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Abstract

This is a mathematical study of certain aspects of the interacting electron system in
very high perpendicular magnetic field.

We analyse restrictions imposed upon the density correlation functions of this
system and propose a set of sum rules which they must obey.

We study the possibility of building a bosonisation scheme for the projected den-
sity operators in the lowest Landau level. We suggest a second order bosonisation,
along with an approximation scheme, which may be useful for carrying out calcula-
tions in the lowest Landau level.

We analyse the possible ground states of the system. We suggest a set of varia-
tional wavefunctions which can have lower energy than the Laughlin state for suffi-
ciently soft interaction potentials.

We study the collective excitations of the system, paying particular attention to
its symmetries. We suggest a set of variational excitated states and discuss their

applicability to finite as well as infinite systems.
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CHAPTER 1

Introduction

This is a mathematical study of certain aspects of the two dimensional interacting
electron system with a high magnetic field applied perpendicularly to the plane of
the electrons. We begin with a review of the model system under study and then
go on to examine different aspects of the system within this model. This model is
used to represent the 2des formed at a semiconductor heterojunction. The work is
motivated by a current interest, within condensed matter physics, in the physical
phenomena which can be observed in such systems (especially the integer [1-11] and
fractional [12-44] quantum Hall effects). We are particularly interested in the system
at certain filling factors, where the experimental evidence suggests that the electrons
form an incompressible quantum fluid. An excellent review of these phenomena can
be found in [45].

The work in this thesis has resulted in the following publications.

1. “An Investigation of the Collective Excitations of the FQHE using a New Boson
Formalism”, M.Brownlie and K.A. Benedict, Proceedings of 12th International
Conference: High Magnetic Fields in the Physics of Semiconductors, vol II, p92
(1996) (Singapore: World Scientific).

2. “Three-point density correlation functions in the fractional quantum Hall regime”

M Brownlie and Keith A Benedict, J. Phys A, 33, 4283 (2000).



CHAPTER 2

The Model System

2.1 The 2D Plane

Obviously, the true physical system ( i.e. the samples studied by the experiments
investigating the phenomena that we are interested in ) is extremely complicated and
is represented by an enormous variety of parameters. Many of these variables have
little or no qualitative effect on the nature of the physical processes under study and,
as such, they serve mainly to obstruct the theoretical investigation of the system
by throwing irrelevant complexity in the way of the idealized simplicity which will
hopefully allow us an understanding of the physics of our system in terms of the
clearest and most basic possible model.

We will adopt a very specific (and simplified) model with which to represent and
study the electronic systems under consideration. We will assume that we have N
electrons (where N may be allowed to tend to infinity) which are all confined to
exist on a two dimensional plane (the z,y plane). We will also apply to this plane a
completely uniform magnetic field in the negative z direction with magnitude B.

The phenomena which we wish to study occur at very high magnetic fields. In our
theoretical model we will always assume that the magnetic field, B, can be considered
sufficiently large to validate any approximation we may wish to make which depends
on a large value of B (i.e. mathematically we will let B — oo ). We expect that
(for the effects that we are studying) having large but finite fields will cause only

quantitative differences from the infinite field case and so using the infinite field



approximation should still allow us to study the basic physics going on in the system.
This infinite magnetic field acts to freeze out the spin degrees of freedom of the
electron system (so obviously we are not intending to study spin effects or effects due
to the presence of spin excitations). This is inasmuch as that the infinite magnetic
field forces the spins of all the electrons to be aligned in the same, most energetically
favourable, direction. This is true even in the excited states as it is energetically
infinitely unfavourable to be aligned against the B field when the magnetic field is
infinite. This means that we can neglect the spin part of the electron Hamiltonian
as it would merely contribute an additive constant to the energy of the system. As a
consequence of the infinite magnetic field approximation we will ignore the spin of the
electrons in what follows below (though we will of course continue to bear in mind

the fermionic nature of the electron particles).

2.2 The Single Particle Case

2.2.1 The Non-Interacting Hamiltonian

We begin by considering the electrons in the system to be non-interacting 7.e. we
ignore the term in the Hamiltonian which corresponds to the potential energy of the
electrons due to the presence and mutual repulsion of the other electrons in the system
(via the electrostatic Coulomb force). The non-interacting many particle case can be
readily extrapolated from the single particle case (by bearing the Pauli exclusion
principle in mind and so constructing Slater determinant many particle eigenstates
of the many particle Hamiltonian, which is simply the single electron Hamiltonian
summed over the number of particles in the system). Therefore we will look at the
single electron Hamiltonian for this system as a precursor to eventually studying the
interacting many particle Hamiltonian for the system.

For our model system and ignoring the spin of the electrons (as described above)
the Hamiltonian of a single electron confined to exist in the 2D z,y plane with an

applied uniform magnetic field in the negative 2z direction and magnitude B is given



by X
H=o—[p- eA(r))] +U(r) (2.1)

where r = (z,y) is the two dimensional position coordinate multiplication operator
for the 2D plane and p = —ih(0,, 0,) is the canonical 2D momentum operator (i.e.
which corresponds both classically and quantum mechanically to the observable which
is conjugate to the position coordinate r ). The mass and charge of the electron are
denoted by m and e, and A is the magnetic vector potential - where the magnetic
field is given by the curl of A. The U(r) term is the external potential experienced
by the electron which we will assume to be a constant.

This Hamiltonian is very simple and the corresponding Schrédinger equation can
be solved exactly. The natural basis eigenstates for the Hamiltonian depend on the
boundary conditions (external potential) and the vector potential used. We will look
at two different gauges below for the vector potential - the Landau gauge and the

symmetric gauge.

2.2.2 The Landau Gauge

There are many different vector potentials which will describe the same magnetic
field. In order to find explicit solutions of the Schrodinger equation (i.e. eigenstates
of the Hamiltonian) we need to adopt a particular gauge for the magnetic vector

potential. One of the simplest to use is the Landau gauge where we have
A(m7y70) = (0,—BZL‘,O) (22)

This gauge allows us to find exact analytic solutions of the Hamiltonian eigenvalue-
eigenfunction problem. In the Landau gauge the y-momentum, p,, (which is the
conjugate momentum operator to the y coordinate) and the Hamiltonian commute
with one another (as the Hamiltonian in this gauge has no dependence on the y
coordinate).This means that these two operators have a complete set of simultaneous
eigenstates. These eigenstates are given by the (unnormalised) functions

« r— %k
buaten) = Mg () 23



where ¢, is the n'* eigenfunction of the simple harmonic oscillator and

I, = \/GEB (2.4)

is the magnetic (cyclotron) length. The corresponding eigenvalues are given by

1

where w, is the cyclotron (angular) frequency and is given by

eB
—

We =

(2.6)

We see that the energy of these eigenstates, F, ,, depends only on n so each energy
level of the system contains many different eigenstates, as given by the k parameter
(which has no effect on the energy). This means that the energy level occupied
depends only on the harmonic oscillator part of the eigenfunction with each harmonic
level corresponding to a different (highly degenerate) energy level in the system. We
also note that, although the eigenfunctions are variables separable, the x part of the
eigenfunctions are still coupled to the y part of the function via the k parameter.
What we have is something where the x part of the function looks like a harmonic
oscillator eigenfunction (centered on x = [?k ) which is then multiplied by the y
dependent part, e*¥, which causes the function to be rotated around the complex
plane as a function of the y coordinate with a spatial frequency given by k. Hence
the average x position of the electron determines the frequency in the y direction.
Also interesting is that within one energy level (say the lowest, n = 0, level) there is
an uncertainty between the x and y positions inasmuch as requiring the x coordinate
of an electron to be contained within some narrow limits around a particular value
(i.e. put the electron in one of the above eigenstates) causes the y coordinate to

become completely undetermined.

2.2.3 The Symmetric Gauge

Another form of the magnetic vector potential which is useful in studying the Hamil-

tonian of this system is the symmetric gauge (and indeed for the investigations which



we carry out this is by far the most important). In the symmetric gauge the vector

potential is given by

2 2
This gauge, as before, allows us to find exact analytic solutions of the Hamiltonian

Alr,y) = (lBy,—le,O) (2.7)

eigenvalue/eigenfunction problem. This time, though, it is the (z component of the)
angular momentum, L, = x.p, — y.p,, which commutes with the Hamiltonian. This
means that now it is the angular momentum which shares a complete set of eigenstates
with the Hamiltonian. These eigenstates are given by the (unnormalised) functions -

(using the polar coordinates r and 0) -

Smn(r,0) = €™ Ry <lf) (2.8)
where ,
_u? m m u

R () = e~ 7 ul™ Lla(l n) (_) (2.9)

with
(m — |m|)
2
and LZ(x) is the associated Laguerre polynomial.

a(m,n) =n-+ for —n<m (2.10)

The energy eigenvalues for these states are, of course, the same energies as given
above for the case of the Landau gauge (an observable such as energy does not depend
on which vector potential is used as long as it gives the correct magnetic field). These
states are all circularly symmetric and they define a central point as the origin (this
is due to choosing a particular angular momentum with a particular centre).

These eigenstates can be rewritten in the following way
O (T, y) = €3V (0, 4+i0,)™ . (0, — i0,)" e 2V (2.11)

where units have been adopted so that length is now measured in units of the magnetic

length, so that now

l. = h—l
" VeB

Remembering that the energy levels are given only by the n parameter i.e.

1
Epn = (n + 5) huwe (2.12)



we can see that the states in the lowest energy level (i.e. n = 0) take on a particularly

simple form:

bmo(w,y) = et (9, +i0,)" .em2 (2.13)

which turns out to give
Smo(w,y) = (x +iy)™.e sV, (2.14)

We immediately see that if we write the eigenfunctions in the lowest energy level in

terms of a complex coordinate, z = = + 1y, we obtain
bmo(z) = 2™ a1, (2.15)

These states are the simultaneous eigenstates of the Hamiltonian and the angular
momentum (z component) in the lowest energy level. This simplified form for these

states will form the basis for much of the discussion in this work.

