Coulomb interactions are invariant with respect to any shift. But the limiting
state of jellium tubes cannot be completely translationally invariant, since any period must
be a multiple of [2/R. Thus there is symmetry breaking on jellium tubes, for all radii. If
we view jellium tubes as quasi one-dimensional systems and invoke known results on the
one-dimensional one-component plasma, we expect a periodicity L/N = pl?/R. From the
plasma point of view, the smaller period [?/R is surprising, and it would be interesting to
have a physical interpretation.

In the limit of thin strips, we recover the expressions of the excess free energies and one-
particle densities for one-dimensional jellium systems. The free energy at large radii should
approach the fully two-dimensional free energy. This leads to a conjecture consistent with
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bounds on the normalization constants that we have derived.

Thus the tube interpolates nicely between one- and fully two-dimensional systems. By
what is known on those systems, it follows that it interpolates between a system with no
phase transition and a system with a phase transition. This observation might be relevant
for large strips; in particular, the magnitude of p should play a role.

It is widely accepted that the ground state of FQHE system is a gapped, incompressible
liquid at FQHE fractions. It is believed that the truncated interactions reproduce this fea-
ture, at least for small p. We have shown that if the truncated interaction have a gapped
ground state, then at fractional filling there must be some kind of symmetry breaking. This
leaves open the question whether they do indeed have a gapped ground state, and of course
says nothing about “real” FQHE systems.

Finally, our results are consistent with heuristic arguments adapting Laughlin’s IQHE
argument on the cylinder to the fractional effect. In systems without background interac-
tion, the Hall conductance is directly related to the one-particle density; we have given one
derivation of this common wisdom using the Chern number approach. On cylinders with
spectral boundary conditions, we have obtained a similar result. The periodicity and the
correct average value of the density imply fractional quantization of the Hall conductance.
However, we have used a number of assumptions that are rather unsatisfying, although they
are commonly used. It would be worthwhile to obtain better results on the significance of
cylinder ground state degeneracy for the FQHE. We hope that our detailed presentation will
be useful for future investigations in this direction.



Bibliography

[AANS98] E. Akkermans, J.E. Avron, R. Narevich, and R. Seiler, Boundary Conditions

[AE99]

[AGLO1]

[AHSO05]

[ALS6)
[AMS0]
[AST2]
[ASS94]
[ASYS7]

[BD77]

[BKO0G6]

[BL75]

[BM99)]

for Bulk and Edge States in Quantum Hall Systems, Eur. Phys. J. B 1 (1998),
117-121.

J.E. Avron and A. Elgart, Adiabatic Theorem without a Gap Condition, Com-
mun. Math. Phys. 203 (1999), 445-463.

M. Aizenman, S. Goldstein, and J.L. Lebowitz, Bounded Fluctuations and Trans-
lation Symmetry Breaking in One-Dimensional Particle Systems, J. Stat. Phys.
103 (2001), 601-618.

J. Asch, 1. Hradecky, and P. Stovicek, Propagators weakly associated to a family
of Hamiltonians and the adiabatic theorem for the Landau Hamiltonian with a
time-dependent Aharonov-Bohm fluz, J. Math. Phys. 5 (2005), 053303-053329.

I. Affleck and E.H. Lieb, A Proof of Part of Haldane’s Congjecture on Spin Chains,
Lett. Math. Phys. 12 (1986), 57-69.

M. Aizenman and P.A. Martin, Structure of Gibbs States of one Dimensional
Coulomb Systems, Commun. Math. Phys. 78 (1980), 99-116.

M. Abramowitz and I.A. Stegun (eds.), Handbook of Mathematical Functions
with Formulas, Graphs, and Mathematical Tables, 9 ed., Dover, New York, 1972.

J.E. Avron, R. Seiler, and B. Simon, Charge Deficiency, Charge Transport and
Comparison of Dimensions, Commun. Math. Phys. 159 (1994), 399-422.