2.2.4 The Landau Levels

The energy levels of the single particle Hamiltonian, as we recall from above, are split
into a series of discretely spaced levels each of which is enormously degenerate. The
separation between the levels is given by hw,. and so is proportional to the magnetic
field, B. These energy levels are known as Landau levels and we refer to the n'”

landau level as being the space spanned by all the eigenfunctions with energy

1

and we often refer to the n = 0 eigenspace as simply the lowest Landau level.

Now, to calculate the degeneracy of the Landau levels we need to work out how
many mutually orthogonal states there are in one Landau space. For example, use
the Landau gauge of section 2.2.2 and assume the electron system to be confined to
the rectangular area 0 < x < W, 0 <y < L so that the total area is 2 = W.L. Now,
we know that as the energy depends solely on the x function in the eigenstates,

) x— 1k



then according to the formula for E,,, any eigenfunctions with different x functions are
in different Landau levels. Therefore the degeneracy must come from the y functions.

We can construct an orthonormal set of y functions quite easily i.e. the states

€ = —=e'"mY 2.16
Vi (216)
with
k El €z
m = Mm— m
L
obey the condition
L
/ dy.€;.€; = 0; (2.17)
0

and we know from the theory of Fourier series that this set accounts for all possible
y functions (over the interval 0 < y < L ). Now, we have an orthogonal set of
degenerate eigenfunctions for the n** Landau level i.e.

Omn(T,) = €m(y)-on (ﬁﬂ) (2.18)

This result can alternatively be derived by simply applying periodic boundary condi-
tions to the eigenstates in the y direction.

Because of the way that k,, determines where the x function is centered not all
of these functions will fit into the interval 0 < x < W. In order to consider only
those functions that do fit into the rectangle we need m to satisfy the condition (not

worrying about the boundary in too much detail)
0< 2k <W (2.19)

which gives us

W.L Q

showing that there are (2/2ml? orthogonal states in one Landau level.

Using the Landau gauge in this way is not, strictly speaking, rigorous as the eigen-
functions used (the simultaneous eigenstates of the Hamiltonian and y momentum)
depend, on their validity, on ignoring any confining barrier in the Hamiltonian and

by applying the boundary conditions to the edge of the sample in an inconsistent



manner. It may be thought that this shouldn’t matter too much as the set of eigen-
functions clearly form a complete set, but this is only over all Landau levels. If, for
example, we were to use the same method but this time switch x and y directions we
would find that the lowest Landau function spaces would be different for these two
(supposedly) identical systems - most especially the filled Landau level states of the
two cases would clearly be different from one another (although both cases would give
the same degeneracy for the Landau level). This is caused by the inconsistent treat-
ment given to the y boundary conditions compared to the x boundary conditions. We
would expect, though, that a bulk effect such as the degeneracy of the level should
not depend on the exact nature of the boundary conditions in the limit as the area,
), becomes very large. This is borne out by the fact that working in the symmetric
gauge, as described above, gives the same answer for large areas. | The symmetric
method uses a circularly symmetric geometry and treats the boundary conditions
more consistently. It is also the case that adding a circularly symmetric barrier to the
Hamiltonian does not affect the commutativity of the Hamiltonian with the angular
momentum whereas adding a barrier to the Hamiltonian in the first method would
affect the commutativity of the Hamiltonian with the y momentum.]

Now, we see that, as electrons are fermions and hence subject to the Pauli exclusion
principle, only 1/27l? electrons per unit area can ever exist in any one Landau level
at the same time. A useful unitless parameter to characterise the electron density of
the system and how it compares with the magnetic field is the filling factor, v, which
is defined by

v = 2nl’n, (2.21)

where n, is the electron density (number of electrons per unit area). So the filling
factor is the number of electrons present divided by the number of states in one
Landau level and is therefore a measure of how many Landau levels are filled at zero

temperature by the electrons (strictly speaking for the non-interacting electrons).
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2.3 The Many Particle Case

2.3.1 The Interacting Hamiltonian

The case of interacting particles is a much more complicated problem than the simple
non-interacting case. The independent particle case is so simple because in the non-
interacting system the total Hamiltonian is simply the summation of all the single
particle Hamiltonians over the number of particles present. Then, as each of these
single particle Hamiltonians is independent from all the others (i.e. they all commute
with one another by virtue of their depending on different coordinates and momenta)
then eigenstates of the total Hamiltonian can easily be constructed by forming the
outer products of the single particle eigenstates, using one single particle state for each
different particle coordinate. This gives a picture where the many body eigenstates
can still be easily represented in terms of single particle states. This is, of course, not
the case for the Hamiltonian of a system of interacting particles, which will contain
terms that depend on two (or maybe more) different particle coordinates and so the
interacting Hamiltonian cannot be deconstructed into mutually commuting single
particle terms (at least not in terms of the original coordinates). The phenomena that
we wish to study, in this system, all depend very strongly on the electron-electron
interactions (i.e. those relevant to the fractional quantum Hall effect) and so we are
forced to investigate the more complicated situation of a many particle interacting
Hamiltonian.

We will, as before, consider all the electrons to be confined to exist in the 2D
x,y plane with a magnetic field,B, applied uniformly in the negative z direction over
the whole plane and, again, we will neglect to consider the spin of the electrons.
We will also take no account of the barrier potential and we will assume that the
neutralising positively charged background averages over the plane, so contributing
only a constant term to the energy which can be ignored. This gives us the many

body Hamiltonian, describing our system, in the form

N N
1
H=K+V = E Kz—i‘i E U(I‘Z‘—I'j) (222)
=1

0,7

i#]
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with
1

= m

where K; is the single particle kinetic energy term for the i electron. The v(r; —r;)

[p; — cA(r))” (2.23)

term is the mutually repulsive potential energy acting between the i and j™* electrons

at positions r; and r; respectively, and is usually represented as the pure Coulomb

potential or some slightly softened version which takes into account sample effects.
The eigenstructure of the K; operators is well known (as was discussed earlier)

and so the kinetic part of the Hamiltonian, K, where

K = Zl K; = Zl i [pi — eA(r)]” (2.24)

also has an easily understood eigenstructure (as it represents a non-interacting Hamil-
tonian term). This non-interacting term gives a discrete set of eigenvalues (whose
eigenspaces are in general massively degenerate) separated from one another by
hw, = h%. We can think of this structure as the set of Landau levels discussed
earlier where every Landau level contains Q/27l? single particle states each of which
may or may not be filled by an electron. It remains, now, to examine the effect of

the interaction potential term, V.

2.3.2 The Density Operators

The potential energy of the system (the interaction term) is due to the Coulombic
repulsion acting between all the particles which depends, for its magnitude, on the
separation between all the electrons - 7.e. it depends on the density as a function
of position and the mutual proximity of the electrons to one another. Therefore we
might find it useful (in fact we shall do) to express the potential term in terms of the
electron density.

In order to do this, we use the many particle density operator, p(r), and its Fourier

transform, py, where

p(r) = Z 0*(r — ;) (2.25)
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in the position representation, and its Fourier transform is given by

Pk = /er.p(r)e_ik'r. (2.26)
so that
N
Pk = Ze_ik'rj (2.27)
j=1

where r; is the multiplication operator for the position of the i*" electron. These
density operators have various important properties, as follows below.

The expectation of the number density at a point r in the state [¢) is (¢|p(r)|))
and similarly (¢|pk|1) gives the Fourier components of the density.

Wldw) = [ Ere s (wlo(o)lv). (2.28)
Also, it is worth noting that
po=N (2.29)
which is simply the dc component of the particle density.

Due to the position-momentum commutation relations pL is a shift operator for the
momentum of the many particle system, i.e. if ¢ is an eigenstate of the momentum
operator:

Py =py
then
P(p)) = (p + hk)plt (2.30)
so that pf( raises the momentum of the system by hk.

The density operators obey the adjoint relation

Pk =Pk (2.31)

which is the same as

Wlpl) = Wlpl [¥) = (Wlp_xly)* (2.32)

and, of course, this is simply the condition that the particle density, (¢|p(r)[e)), is
real. We also readily notice that the density operators commute with one another as

they only contain multiplying position operators, i.e.

[prcs pal = 0. (2.33)
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2.3.3 The Interaction Potential

We now wish to rewrite the potential interaction term in the Hamiltonian as a function

of the density operators. Consider the interaction term,
1
V=3 D u(r;—1y), (2.34)
which, in order to complete the summation, we rewrite as

1
V= 3 ;U(ri —r;) — §N.v(0) (2.35)

The second term in this equation is infinite but this is made up for by a corre-
spondingly infinite term which is now included in the summation, so that the total
energy is still finite. Now, we consider that all the electrons are contained within an
area of size {2 (which can always be taken to the infinite limit when studying intrinsic
quantities) and therefore there is some maximum distance which any two electrons
can have from one another (i.e. for a circular area no two electrons can have a sepa-
ration greater than the diameter of the circle). We are therefore able to replace v(r)
with any other function which has the same value as v(r) over all the region of r
corresponding to the electrons both being confined to the area. We therefore extend
the interparticle potential term periodically and expand it as a Fourier series in a

wavevector q.

1 ~ iq.r;
v(r) = ) zq: Dqe'd" (2.36)
where ¢ is the Fourier transform of the inter-electron potential

f;q:/cfr.v(l“)e_iq"r (2.37)
Q

and the Fourier series expansion for v(r) will become the inverse Fourier transform
of 74 in the limit as {2 becomes infinitely large.
We now substitute the Fourier expansion for v(r) into the expression for the energy

to obtain

N
]‘ ~ ’L I‘Z—’L .I‘]' 1
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which can be rearranged to give

=20 qu [Z el Ze‘“* ] ~ SN2(0) (2.39)

and so allowing us to write the interaction potential energy in terms of the density

operators
1 1
_ 3ol —
=5q gq UgPhPq 2N.U(O). (2.40)

It is also interesting to express the potential energy term in a slightly different

manner, using the fact that pg = N (as mentioned earlier) we can write
N 1 N N
- 5ot 2N — 7
V—QQZ:qupqpq—i—QQ.N.vo QQ%:U“ (2.41)
q7#0

where we have also used the definition of the Fourier series from above
1 -
0)=145 > g (2.42)
q
and 0 is the dc component of v(r), i.e.

Uy = /er.v(r). (2.43)

Now, we define the static structure factor, S(k) of a state, 1, to be

{ 0 if Kk = 0
S(k) = . (2.44)
~(Wlplpqly if k # 0

The static structure factor is an intrinsic quantity of a system in the thermodynamic
limit. The k = 0 condition is to keep the structure factor free of the discontinuity
which would otherwise occur due to the fact that py = N (for states which have
infinite area).

We can now rewrite the energy per particle of a particular electronic state, ¥, as

1N
< Vg = QQZUQ 1]+ 55 7o (2.45)
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which, allowing €2 to tend to infinity and the summations to become integrals, gives

1 11

1N
~(YVY) = 212 v

d*q.9q [S(q) — 1] . + = —=.T0. (2.46)

N 2Q

This shows how the interaction energy of the system is made up of two terms; the
first term depends on the explicit form of the wavefunction for the system via the
density operators whereas the second term depends linearly on the average density
and is independent of the actual form of the electron wavefunction. Therefore if we
set the number of electrons and the area of the system (N and ) to be fixed (or
for an infinite system take the average density N/ to be fixed) then part of the
interaction term will simply behave like a constant. Therefore we can ignore it and

write
]_ ~ T ]_ 1 2 ~ —i-
V= 50 2 tarhia = 5 g | Patwrlpa (247
q

as long as we are clear that the density of the system is a constant and that the

interparticle potential is fixed.

2.3.4 The Lowest Landau Level Approximation

Remember that the Hamiltonian of our model system is given by

N N
1
H=K+V=> K, +- — 2.4
+V ; Z+2;v(rl r;) (2.48)
i#j
with
1
=5 [p: — eA(r)]”. (2.49)

We know the Landau level structure of the kinetic energy operator, K, where the
Landau levels are separated by hwp = h% and so the possible kinetic energies form
a discrete set of levels with a separation which is proportional to the strength of the
magnetic field.

Now, for very high magnetic fields the hwpg spacing is very large and therefore we
can think of V as a perturbation to K. The eigenstates of the total hamiltonian will

be formed from linear superpositions of the eigenstates of K, and so each eigenstate
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|k) of K gives rise to an eigenstate of H
k) = k) + > {Li} (2.50)

where {L;} denotes the contribution to 14 from the i Landau level. If |k) is from the
4" Landau level then the scalar coefficients for each {L;} : i # j will have factors of
[(j —i)hwp] ™! and so for very large magnetic field ,B, we expect that the Landau level
mixing is small and it is therefore a good approximation to classify the eigenstates of
H according to Landau level.

In the infinite magnetic field limit we would then expect that all the low energy
states of the system (such as the ground state) will be formed from superpositions of
wavefunctions taken from the lowest Landau level (i.e. any state with a component
in a higher Landau level will have such a high contribution of kinetic energy due to
that component that it will have a higher energy than a state contained completely
within the lowest Landau level and it will, therefore, be energetically unfavourable
in comparison to the lowest Landau level states). This will only be true in the limit
of infinitely large magnetic field strength (an approximation which we have already
used to justify the neglecting of the electron spin term in the Hamiltonian) but we
would expect that finite (though still large) fields would only lead to quantitative
differences and we expect that the physical picture and general details for the finite
B case should be well represented by the lowest Landau level (infinite magnetic field)
approximation.

Therefore, in studying the low lying energy states of electron system, we shall
only consider those states lying within the lowest Landau level. In the lowest Landau
level, all the states have the same kinetic energy (by definition) and so the kinetic
energy term may be regarded as a simple additive constant in the Hamiltonian when
considering such wavefunctions. This means that for wavefunctions in the lowest

Landau level the only important term in the Hamiltonian is the interaction potential
1
V= 521}(1@ —rj) (2.51)

which was discussed in section 2.3.3.
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2.4 The Projected Hilbert Space

2.4.1 The Complex Function Space

The advantage of the lowest Landau level approximation is that it allows us to restrict
our attention to a particular sub-Hilbert space of wavefunctions (i.e. those states in
the lowest Landau level) and enables us to more or less ignore most of the true
Hilbert space of allowed wavefunctions. We follow closely the example of Girvin and
Jach [46]. We will use the model Hamiltonian discussed earlier and we will take
the vector potential to be in the symmetric gauge (so defining a centre point in the
plane). In this gauge the (z component of) angular momentum commutes with the
Hamiltonian (interacting and non-interacting) and the simultaneous eigenstates of
angular momentum and the non-interacting Hamiltonian are given by (see section
2.2.3)

O (2, ) = €3 (0, +i0,)™ . (0, — i0,)" e~ 2HV) (2.52)

where units have been adopted so that length is now measured in units of the magnetic

| h
l.=14/—=1
eB

The energy levels are given only by the n parameter i.e.

length, so that now

1
Epn = (n + 5) huwe. (2.53)

Now, we are interested in the states which occupy the lowest single particle energy
level and the simultaneous eigenstates of the Hamiltonian and the angular momentum

which span the lowest Landau level are
Dol y) = (x +iy)™.e 30T (2.54)

and if we write the eigenfunctions in the lowest energy level in terms of a complex
coordinate, z = = + 4y, then we find that these states can be expressed as complex

functions of the z variable

Omo(z) = Zm el (2.55)
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(where we note that, as it commutes with the kinetic energy, the angular momentum
preserves Landau level and is as good a label for eigenstates in the lowest Landau
level as it is in the whole Hilbert space). These states form a basis for the lowest
Landau level Hilbert space, Wy, and any wavefunction in the lowest Landau level can

therefore be written as a superposition of these states i.e.
oo
1 2
P(z) = Z Q2™ 07117 (2.56)
m=0

The first thing that we notice about the wavefunctions in the lowest Landau level
is that they all have the same Gaussian factor, e’i|z|2, which makes sure that they
go to zero at infinity (i.e. every basis vector has such a factor, from equation 2.55,
and so obviously any possible superposition will also have such a factor). We can
therefore define a simple isomorphism from the lowest Landau level, Wy, of the original

wavefunction space to a new Hilbert space, Hy, by applying the transformation
fR)e i = f(2) (2.57)

to all the wavefunctions in the lowest Landau level. For example, the basis set formed
from the simultaneous eigenstates of the Hamiltonian and angular momentum are

transformed according to

Zmem il oy (2.58)

In the original wavefunction space the inner product is defined by (where F' and

G are wavefunctions in the lowest Landau level of the original space i.e. F,G € W)

(F,GYw, = /dmdy.F*(x,y)G(a:,y). (2.59)

in order to preserve the values of all the inner products between corresponding states

we define the inner product in Hy to be given by

(f,9) o :/dxdy-e5Z'2-f*(w,y)g(w,y)- (2.60)

for any f,g € Hy. This gives that whenever

F« f and G<eg
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that the corresponding inner products are equal i.e.

<F7 G>W0 = <f7 g>H0- (2.61)

As we saw above, the basis set in equation 2.58 for the wavefunction space is

represented by the integer powers of z in the transformed Hilbert space H,

m _—1|z? m
{z e 1l }m:012... < Az }m:071727_._ ) (2.62)

Therefore the z™ form a basis for this representation of the lowest Landau level and
Hy is simply the completion of their span with respect to the defined inner product.
This then defines a Hilbert space, Hy, which represents all (and only) those states in
the lowest Landau level. In H, we see that all of the statevectors are represented by

functions of z only (there is no z* dependence).

2.4.2 The Projected Operators

We are going to restrict our attention to only this lowest Landau level Hilbert space,
Wy <+ Hy and we want to generate state vectors which are completely contained
within it. To do this we consider the lowest Landau level as a Hilbert space in its own
right, Wy, and we define operators to act in/on this space. We define the projection
onto Wy of a wavefunction in W (the whole wavefunction Hilbert space) in the obvious

manner via the projection operator
Ry= Y la)(al (263)

where « is any set of basis vectors complete in Wy. We define the projection of any

operator A, in W, into Wj as

A=PAR |, (2.64)
This definition guarantees that, for any F,G € W)
(F|A|G)w, = (F|A|G)w (2.65)

and that
Ape Wy Vo e W, (2.66)
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We then transform the projected operator, A, which is defined on Wy, on to the
Hilbert space H, and we denote this transformed projected operator by A. The
transformation is effected (in the only way that it can be done) by simply transforming

the component ket bra pairs of the A operator (in some basis for Wy, i.e. F),)
A= 1FanalFl Y | fudamalful = A (2.67)

where f,, is the transformation of F}, from Wy into H,
Wo : F, < fm 1 Hy.

This ensures that for any states in the lowest Landau level that A has the same matrix

elements as A, i.e.
(F1Al9) 1, = (FIAIG)w, = (FIAIG)w (2.68)

for any Wy o F,G < f,g € Hy. It also ensures that

zzlf c HO Vf c H() (Z@ VE € W()) (269)

In this manner, it is readily found that the (transformed) projected operators are

given by (see Girvin, Jach [46] )

z = z
¢ = 20
2¥2 = zz* = 20z

(z¥)mzn = zn(z¥)m = (20)™z"
(2.70)

where z is the operator 'multiply by z” and 0 is the operator defined by its action

8:% — 0

0:¢p — Npp_1 for n>1

(2.71)
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where ¢,, is the basis function z" and O therefore behaves like differentiate w.r.t. z
when acting on analytic functions in Hy. The 0 and z operators obey the commutation
relation

0,2] = 1. (2.72)

One important consequence of this is that the process of projecting operators onto

the lowest Landau level does not preserve commutation relations, for example
[2,Z] =1 # 0=[", 2] (2.73)

All of these relations are easily extended to many electron statefunctions and they
can be used to build up an algebra of operators in Hj.