J.E. Avron, R. Seiler, and L.G. Yaffe, Adiabatic Theorems and Applications to
the Quantum Hall Effect, Commun. Math. Phys. 110 (1987), 33—49.

W.A. Beyer and C. DeLisi, The asymptotic form of partition functions of lin-
ear chain molecules: an application of renewal theory, J. Math. Anal. Appl. 57
(1977), 416-428.

E.J. Bergholtz and A. Karlhede, 'One-dimensional’ theory of the quantum Hall
system, J. Stat. Mech. L04001 (2006).

H.J. Brascamp and E.H. Lieb, Some inequalities for Gaussian measures and the
long-range order of the one-dimensional plasma, Functional Integration and its
Applications (A.M. Arthurs, ed.), 1975, pp. 1-14.

D.C. Brydges and P.A. Martin, Coulomb systems at low density: a review, J.
Stat. Phys. 96 (1999), 1163-1330.

123



124

[BR79a]
[BR79b)
[BST66]
[BVESBY4]

[CFS83]

[CGZ06]

[CLWHS2]

[Day05]
[DDPRO4]

[DJI1]

[Don97]
[Dun93]

[ESV02]

[Fel62]

[FGIL94]

[FGWOO]

[Fis84]

BIBLIOGRAPHY

O. Bratteli and D.W. Robinson, Operator Algebras and Quantum Statistical Me-
chanics, vol. 1, Springer -Verlag, 1979.

, Operator Algebras and Quantum Statistical Mechanics, vol. 2, Springer
-Verlag, 1979.

S.G. Brush, H.L. Sahlin, and E. Teller, Monte Carlo Study of a One-Component
Plasma, J. Chem. Phys. 45 (1966), 2102-2118.

J. Bellissard, A. van Elst, and H. Schulz-Baldes, The noncommutative geometry
of the quantum Hall effect, J. Math. Phys. 35 (1994), 5373-5451.

P. Choquard, P.J. Forrester, and E.R. Smith, The two-dimensional one-
component plasma at T = 2: the semiperiodic strip, J. Stat. Phys. 33 (1983),
13-22.

F. Caravenna, G. Giacomin, and L. Zambotti, Sharp asymptotic behavior for
wetting models in (1 4 1)-dimension, Electron. J. Probab. 11 (2006), 345-362.

J.M. Caillol, D. Levesque, J.J. Weis, and J.P. Hansen, A Monte Carlo Study
of the Classical Two-Dimensional One-Component Plasma, J. Stat. Phys. 28
(1982), 325-349.

C. Day, Device Based on the Fractional Quantum Hall Effect May Fulfill the
Promise of Quantum Computing, Phys. Today 58 (2005), no. 10, 21-23.

B. Dougot, B. Duplantier, V. Pasquier, and V. Rivasseau (eds.), The Quantum
Hall effect: Poincaré Seminar 2004, Birkhauser Verlag, Basel, 2004.

G. Dev and J.K. Jain, Jastrow-Slater trial wave functions for the fractional quan-
tum Hall effect: Results for few-particle systems, Phys. Rev. B 45 (1991), 1223~
1230.

R.A. Doney, One-sided local large deviation and renewal theorems in the case of

infinite mean, Probab. Theory Related Fields 107 (1997), 451-465.

G.V. Dunne, Slater Decomposition of Laughlin States, Int. J. Mod. Phys. B 7
(1993), 4783-4813.

P. Exner, P. Stovicek, and P. Vytras, Generalized boundary conditions for the
Aharonov-Bohm effect combined with a homogeneous magnetic field, J. Math.
Phys. 43 (2002), 2151-2168.

W. Feller, An introduction to probability theory and its applications, 2 ed., vol. 1,
John Wiley & Sons, 1962.

P. Di Francesco, M. Gaudin, C. Itzykson, and F. Lesage, Laughlin’s wave func-
tion, Coulomb gases and expansions of the discriminant, Int. J. Mod. Phys. A 9
(1994), 4287-4352.