We note that the transformation into Hy always preserves the actional form of all
multiplication operators (such as position) but that the projection onto Wy from W
does not always respect the actional form of such operators. The actional form of
the ‘operator multiply by z’ is preserved by the projection and this is why its action
is unchanged in Hy. The action of the operator 'multiply by 2* is changed by the
projection onto the lowest Landau level because the z* operator does not preserve
Landau level and this is why z* has such a different actional form in Hj from that of
Z*in W.

2.4.3 The Projected Density Operators

Some of the most important operators for our system are the density operators and
the projected density operators are, correspondingly, just as important in the lowest

Landau level. Remember that the normal density operators are given by

Px = /er.p(r)e_ik'r.

N

Px = Z e ks, (2.74)

Jj=1
Now, as well as expressing the position vectors of electrons as a complex number

we can do the same for any two dimensional vector

k = (ko ky) > k = ky + ik,
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= (¢, qy) — ¢ = ¢ +igy
so that
1
k,=—-(k+k")
2
1
LY

k*q = (kuGe + kyqy) +i (kaqy — kyq.) = kq+ik Aq

k (k — k)

1 * *
1
kAq=kyq, — kyqy = % (k*q — kq™)
(2.75)

where the wedge product, A, of a pair of two dimensional vectors is the same as the
z component of the vector cross product which would be obtained from the vectors
by adding a z component of 0 to both of them.

Rewriting the vectors and the dot products in the expression for the density
operators (above) and then (transforming and) projecting onto the lowest Landau

level, Hy, gives
N
Dy = Z ¢~ k0; o —ik" 3% (2.76)
j=1

where we see that, like the normal density operators, the projected density operators

obey the conditions

Po=N (2.77)
and
Pr=Dop (2.78)
Using a similar method, we obtain
Pibq = PPy + (1= € 2 Dy, (2.79)

and this, along with the fact that all of the normal density operators commute with
one another ([px, py] = 0) leads to the commutation relation for the projected density

operators

(D1 Pyl = O(K, @) Pryq (2.80)
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where

¢(kq) = ez —ez
= 2i.e3% gin (kgq) .

This further demonstrates the way in which the process of projection onto the lowest
Landau level fails to preserve commutation relations, as we see that where the normal

density operators all commute with one another the projected ones fail to do so.
The projected density operators also differ from the normal ones in other ways.
For example, whereas the normal density operators are shift operators for the total
momentum of a system we can show that the projected density operators are actually

shift operators for position. They are the symmetrised version of an operator which

moves one electron by a displacement (k:y, —k,). To see this, define the operators

1 1 .
and similarly
1 L1 .

The x and y are multiplication operators representing the x and the y coordinates of

the centre of mass of the system. Then Z,  have the following commutation relations

with ,EL:
_ I
7.0l = sk
_ 1 _
.0 = 5 (ha)ph
and also [z,y] = —i

so that z,y are conjugate operators in Hy. We see that ﬁL is a shift operator for
the  and § operators, moving the centre of mass of the system by (k,, —k;)/N -
this is the effect of p,C trying to increase the electron velocity in the direction £,
but due to the magnetic field in the —z direction this results in a movement in the

direction —v x B. This is more easily seen, as the projected density operator is
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the symmetrised version of the single particle translation operator, by considering
the single electron eigenfunctions found by solving in the Landau gauge where the
position of an eigenfunction in one coordinate depends explicitly on the momentum
in the perpendicular direction, so that by increasing the momentum in one direction
we move the electron by a fixed amount in the orthogonal direction. We also see that
H conserves k (i.e. it conserves centre of mass) and therefore in Hy, k is a good label

for statefunctions.

2.4.4 The Projected Hamiltonian

Ultimately we want to investigate the energies of different states. In order to do this
we use the projected Hamiltonian, H, which will still give accurate values for any

states in the lowest Landau level (as discussed in section 2.4.2)
(FIH| i, = (FIH|F)w, = (FIH|F)w. (2.83)

Now, we know that the kinetic energy is, by definition, the same for all states in the
lowest Landau level, hence behaving just like a constant, and so it can be reasonably
ignored. Therefore, we only need to calculate the projection of the interaction term
in the Hamiltonian. This is readily carried out by using the relations discussed in
sections 2.4.2 and 2.4.3 and the expression for the interaction potential in terms of

the normal density operators from equation 2.40 in section 2.3.3.
1 S 1
V= 20 Z VgP4Pq — QN.U(()). (2.84)
q
Using equation 2.79 from the last section
—t— _ 112
ke = Php + (1 —e 2N (2.85)

and combining this with the expression for V' gives
— 1 S 112 1
V=50 [p;pq +N (1 — 3l )] — 5N0(0) (2.86)
q
which expresses the projection of the interaction term in the Hamiltonian in terms of

the projected density operators.



25

If we define a projected static structure factor, S(k), of a state, ¥, in analogy with

the normal static structure factor from equation 2.44

_ 0 it £ =0
S(k) = Lt ‘ (2.87)
~(Dlppoeld) ik #0
so that
S(k) = S(k) + (1 - e_%““'Q) (2.88)
then we can now rewrite the energy per particle of a particular electronic state, ¢, as
1 1 _ 1) 02 1N
kS — %% il } by} 2
W) =59 30 [5(0) — ] 4+ 553 (2:89)
which, allowing €2 to tend to infinity and the summations to become integrals, gives
1 1 1 o - = 1 1 o - 12 1IN _

all in analogy to equations 2.45 and 2.46. This shows how the interaction energy of the
system depends on three separate terms. The first term depends on the explicit form
of the wavefunction via the projected static structure factor (the projected density
operators). The second term is independent of the wavefunction and depends only on
the interparticle potential (9,) and the last term is simply proportional to the average
density of the system.

Therefore if we set the number of electrons and the area of the system (/N and Q)
to be fixed (or for an infinite system take the average density N/S2 to be fixed) then
part of the interaction term will simply behave like a constant. Therefore we can

ignore it along with the kinetic energy constant and write (in analogy with equation

2.47)

— —_ 1
H =V +const = 20 ijqﬁ;ﬁq (2.91)
q
1 1 ot
= 50 d2q.vqp2pq (2.92)

as long as we are clear that the density of the system is a constant and that the
interparticle potential is fixed. It is this expression for the projected Hamiltonian in

the lowest Landau level that we will generally make use of.
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2.45 The Projected Evolution Equation
We note that for ¢ € H,

(WI[H, PoAPo]|v) = (I [H, A]lv) (2.93)

and so the time evolution of any lowest Landau level operator, A, can be calculated

using its commutation with the projected Hamiltonian.
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CHAPTER 3

The Correlation Functions

3.1 Overview

We discuss some of the elementary restrictions which can be placed on the form of
the projected third order correlation function, which is relevant to current phonon
experiments. We also derive a sum rule for the third order correlation function. This
provides a useful check on any approximations which may be adopted for the corre-
lation function. We note that the method employed is readily extended to produce a

hierarchy of sum rules for all of the n'® order correlation functions.

3.2 The Magnetoroton Scattering Term

In recent phonon scattering experiments [47] ballistic phonons are fired at the electron
system in order to probe its collective excitations. The transition rate for the process
where a phonon, of in plane wavevector k, causes a magnetoroton (see chapter 4) to

scatter from a mode ¢ into a mode k + ¢ is controlled by the matrix element [48,49]

(1P saPkP}I10) via
2
Transition rate oc (wlﬁkﬂpzﬁ;\w . (3.1)

Quite simply, this is the matrix element of the operator ,EL (which represents the
phonon interacting with the electron system) taken between the initial sate on the
right (a magnetoroton of mode ¢) and the final state on the left (a magnetoroton of

mode k+¢q). The higher order scattering rates depend on matrix elements constructed
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in a similar way. We are mainly interested in the second order scattering process
and so we shall mostly restrict our attention to studying the projected third order

correlation function, which is defined by

Bk ) { 0 if korg = 0 )
,q) = , .
%<¢|ﬁk+qﬁlﬁg|¢> if kand ¢ # 0

where, as before with the structure factor (section 2.3.3), the zero wavevector condi-

tion is to avoid the singularities at £k = 0 and ¢ = 0 which occur for states, 1, with

infinite area.

3.3 The Conditions on the Correlation Function

3.3.1 The Restrictions on Possible Solutions

In order to be able to accurately calculate the transition rates for phonon assisted
magnetoroton scattering we need to have an expression for the third order correlation
function, P(k, q). Calculating the correlation function is a highly non trivial business
and we are undoubtedly going to be forced into using some sort of approximation.
The correlation function has to obey certain restrictions which any candidate solution
or any approximation to P(k, ) should also satisfy. It is, of course, desirable to know
and understand as many of these restrictions as possible, in order to limit the known
set of functions, of which P(k,q) is a member, to be as small as possible (ideally
we would have enough conditions to give a unique solution). Also, any conditions
which we know that the correlation function has to satisfy can be used as a method
to test any approximation we may have for P(k,q). Therefore, we investigate various

conditions which the correlation function must satisfy.

3.3.2 The Symmetry Conditions

The first type of restrictions on the correlation function which we consider are the
symmetry conditions. These provide fundamental conditions which can limit the
possible solutions and, in general, the symmetry conditions are the restrictions which

it is most important for any approximation to obey.
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The Particle Hole Symmetry

One of the most obvious and important conditions is particle hole symmetry. This
is due to the fact that the phonons will interact equally with electrons or the holes
(unfilled electron states) so that a certain density of electrons should absorb the same
phonons as the same density of holes would do (in the equivalent hole state). The
scattering is actually proportional to the electron density as well as the modulus

square of the correlation function so that we can say
v.P,(k,q) = (1 —v).P_,(kq) (3.3)

which is the same condition that the projected static structure factor has to obey, i.e.

1.5, (k) = (1 — v).51_ (k) (3.4)

This is because the phonons should be equally affected whether the electron filling
factor is v or the hole filling factor is v (which would give electron filling factor as
1 — v). This symmetry condition gives us some idea of how the correlation function

depends on the electron density.

The Adjoint Symmetry

We recall from section 2.4.3 the equality

Pk =P (3.5)

which is simply equivalent to the condition that the density of the electron system
is real valued. By using this equation and the definition of the adjoint operation we

arrive at another symmetry condition for the correlation function, namely

(V1prrahph ) = (W|pgpl 1phsq )

which implies the adjoint symmetry condition (which is equivalent to the condition
of micro-reversibility)

P(k,q) = P*(=k,q+ k) (3.6)
This condition gives us information on the form of the correlation function’s depen-

dence on the variables k and gq.
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The Axial Symmetry

The whole electron system is axially symmetric about the z axis (assuming that the
ground state, 1 is isotropic and homogeneous) and so we expect that the scattering
term will share this axial symmetry. This means that if we use polar coordinates
|kl,]q],0k and 6, then we would expect that the correlation function will depend only

on the angle between k and ¢ and that
|P(El, lal, 0, — 00)I* = [Pk, lal, 6 — 0,)]” (3.7)

so that the orientation (sign) of the angle should make no difference to the phonon
interaction. This condition, like the adjoint symmetry, gives us information on the
possible forms that the correlation function’s dependence on the k,q variables may
take i.e. we now know that |P| can be written as a function of the variables |k|,|q|

and [0].

The Form of the Possible Solutions

As a result of the symmetries discussed above we can rewrite the functional depen-
dence of the correlation function in a more restrictive form. First we separate the

magnitude and phase of the correlation function, by writing
P(k,q) = 9| P(k, q)] (3.8)

and it is the magnitude, the physically important part of the correlation function (i.e.
it is the scattering term), which we are interested in calculating whereas ¢(k, ) is the
relatively unimportant phase. Now, as a result of the adjoint and axial symmetries

we can write
|P(k,q)] = f Ik Adql, |kl q.(k 4+ q)) (3.9)

(we have dropped the boldface vector notation - it is always obvious whether we are
using the vector or complex representation) so that the symmetry conditions have
allowed us to predict, to some degree, the functional form of the correlation function.
This provides quite a useful limitation on the correlation function and it can be used

to test the validity of approximations.
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It is obvious that any function which depends only on the variables |k, |k A¢q| and
q.(k + q) will satisfy the axial and adjoint symmetry conditions. In order to prove the
result, though, we must show that any function which obeys the adjoint and axial
symmetries can be expressed as a function of the |k Ag|,|k| and ¢.(k+ ¢) variables. To
do this, we need to show that we can write the original vector variables as functions
of the new ones in such a form as does not restrict their range in any way.

We define the coordinate transformation

a®> = |kAg|?
b= |k (3.10)
¢c = q(k+q).

Now, we know, from the axial condition, that the correlation function depends only
on the magnitudes of the vector variables and the angle between them, so we adopt
polar coordinates for our original variables and the coordinate transformation be-
comes (using the polar coordinates K ,() and 6 which can again be replaced with the

coordinates K ,() cosf and () sin )

a? = |knqg? = K?(Qsin6)?
= K = K (3.11)
c = qk+q) = (Qcosh)?+ (Qsinh)?+ K(Qcosh)

We need to show that this transformation is (sufficiently) invertible so that all of
the K,Q,0 variables can be written as functions of a2, b and c¢. This would allow
us to substitute these functions into the expression for |P(k, )|, so proving that the
correlation function can be expressed in terms of the a, b, ¢ variables.

This is equivalent to asking whether, given a point in a,b, ¢ space, can we find
K, () and 6 unambiguously. So, to see this, we solve equations 3.11 for a point a, b, ¢
and show that our solution is (sufficiently) unique. Writing our solutions as U, V' and

¢ (i.e. K,Q and 0) we obtain the inverting formulae
U = b
Vsing = +3 (3.12)
Veosp = —g:l:%\/bQ—él(Z—j—c)
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(where a,b > 0 and the term inside the square root is always positive over the allowed
range of a, b, c)

These formulae do not give a unique solution but rather there are four possible
points in the K, (), 0 coordinates for every one point in the a,b, ¢ coordinates. This
is exactly what we want, though, as what the transformation does is to map every
group of four points in the k,q coordinates, for which |P(k, q)| has the same value
(from the symmetries), onto one point in the a,b, ¢ coordinates - which guarantees
that any function of the a, b, ¢ coordinates will obey the symmetries. This proves that
any function, |P(k, q)|, which obeys the adjoint and axial symmetries can be written

as a function of a,b and ¢ as defined in equation 3.11.

3.3.3 The Commutation Equations

Another simple condition on the third order correlation function can be easily derived
from the commutation relations for the projected density operators (section 2.4.3).
We take the matrix element of the commutation relation in-between any electron

statefunction
(D[P pollb) = d(k, @) (V] Prsqlt)) (3.13)

where
o(k,q) = 2i.e2%4 gin (%)

and this immediately leads to

Plk,q) — P(q,k) = ¢(k, q).S(k +q) (3.14)

This equation has to be obeyed by the correlation function of any state, ¥. In a
similar fashion the commutation relations lead to equations relating the fourth order
correlation function to the third and the fifth to the fourth and so on relating the
(n + 1)th order correlation function to the nth in the general case but we are mainly
interested in the third order function and so will confine our attention to the above

equation.
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As the right hand side of equation 3.14 is purely imaginary this means that (where

R denotes the real part)
R [P(k,q)] = R [Pl })] (3.15)

and it is only the imaginary part of the correlation function which contributes to the
static structure factor (i.e. this shows that the energy of the system can be expressed
in terms of the imaginary part of P(k,q) but that the real part of the correlation

function has no effect on the energy of the state).

3.3.4 The Equation of Motion

Another approach is to study the equation of motion for the system (where A is any
general operator)
d 1

WA ) = 2 WO)IH, AllY(2)) (3.16)

Using the projected form of this equation (section 2.4.5) and if we assume a ground
state, 1) which is an eigenstate of the projected Hamiltonian, H, then 1) must be a
stationary state of H and so the static structure factor of the ground state will be a

constant through time, giving
d, . i =
T (01Pipalv) = 0= Z(VI[H, plp]lv). (3.17)
We have (from section 2.4.4)
H:%%ﬁ@m (3.18)
along with the following result

(0lons 1o = O.0). 19k -aPrsa + P abol¥ 519)
+O(—k, q). [p—kPr—qPq + P—gPq—kPK] -

Dividing through by N (the number of electrons) and making use of the symmetry

properties, discussed above, leads to

L oo i) = 6(k,q). [P(g, k) + P(q, k)]

| i (3.20)
+¢(—k,q). [P(k —q.q9) + P*(k — q,q)] -
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Substituting into the equation of motion (and again making frequent use of the sym-

metry conditions) gives

> g2t sin <k—) Pr(q, k) =0 (3.21)

k

and this sum rule holds for all ¢. This condition was derived using only (as well as
the symmetries) the commutation relations of the projected density operators and

the assumption that v is an eigenstate of the projected Hamiltonian.

3.4 The Quantised Angular Momentum Sum Rules

3.4.1 The Second Order Sum Rule

So far we have discussed several restrictions which the third order correlation func-
tion must satisfy. All of these conditions are a result of simply applying three initial
assumptions:
1. We made frequent use of the commutation relations for the projected density op-
erators (these are exact results and we know that they are true).
2. The symmetry conditions, which, were perhaps, used most of all (again we should
have no worries about applying these as long as we have an isotropic ground state).
3. We also used the condition that the ground state, v, is not only contained com-
pletely within the lowest Landau level but that it is also an eigenstate of the projected
Hamiltonian. This is an approximation and we should bear in mind that those con-
ditions which depend on this assumption will only be approximately true.
Obviously, we would like to have as many restrictions upon the form of the third
order correlation function as possible (those we have provide nothing close to unique-
ness). In this section we will derive a new restriction on the correlation functions in
the form of sum rules linking the n®* order correlation function to all those of lower
order. This is especially useful for the third order function as this gives a sum rule
linking P(k, q) to the static structure factor (for which calculations have already been
made [50]). Also the sum rules bring further restriction upon the correlation functions

in addition to those which depend on the assumptions above as they make use of an
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extra fact i.e. that the electrons are fermions. Indeed we shall see that the validity
of the sum rules to a wavefunction, 1/, depends only on the initial assumptions that
1 is completely contained within the lowest Landau level and that it is a fermion
wavefunction.

We begin by deriving the sum rule for the second order projected correlation
function (the projected static structure factor - section 2.4.4) partly to demonstrate
that the method agrees with other known results and partly because the second order
sum rule will be useful in the next section.

First we will consider the normal static structure factor

(Wlpapll) = / T (7 <Z e > (7). (3.22)

J=1

where r; is the two dimensional coordinate vector of the ¥ electron, 7 represents the
whole set of all the electron coordinates (i = 1... N) and 2 represents the area in the
two dimensional plane within which the electrons are confined (we can let this tend
to infinity when we need to). We separate the summation into the two parts i = j

and 7 # j to obtain

N
Wloarilo) = [ @ @N0@).+ [ @R [ e | um. 32)

Q Q i,j=1

1#]
Now, we integrate both sides over a range, ), in ¢ space (where we will allow @ to

become the whole plane in the infinite limit)

/Qd2q NS(q /d2 /d%w FYN (7). /d%p Z/d2qe ia-(ri=rs) | (7).
#J

(3.24)
where we have swapped the order of integration in the second term on the right.

Using the fact that ¢ is normalised and the result ( [51, page 52])

Limit 1 [T ‘
T — o0 2—/ dt.e”™. = §(w) (3.25)

TJ-T
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and allowing the region @) to become the whole plane in the infinite limit gives us

N
N / q. (S(q) — 1) = / P () | S 4n22 (i — ) | (). (3.26)

Q L
Now, we know that the wavefunction of a fermion system must go to zero whenever
any two particle coordinates have the same value but it is exactly these values of
the wavefunction, when two of its particles are in the same position, that the delta

function on the right hand side picks out. This means that the integral on the right

must vanish, leaving us with

N/qu. (S(q) — 1) =0. (3.27)

Now, substituting in the relation - which is valid for any wavefunction, ¢, as long as

it is completely contained within the lowest Landau level (section2.4.4)
S(k) = S(k) + (1 . e*él’ﬂ?) (3.28)
gives us the second order sum rule

/dzq.g(q). = /d2q.6_§|q2. =27 (3.29)

This result agrees with a direct calculation of the integral and will be useful in the

next section.