J. Frohlich, G.M. Graf, and J. Walcher, On the extended nature of edge states of
quantum Hall Hamiltonians, Ann. I. H. Poincaré 1 (2000), 405-442.

M.E. Fisher, Walks, Walls, Wetting and Melting, J. Stat. Phys. 34 (1984), 667—
729.



BIBLIOGRAPHY 125

[FKO1]

[FOCS6]

[For91]

[For06]

[Gia07]

[Gir05]

[GJ83]

[GKT1]

[GT93]

[Hal83]

[Hal85]

[HL72]

[HLP64]

[Her90]

[HR85a]

[HR85b)

[IVZ06]

[KDP80]

H.M. Farkas and 1. Kra, Theta Constants, Riemann Surfaces and the Modu-
lar Group, Graduate Studies in Mathematics, no. 37, American Mathematical
Society, Providence, 2001.

G. Fano, F. Ortolani, and E. Colombo, Configuration-interaction calculations on
the fractional quantum Hall effect, Phys. Rev. B 34 (1986), 2670-2680.

P.J. Forrester, Finite-Size Corrections to the Free Energy of Coulomb Systems
with a Periodic Boundary Condition, J. Stat. Phys. 63 (1991), 491-504.

, Particles in a magnetic field and plasma analogies: doubly periodic
boundary conditions, J. Phys. A: Math. Gen. 39 (2006), 13025-13036.

G. Giacomin, Random Polymer Models, World Scientific, scheduled 2007.

S.M. Girvin, Introduction to the Fractional Quantum Hall effect, The quantum
Hall effect. (B. Doucot, B. Duplantier, V. Pasquier, and V. Rivasseau, eds.),
Birkhauser, Basel, 2005, pp. 133-162.

S.M. Girvin and T. Jach, Interacting electrons in two-dimensional Landau levels:
Results for small clusters, Phys. Rev. B 28 (1983), 4506-4509.

C. Gruber and H. Kunz, General properties of polymer systems, Commun. Math.
Phys. 22 (1971), 133-161.

Y. Gefen and D.J. Thouless, Detection of fractional charge and quenching of the
quantum Hall effect, Phys. Rev. B 47 (1993), 10423 —10426.

F.D.M. Haldane, Fractional Quantization of the Hall effect: A Hierarchy of In-
compressible Quantum Fluid States, Phys. Rev. Lett. 51 (1983), 605-608.

, Many-Particle Translational Symmetries of Two-Dimensional Electrons
at Rational Landau-Level Filling, Phys. Rev. Lett. 55 (1985), 2095-2098.

0O.J. Heilmann and E.H. Lieb, Theory of Monomer-Dimer Systems, Commun.
Math. Phys. 25 (1972), 190-232.

G.H. Hardy, J.E. Littlewood, and G. Pdlya, Inequalities, Cambridge University
Press, 1964.

L. Hormander, An introduction to complex analysis in several variables, North-
Holland Publishing Co., 1990.

F.D.M. Haldane and E.H. Rezayi, Finite-Size Studies of the Incompressible State
of the Fractionally Quantized Hall Effect and its Excitations, Phys. Rev. Lett.
54 (1985), 237-240.

, Periodic Laughlin-Jastrow wave functions for the fractional quantized
Hall effect, Phys. Rev. B 31 (1985), 2529-2531.

D. Ioffe, Y. Velenik, and M. Zahradnik, Entropy-Driven Phase Transition in a
Polydisperse Hard-Rods Lattice System, J. Stat. Phys. 122 (2006), 761-786.

K.v. Klitzing, G. Dorda, and M. Pepper, New Method for High-Accuracy Deter-
mination of the Fine-Structure Constant Based on Quantized Hall Resistance,
Phys. Rev. Lett. 45 (1980), 494 — 497.