3.4.2 The Third Order Sum Rule

We're now ready to work out the third order sum rule. We proceed in much the same
way as in the last section, i.e. by first studying the normal third order correlation
function
N
(Wlpqsnplph ) = /Q d*7 ) (7) ( ) ”“h) (7). (3.30)
irjs=1
and as before we separate the summation into the parts ¢ = j and ¢ # j and then

integrate over the region @) in ¢ space

N .
/Q PG lpgnolpl ) = /Q q. / &7 (7) (Z <>> ().

i,5=1
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N

+ / d’q. / CF(F) [ D et ettt (). (3.31)
Q Q 1,7,s=1
1#]
Now, we use the result
/d2q.eiq'(”_”). = 47r252(7“j — 1) (3.32)

and, as before, swap the order of the integrals in the second term on the right and

allow () to become the whole plane in the infinite limit to obtain

N .
[ Eatvlpmsioli) = [ o [ Eri) (Z <>) 0.
N
+ / EE(F) | D e an?s(ry — ) | (). (3.33)
Q i,j,8=1
i#j

Again, making use of the fermion argument that ¢ (7; r; = r;) must always be zero, the
second integral on the right hand side vanishes and noticing that the term underneath

the remaining q integral is simply the static structure factor we can write

[ Eatlonigito) = [ Eatvipslio. (334
and this is the unprojected form of the third order sum rule. In this form it tells us
very little, other than that the integral of the normal third order correlation function
diverges rather badly, but if we make the additional assumption (additional to the
fermion assumption) that the wavefunction, 1, is contained completely within the
lowest Landau level then we find that the sum rule gives up more information.

We use the result (derived from the trivial but tedious repeated application of the

commutation relation [0, z] = 1) that

1t _ 12 4o O N
Pq+hpjzpz - {PhPIL + <1 — ezl )} = pq+hp$pl + <1 —exd h) p2+hpq+h

-+ <1 — e*%|h|26*%‘1*h> ﬁgﬁq — e*%‘qﬁe*%h*qﬁzph

{e—%\quhIQ' (6%h*q + e%q*h> _esld® _ 6—%|q+h\2}

(3.35)

Po-
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Making use of the fact that (1| Alp) = (1| A1) whenever 1 is completely contained
within the lowest Landau level and substituting the last equation into the unprojected

sum rule gives (where we have also divided by N)
[ #aPtan). =5 [ Eqe e

+/d2q. {e—%|q+hI2 (e%h*q + e%q*h> — 2@‘%|q|2}.
(3.36)
This is the projected version of the normal sum rule given in equation 3.34. As
we can see this has the potential to be much more informative than its unprojected

counterpart. We can simplify the integrals significantly by applying the second order

sum rule from last section (equation 3.29) and so obtain
[ #aPlan). =5 [ Eqe e
+ 267%|h|2 /qu.e;q*th(q).

— 2P /d2q.6_5q2 <e%h*q + e%q*h) : (3.37)
and this is the third order sum rule.

We would not normally expect such a modest assumption such as the particles
being indistinguishable fermions to lead to a condition giving much significant infor-
mation on the spatial distribution of all the possible wavefunctions (remember that
these density operators are related to the electron density as a function of position)
and this is indeed the case as we saw from the unprojected sum rules. The fact that
all the possible wavefunctions in the lowest Landau level do obey the restriction of
the sum rule above is a result of the spatial quantisation that all the single particle
states undergo (section 2.2). It is this angular momentum quantisation ,apparent
in the lowest Landau level, enforced by the fermionic nature of the electrons (which
ensures that no more than one particle can occupy any one of the spatially quantised

single particle states at any one time, so forcing the electrons to maintain a sufficient
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distance from one another that they can exist in different single particle states) which
restricts the relative spatial distribution of the particles, and it is this effect which
leads directly to the sum rules derived in this section.

We also note that using the methods of the previous derivations it is possible to
derive a hierarchy of sum rules where the nth order sum rule will relate the integral of
the nth order projected correlation function to an integral involving all of the lower

order correlation functions. We do not discuss the details here for ecological reasons.

3.5 Summary

We derived a sum rule which related the third order correlation function to the second
order one. We note that the same method can be readily applied to derive a similar

sum rule relating any n'* order correlation function to all those of lower order.
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CHAPTER 4

Bosonisation in the Lowest Landau Level

4.1 Overview

We briefly summarise the results of Girvin, MacDonald and Platzman [50] on magne-
toroton excitations in the lowest Landau level. We then discuss a first order bosoni-
sation scheme for the magnetorotons and study some of the apparent problems of the
scheme. We introduce a second order bosonisation scheme for the projected density
operator which we then discuss. We also suggest a random phase approximation,
within this scheme, in order to make calculations of the correlation functions compu-

tationally tractable.

4.2 Magnetorotons in the 2D Electron System

The Feynman theory [50,52] of the low lying collective excitations in liquid helium

used a variational excited state of the form

br = prY (4.1)

where 1) is the ground state of the system. ¢y is orthogonal to ¥ for any value of
k for which the Fourier transform of the density distribution of the ground state is

zero. The energy of this state is given by

A = .
<k) <¢|Pl];pk|¢> (4 2)
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which, because the density operator commutes with the potential energy term in the

Hamiltonian but not with the kinetic term, gives

20112
Ak) = 2

~ 2ms(k) (4:3)

where m is the mass of a single particle and these quasiparticle excitations were called
rotons (we have ignored backflow corrections).
Girvin, MacDonald and Platzman [50] suggested a variational form for the low

lying collective excitations in the Lowest Landau level,

Ok = pry, (4.4)

which was based on the roton theory of Feynman and in analogy these states were
called magnetorotons. The projection onto the lowest Landau level is to maintain the
low energy nature of the wavefunction and ¢ is assumed to be contained within the

lowest Landau level. The energy of this state is again given by

(W|pL[H, pr]|W)
(¥|pLoel)

which, if we assume that ¢ is an eigenstate of H, is the same as

A(k) =

(4.5)

g1 o 1 | ) o)
2 Waade) |

JFrom chapter 2 and particularly section 2.4.4 we have

_ 1 e
H = mzvqu]pq (4.7)
q
11 .
= Su2 dQQ-U(Q)P;Pq' (4.8)

The projected density operators do not commute with the potential energy term in
the Hamiltonian (though, of course, they do commute with the kinetic term - which

is just a constant in the lowest Landau level). Using the commutation relations

[Pk Pg] = Dk, @) Prtq (4.9)
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where
o(k,q) = ek;q —eq*Tk (4.10)
kA
= 2ethgin (Tq) (4.11)

it is straightforward to show that the magnetoroton energy (the amount by which the
average energy of the state py is larger than the ground state energy) is a functional

of the projected static structure factor of the ground state,

A(k) = 4.51(]{) zq:vq.(eq?“ — ) f(k,q) (4.12)
where
Flkog) = Sla)e”F (75 = eTF) 4 Sk 4 q)(eF — ) (413)
A(k) = # > v, 2ie2" sin (M> Sk, q) (4.14)
Sk & 2
where

— 2 1 /\ k — 1 k /\
flk,q) = S(g).e”"* 2ie~ 2" sin (QT) + S(k + q).2ie2"sin (Tq> . (4.15)

Girvin, MacDonald and Platzman [46] calculated the projected static structure
factor for the first few Laughlin states using numerical techniques (the Laughlin states
are described in some detail in chapter 5 as well as in [45]). By then approximating
the true ground state of the projected Hamiltonian as the Laughlin wavefunction they
obtained the energy of the magnetoroton from equation 4.12. The energy varies as a
function of k. It begins at a finite value when k£ = 0, falls to a minimum (at around

the value at which S(k) has its peak) and then rises again as k is increased.

4.3 First Order Bosonisation for Magnetorotons

4.3.1 Roton Bosonisation in Liquid Helium

In the liquid helium system, where we have a Hamiltonian of the form

1
H= =S vgplp,+ E
QQ quqpq K (416)
q
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the density operators behave somewhat like generalised coordinates for the system
and the Hamiltonian (in this coordinate system) looks something like a collection
of harmonic oscillators (the generalised momentum terms are contained within the
kinetic energy part of the Hamiltonian). In analogy to coordinate operators we can

write

ph = A() [af + 4] (4.17)

and this obeys the adjoint condition

k=P (4.18)

and the commutation relation
[prspg] = 0 (4.19)

and the vacuum state |0) is a good approximation to the ground state of the Hamilto-
nian - or we could consider the vacuum state to be the ground state of the Hamiltonian
and expect that equation 4.17 is a good approximation for the density operators in

terms of the quasiparticle creation and annihilation operators.

4.3.2 First Order Bosonisation of the Projected Density Operators
Introduction

It would be useful if we could bosonise the collective excitations of the lowest Landau
level in a similar fashion to liquid helium. This would be a useful analytical tool
for studying the electron system and its interactions with external stimuli. This is
especially true for interactions with other boson fields such as photons and phonons.
For example, in the phonon case the interaction Hamiltonian between the electron

system and the lattice vibrations has been calculated [48,49] to be
1
Hep = —= 3 M(), (J +c_) 4.20
@ % < (A Q) \Q A—Q | Pq ( )

where @ = (q,q.) (q is the projection of @) onto the z,y plane) and A is a label of
polarisation. CLQ and c) ¢ are the raising and lowering operators for the phonon quasi-

particle modes labeled by A and ). We are interested in transitions between electron
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states in the lowest landau level and hence the relevant interaction Hamiltonian is

_ 1 B

Aoy = —=>"MO.Q) (clg+era) Ay (4.21)
VV 53 ’

and so we see that a bosonisation for the projected density operators would allow us to

study the phonon-electron interaction in terms of the creation-annihilation processes

of Feynman diagrams.

An a',a Representation for Magnetorotons

We assume that a set of quasiparticle modes exist which can be labeled by a vector, k,
which we expect to be a good quantum number [45, page 359] - i.e. we use the same
vector label as appears in the expansion of the Hamiltonian so that k is conserved by
the Hamiltonian. This means that we assume the existence of a set of quasiparticle

raising and lowering operators aL and aj such that

[ak,aﬂ = 5k,q (422)
[ay, ag] = 0 (4.23)
[aL,ag] = 0. (4.24)

We now expand the projected density operator as a series in these magnetoroton
raising and lowering operators (this idea has also been expressed by other authors,

for example [53])

ph = Ak)(al +a_)+ ) B(k h).a} an
h
+ Z {C’(k:, h)a2+haJr_h + C*(—k, —h)aha_k_h} + ... (4.25)
h

for k # 0

where the coefficients in the expansion have to fit the projected density commutation
relations and the adjoint condition ﬁL = p_x. We take the vacuum state, |0), as

representing the ground state of the system. We expect that
Pl ~ A(k)al o) (4.26)

in the region where ﬁw is a good approximation to a single magnetoroton quasipar-

ticle.
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4.3.3 Problems with this Picture
The Magnetoroton Energy

Using the bosonisation above we can rewrite the Hamiltonian in terms of the mag-

netoroton raising and lowering operators and hence calculate the energy of a single

excitation, .
al|0) ~ R (4.27)
(V|phpql)
Using
(nlpepln) = |A®R)[" .k + |AK)*.(1+ n_y)
+ Z ‘B k h ’2 nh(l + thrk)
+Z |C(k, h))2.(1 + nggn) (1 4 1)
+ Z |C —k?, —h)| NN _—p (428)
h
we obtain
(VpYH, pgll¥)
A = q 4.29
@ (D1 7al4) 429
(| pg Hp|) -
= - 977 H 4.30
gty ) 430
~ E(q) (4.31)
= (0]agHal|0) — (0|H|0) (4.32)

1 1
o A 2 _ A— 2
Ul AW@I + sgv gl A(=0)

+%ka|3<k,q>|
ka\C (koq —k)[* + ka\C

b (4.33)
qu|A( qQ)|* + higher order terms (4.34)
n.v,S(q) + higher order terms. (4.35)

Q
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The first term is the direct coupling of the magnetoroton to the ground state through
vy and S(g). The other terms are self interaction terms representing the quasiparticle’s
coupling to other modes (as it undergoes transitions to those modes and then returns
to its original mode).

This is not a surprising result. The energy of an excitation at wavevector k
depends on the Fourier component of the interaction potential at k£ and the projected
static structure factor at k and it is proportional to the density of the system.

The first thing that we notice about the above expression is that the first term,
n.v,S(q), starts at zero for |q| — 0 (because S(q) ~ |g|* as |q| — 0 - see [50]) rises
to a maximum and then goes to zero again as |q| increases to infinity. Moreover,
the maximum is caused by the peak in the projected static structure factor and
therefore occurs at approximately the value of ¢ where we would actually expect the
magnetoroton minimum to occur. It is possible that the higher order terms contribute
in such a way as to turn this maximum into a minimum - which would require that
the higher order terms are significant in comparison to the first order terms. We also
see that, since all the terms are positive, the first term should provide a minimum
value for the energy. We also note that this expression for the energy goes to zero
as |q| goes to zero - as the higher order terms equal zero when ¢ = 0 (if we want
the coefficients to be well behaved and equal zero for a and a/) terms) and cannot
help the first term to rise above its zero value. This contrasts with the energy from
equation 4.12 which has a finite value as |¢| — 0 and has a minimum near the peak of
the projected static structure factor - i.e. it is the exact opposite of what the above
expression might suggest.

In fact, we see that the expression for the energy of the magnetoroton state,

Aq) = 1 ka.%e%q'k sin (%) Sflq, k) (4.36)
K

where
F(g, k) = S(k).e~ % 2ie~3% gin (%) +5(q+ k).2ied** sin (%) (37

does not contain any terms in v, or S(g) whatsoever although it does contain evalu-

ations of these functions at almost every other wavevector value. This is surprising;
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it is as if A(q) contains only interaction terms.
The reason for these inconsistent results is very simple; the vacuum state, |0), is
not an eigenstate of the Hamiltonian. Indeed, we see, even from an inspection of the

leading order terms,
phir = [A(K) (afax + ala! T 138
peor = |AK)|* (afay, + ala’ , + a_ga' ) + a_pag) + ..., (4.38)

that it is very unlikely that the vacuum state can even be used as a reasonable
approximation to an eigenstate of the Hamiltonian (even if it is possible for any of
the higher order terms to cancel the offending leading terms they would have to be of
comparable size compared to these terms and hence the pure creation terms that they
would generate in the Hamiltonian would be as equally problematic as the original
leading order terms). We also see that (regardless of any higher order terms) the
Hamiltonian in this picture does not commute with the total quasiparticle number

operator,
[FI, > aLak] £ 0, (4.39)
k

and so we have a system where the Hamiltonian does not (even approximately) con-
serve the total quasiparticle number - i.e. in this picture the total number of mag-
netorotons is not a good quantum number and is not conserved through time by the
electron Hamiltonian. It would seem, then, that this first order bosonisation of the
projected density operators suffers from some problems and we still have to explain
why the magnetoroton energy, A(q), does not depend on v, or S(q) but does depend
on almost every other wavevector.

This did not happen in the case of liquid helium because the density operators
behaved like generalised coordinates in a Hamiltonian which contained squared co-
ordinate terms (in the interparticle potential) and squared momentum terms (in the
kinetic energy). This meant that the Hamiltonian could be considered as a collec-
tion of independent harmonic oscillators with additional (small) perturbation terms
so that the vacuum state could be taken as a good approximation to the ground
state of the system. This is not the case in the lowest Landau level. Inspection of

the Hamiltonian shows that if we are to interpret the projected density operators as
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collective coordinates then we have a Hamiltonian which is made up of coordinate
terms only - there are no momentum terms in the Hamiltonian for the lowest Landau
level. This explains why we cannot both regard the projected density operators as
collective coordinates and simultaneously expect the Hamiltonian to behave like a
collection of harmonic oscillators in these coordinates to any sensible approximation.

A physical analogy can be made with a phonon system. In a crystal lattice system,
if we linearise the forces acting on each atom, we can express the Hamiltonian as a
collection of independent harmonic oscillators which has the vacuum state (i.e. no
phonons) as its ground state. Of course, in reality the forces acting on the atoms are
not so simple and so the Hamiltonian also contains higher order terms (expressible
in the raising and lowering operators of the phonon modes) which represent phonon
interactions. As long as these interaction terms are comparatively small then it is still
a good approximation to treat the ground state of the system as the vacuum state of
phonons. But, if these interaction terms increase to be much larger than the linear
terms then the vacuum state will cease to be a good approximation to the ground
state of the system. We suggest that the first order bosonisation scheme fails in the
lowest Landau level because it is a very strongly interacting system, with no kinetic
term to compensate, so that the vacuum state of the bosonisation scheme is not a

good approximation to the ground state of the system.

4.4 Quasiparticle Transformations

Conditions on Feasible Bosonisations

We have seen in the last section that the first order bosonisation of the projected
density operators using magnetoroton creation and annihilation operators ran into
some difficulty. We would still like to pursue the idea of a boson representation for
the projected density operators as a formalism is likely to facilitate calculations of
interesting quantities for the lowest Landau level states.

Mathematically, there are an infinite number of different possible bosonisations

for the system. Most of these will not be amenable to simple physical interpretation
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or of any in use in doing calculations. We want to restrict the number of possible
bosonisations to only those which will have a sensible physical interpretation. There-
fore, before we attempt to formulate such a bosonisation scheme, we shall consider

some of the restrictions which we might like to place on such a representation.

Natural Representations

Just from the fact that any Hilbert spaces with the same dimension are isomorphic
to one another we know that any system will have more than one (usually infinitely
many) bosonisations which are mathematically possible. We are only interested in
those schemes which might turn out to be useful as a means to study the physical
system. We would, therefore, like to have some method of discriminating between
useful and non-useful bosonisations.

Consider the bosonisation schemes for the one dimensional harmonic oscillator in
figures 4.1 and 4.2, where 1, is the nth eigenstate of the oscillator Hamiltonian, af
is a second quantised boson creation operator, S is the boson symmetrising operator
and ¢(g;) is the single particle state of the 7" particle which is created by the creation

operator (g; is the " particle’s coordinate).

U (a")"10) < Sé(a1)d(q2) - .. D(gn)
vy +— d'afal|0) < Sé(q1)d(g2)B(gs)

Uy — alall0) ¢ Sé(q)e(gn)

P — aT|O> A &b((h)

F1GURE 4.1: A Natural Representation

Both of these representations are equally valid in a mathematical sense as they

simply identify one basis element in the original space with one unique basis ele-
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Uy (a")"10) ¢ So(q1)d(q2) - .. d(gn)
vy «— alalal|0) < So(q1)d(g2)d(gs)
Py — GT’0> A Séb(Ch)

v aldl|0) < Sé(q)d(ge)

FI1GURE 4.2: An Unnatural Representation

ment in the boson space. Obviously, though, the first one is a much more natural
representation in a (human) physically intuitive way.