126

[KL87]

[Kom04]

[KS90]

[KTWO1]

[KunT74]

[Lau81]

[Lau83]

[Len61]

[Lif64]

[LL72]

[LL04]

[LSM61]

[LW68]

[Mat96]

[Osh00]

[PGST]

[PT85)

BIBLIOGRAPHY

V. Kalmeyer and R.B. Laughlin, Equivalence of the resonating-valence-bond and
fractional quantum Hall states, Phys. Rev. Lett. 59 (1987), 2095 — 2098.

T. Koma, Spectral Gaps of Quantum Hall Systems with Interactions , J. Stat.
Phys. 99 (2004), 313-381.

M. Klein and R. Seiler, Power-law corrections to the Kubo Formula Vanish in
Quantum Hall Systems, Commun. Math. Phys. 128 (1990), 141-160.

R.C. King, F. Toumazet, and B.G. Wybourne, The square of the Vandermonde
determinant and its q-generalisation, J. Phys. A 37 (2001), 737-767.

H. Kunz, The One-Dimensional Classical Electron Gas, Ann. Phys. 85 (1974),
303-335.

R. B. Laughlin, Quantized Hall conductivity in two dimensions, Phys. Rev. B 23
(1981), 5632-5633.

R.B. Laughlin, Anomalous Quantum Hall Effect: An Incompressible Quantum
Fluid with Fractionally Charged Excitations, Phys. Rev. Lett. 50 (1983), 1395—
1398.

A. Lenard, FEzxact Statistical Mechanics of a One-Dimensional System with
Coulomb Forces, J. Math. Phys. 2 (1961), 682-693.

S. Lifson, Partition Functions of Linear-Chain Molecules, J. Chem. Phys. 40
(1964), 3705-3710.

E.H. Lieb and J. Lebowitz, The constitution of matter: Existence of thermo-
dynamics for systems composed of electrons and nuclei, Advances in Math. 9
(1972), 316-398.

D.-H. Lee and J.M. Leinaas, Mott Insulators without Symmetry Breaking, Phys.
Rev. Lett. 92 (2004), 096401.

E.H. Lieb, T. Schultz, and D. Mattis, Two Soluble Models of an Antiferromag-
netic Chain, Ann. Phys. 16 (1961), 407-466.

E.H. Lieb and F.Y. Wu, Absence of Mott transition in an exact solution of the
short-range, one-band model in one dimension, Phys. Rev. Lett. 20 (1968), 1445
1448.

T. Matsui, Ground States of Fermions on Lattices, Comm. Math. Phys. 182
(1996), 723-751.

M. Oshikawa, Commensurability, Fxzcitation Gap, and Topology in Quantum
Many-Particle Systems on a Periodic Lattice, Phys. Rev. Lett. 84 84 (2000),
1535 — 1538.

R.E. Prange and S.E. Girvin (eds.), The Quantum Hall Effect, Springer-Verlag,
1987.

V.L. Pokrovsky and A.L. Talapov, A simple model for fractional Hall effect, J.
Phys. C (1985), L691-L694.



BIBLIOGRAPHY 127

[RHO4|

[Ric00]
[RKSS]
[RS75)]
[Sch73]
[SFL*05]
[SG04]
[SM76]
[Sto65]
[STW94]
[SWKO04]
[Tas04]
[TGY1]
[THS6]

[Tho84]
[Tho85]

[TKS85]
[TSGS2

[TT83]

E.H. Rezayi and F.D.M. Haldane, Laughlin state on stretched and squeezed cylin-
ders and edge excitations in the quantum Hall effect, Phys. Rev. B 50 (1994),
17199-17201.

T. Richter, Rumpf- und Rand-Hall-Leitfahigkeit, Ph.D. thesis, Technische Uni-
versitat Berlin, 2000.

D.S. Rokhsar and S.A. Kivelson, Superconductivity and the Quantum Hard-Core
Dimer Gas, Phys. Rev. Lett 61 (1988), 2376-2379.

M. Reed and B. Simon, Methods of modern mathematical physics. II. Fourier-
analysis, self-adjointness., Academic Press, 1975.

L. Schwartz, Théorie des distributions, Hermann, Paris, 1973.

A. Seidel, H. Fu, D.-H. Lee, J.M. Leinaas, and J. Moore, Incompressible Quantum
Liquids and New Conservation Laws , Phys. Rev. Lett 95 (2005), 266405—1 —
266405—4.

A. Siddiki and R.R. Gerhardts, Incompressible strips in dissipative Hall bars as
origin of quantized Hall plateaus, Phys. Rev. B 70 (2004), 195335-1-195335-12.

R.R. Sari and D. Merlini, On the v-dimensional one-component classical plasma:
The thermodynamic limit problem revisited, J. Stat. Phys. 14 (1976), 91-100.

C. Stone, On characteristic functions and renewal theory, Trans. Amer. Math.
Soc. 120 (1965), 327-342.

T. Scharf, J.-Y. Thibon, and B.G. Wybourne, Powers of the Vandermonde de-
terminant and the quantum Hall effect, J. Phys. A 27 (1994), 4211-4219.

L. Samaj, J. Wagner, and P. Kalinay, Translation Symmetry Breaking in the
One-Component Plasma on the Cylinder, J. Stat. Phys. 117 (2004), 159-178.

H. Tasaki, Low-lying excitations in one-dimensional lattice electron systems,
arXiv: cond-mat/0407616 (2004).

D.J. Thouless and Y. Gefen, Fractional Quantum Hall effect and Multiple
Aharonov-Bohm Periods , Phys. Rev. Lett. 66 (1991), 806-809.

R. Tao and F.D.M. Haldane, Impurity effect, degeneracy, and topological invari-
ant in the quantum Hall effect, Phys. Rev. B 33 (1986), 3844-3850.

D.J. Thouless, Theory of the quantized Hall effect, Surf. Sci. 142 (1984), 147-154.

, Long-range order and the fractional quantum Hall effect, Phys. Rev. B
31 (1985), 8305-8307.

S.A. Trugman and S. Kivelson, Ezact results for the fractional quantum Hall
effect with general interactions, Phys. Rev. B 31 (1985), 5280-5284.

D.C. Tsui, H.L. Stormer, and A.C. Gossard, Two-Dimensional Magnetotransport
in the Extreme Quantum Limit, Phys. Rev. Lett. 48 (1982), 1559 — 1562.

R. Tao and D.J. Thouless, Fractional quantization of Hall conductance, Phys.
Rev. B 28 (1983), 1142-1144.



128

[TT04]

[TW84]

[WGSO8]

[WN9O]

[YHLS3]

[YOA97]

[Yos98]

BIBLIOGRAPHY

A. Torres and G. Téllez, Finite-size corrections for Coulomb systems in the
Debye-Hiickel regime, J. Phys. A 37 (2004), 2121-2137.

R. Tao and Y.-S. Wu, Gauge invariance and fractional quantum Hall effect, Phys.
Rev. B 30 (1984), 1097-1098.

N.K. Wilkin, J.M.F. Gunn, and R.A. Smith, Do Attractive Bosons Condense?,
Phys. Rev. Lett. (1998), 2265 — 2268.

X.-G. Wen and Q. Niu, Ground state degeneracy of the FQH states in presence of
random potential and on high genus Riemann surfaces, Phys. Rev. B 41 (1990),
9377 — 9396.

D. Yoshioka, B.I. Halperin, and P.A. Lee, Ground State of Two-Dimensional
Electrons in Strong Magnetic Fields and % Quantized Hall Effect, Phys. Rev.
Lett 50 (1983), 1219-1222.

M. Yamanaka, M. Oshikawa, and I. Affleck, Nonperturbative Approach to Lut-
tinger’s Theorem in One Dimension, Phys. Rev. Lett 79 (1997), 1110-1113.

D. Yoshioka, The Quantum Hall Effect, Springer, 1998.