What is the difference between these representations 7 We suggest that the im-
portant difference is the connection between the operators in the two spaces. In the
first one the harmonic oscillator raising and lowering operators, b' and b, have the

simple representation

b al (4.40)
b «+— a (4.41)
in terms of the boson particle creation and annihilation operators. On the other
hand, the second picture leads to a representation of the original harmonic oscillator
operators, in terms of the boson operators, which is badly divergent if we attempt to

expand it in powers of the a,al’s, i.e.
bt «— al —V1|1)(0] — V22)(1] — V/3|3)(2] (4.42)
FV112)(0] + V2[1)(2] + V3[3)(1] (4.43)

where



ol

. j—n j—a'a
Ay — _ 4.45
o = 1 )
Jar M
so that
) M) ifn=M
Aylny = 4 M) ifn (4.46)
0 iftn#M

We see from the form of the A, that the representation of the harmonic oscillator
operators cannot be represented as a sensible series expansion in the af,a’s.

It seems likely that representations like figure 4.1 are more natural and hence will
be more useful than representations such as figure 4.2. It appears, then, that the
boson representation of the important operators is a good guide to the usefulness of
a particular bosonisation scheme. We define a natural representation as being one in
which the physically relevant operators (i.e. the Hamiltonian and projected density
operators in the lowest Landau level) have a sensible series expansion in terms of the
boson creation and annihilation operators.

The point of the preceding example was to demonstrate that almost any bosoni-
sation is mathematically possible but that most of them will be quite unnatural in a

physical sense. For example, we could easily think of a representation where
phlo) > al0) (4.47)

but such a representation, while mathematically possible, may still break sensible
physical restrictions (e.g as discussed in the last section). It was also to demonstrate
that the assumption that the projected density operator can be expanded in a power
series of raising and lowering operators and the vacuum state can be used as the
ground state of the projected Hamiltonian is an assumption that does restrict the
range of possible bosonisations.

Unless we can solve for the system exactly, we will probably need to make se-
ries and perturbation type approximations and so we will only look for bosonisation
schemes which are natural representations. This means that we will restrict our at-

tention to only those bosonisation schemes which allow the projected density operator
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to be expanded as a series in powers of the raising and lowering operators (i.e. natu-
ral representations). We would also expect a natural representation to allow a more

physical interpretation of the projected density operators.

Conservation Rules

In order to allow a sensible physical interpretation of the bosonisation scheme and
to ensure that some good quantum numbers are easily accessible (for the purpose of
building up statevectors which are suitable starting points for perturbation expan-
sions) we would like the representation to respect certain conservation rules. The first
one is that we would like the interparticle Hamiltonian to conserve the total k£ and
for the projected density operators to be shift operators for this quantity. We will
therefore only look for bosonisation schemes in which the modes are labeled by this

same k vector. For example, the representation
o= e itV (4.48)
q
is a possible bosonisation for the projected density operator but it is not a bosonisation
in terms of k labeled modes such that py is a shift operator for this label.
We would also like the Hamiltonian to conserve total boson particle number so
that quasiparticle number is a good quantum number (in the first order bosonisation,
from last section, the Hamiltonian failed to do this and this was the source of the

problems we then encountered with that scheme).

So, defining the operators
N=> alag =) i (4.49)
k k

and
K=Y kiy, (4.50)
k

we wish to look for bosonisation schemes which have the properties

[H,N] =0 (4.51)
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and

[H,K] = 0. (4.52)

We also expect, from symmetry grounds, to find a representation such that the ground

state of the system is an eigenstate of K with eigenvalue O.

Finite Reliability

In order to carry out calculations in the boson scheme it will probably be necessary
to describe wavefunctions in terms of some set of basis states. The most natural basis
set in a bosonisation scheme is the number states (especially since, from above, we are
looking for a representation where N and K are conserved). It is possible, though,
that for some representations physical quantities (such as energy) may diverge for
some number states. There can still be, of course, other states (superpositions of dif-
ferent number states) in the boson representation which do represent physical states.
Because we wish to work in the number state basis we would like to avoid representa-
tions in which the number states represent such unphysical states and so avoid having
to cancel out various diverging terms with one another. We therefore define those
representations in which the number states have finite values for physical quantities
as being finitely reliable and we will look only for those bosonisation schemes which
have this property. We note that the finite reliability condition is an unphysical one
in the sense that it is basis dependent but that if we expect to be able to form a useful
physical interpretation of the boson scheme in terms of number states it will be a very
important condition. We also note that finite reliability is an important condition if
the boson number states are to have a physical interpretation as it requires them all

to have finite energy.
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4.5 Second Order Bosonisation of the Projected Density Op-

erators

4.5.1 An Exact Solution

We will now look for a bosonisation scheme for the projected density operators which
is a natural transformation, finitely reliable and which obeys the conservation rules
mentioned in the last section.

;From the square coordinate nature of the projected Hamiltonian (and the fact
that v(q) is an even function) we see that in order for the total boson number to be
conserved and the k labeling condition to be satisfied it is necessary that the expansion
(which we are assuming exists) for the projected density operators must not contain
any pure creation terms (or any pure annihilation terms). This immediately removes
the possibility of a first order bosonisation scheme of the form used in section 4.3. It
might also be suspected that the relation ﬁL = p_x would enable us to conclude that
the expansion for the projected density operators would only contain terms with equal
numbers of creation and annihilation operators (i.e. that pj itself would conserve
boson number) but this is complicated by the different possible combinations of higher
order terms which might appear in the Hamiltonian and, so, we do not consider the
details here. It might be possible simply to require the projected density operators
to conserve boson number but we shall not do so as we will only really be concerned
with the second order terms in the pj expansion for which such a requirement (or
result) makes no difference.

We also wish the projected density operator to be represented as a shift operator
for K. From the assumptions of a natural representation and the conservation rules

discussed earlier we can write our bosonisation scheme as

ol = Z B(k, h)a;rwkah + higher order terms (4.53)
h

where the higher order terms are ones with at least three raising/lowering operators.

The expansion must obey the relations

Pl =Pn (4.54)
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and
[ﬁkv ﬁq] = ¢(k7 Q)ﬁk-i—q (455)
where
o(k,q) = ek;q — eq;k (4.56)

— 2je2Mgin (%) . (4.57)
These relations translate into a set of simultaneous equations for all of the coefficients
in the boson expansion from equation 4.53. We can see from inspection, however, that
the first set of such equations are equations in the B(k, h) coefficients only. These are
the only coefficients for which this occurs; the higher order equations contain combi-
nations of the coefficient sets - including the second order ones. This is interesting as
it means that either an exact solution exists in second order terms only or no solution
exists at all (The second order coefficients identically equal to zero solution is easily
shown to imply that all the coefficients are zero). This, of course, does not preclude
the possibility that solutions exist which do possess higher order terms.

The relations governing the second order coefficients are readily found to be
B(k,h) = B*(—k,h + k) (4.58)
and
B(q,h).B(k,q+ h) — B(k,h).B(q,h + k) = ¢(k,q).B(k + q,h). (4.59)

Within the assumptions already mentioned, we find one exact solution to these

equations - appendix N. We therefore suggest the second order bosonisation scheme

[54]
ph = > B(kh).a} an
h
. kAR
B(k,h) = 2i.e” i sin (%) (4.60)

for k # 0.
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We see that in this representation the projected density operator does not create a
boson quasiparticle at wavevector k£ but displaces ones which are already there. This
is consistent with the form of the magnetoroton energy, A(k), discussed earlier.

Using the result that [50]
S(k) = (1—v)e 2™ as  |k| — oo (4.61)
and

ph-or =Y Bk, W)PP.(1+ npsr)my + Y B(k,h).B*(k, s).a} alanace  (4.62)
h

h,s
h#s
we can derive the result that
v(l—v)
o 2
Be = (4.64)
Ng 1—v

where we have assumed that n, is finite (which is a necessary condition for the static

structure factor to be finite valued) and

ng = % (4.65)
1
= ﬁznk (4.66)
k
— 1 2
= 0 d*s.n(s) (4.67)

is the number of bosons per unit area.
In this picture (except for v = 0 and v = 1) the ground state is not a vacuum state
but rather it is an interacting sea of bosons and the pp operator acts to redistribute

these bosons.
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4.5.2 The Random Phase Approximation

Using the bosonisation scheme introduced in the last section we can rewrite the

projected Hamiltonian as
H = izvkﬁTﬁk
27 - K
ol = Z|B(k,h)\2.(1—|—nh+k).nh+

ZB (k,h).B*(k,s). ah+kaTaha8+k (4.68)
h;ﬁs

We see that the Hamiltonian contains a number operator term (a highly nonlinear
one) which is always positive and another term which oscillates between positive and
negative. This suggests that a zeroth order approximation for the ground state may
be found via a random phase argument. Therefore we suppose that, for the projected
static structure factor, the oscillations of the second term approximately cancel out
to zero. This leaves the only contribution to come from the (always positive) number
term. This is equivalent to considering the oscillating term as a perturbation to the
(dominant) number term and it is easy to see that the first order energy correction to
a number state caused by the oscillating term is zero, suggesting that the RPA might
be quite useful.

Using the R.P.A. in this way we can obtain an integral equation relating the

projected static structure factor to the average boson distribution:
21w S(k) = /d23.|B(k, s)[2n(s)[1 +n(s + k). (4.69)

This is a quite complicated nonlinear integral equation which defines the relationship
between the projected static structure factor and the boson number distribution.
Calculations have been made for the projected static structure factor [50] for several
possible ground states. It would be interesting, then, to be able to calculate the
number distribution, n(s), from the above formula, using these previously calculated

values for S(k).

We suggest an iteration scheme for solving equation 4.69 which is based on the
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simplifying fact that
kNqg=keq, —kyq. =F.q (4.70)

where k' = (—k,, k) = ik.
We have from equation 4.69 and assuming n(s) = n(]s|) that
2rved P S(k) = 2 / s (s) — 2 / s cos (k A s) n(s)
+4 / d’s. sin’ (k /2\ S) n(s)n(s + k) (4.71)
= /d2S.COS (k.s)n(s) = wv(l—v)— 7we$|k|2§(k:)

+2/d2s. sin® (k 2 s) n(s)n(s+ k).  (4.72)

So, we have

Fen(s)] = F(k) + G(k;n) (4.73)
where
F(k) = mv(1 — v) — mvez* 3(k) (4.74)
and
Glk:n) =2 / d2s. sin? (k . 3) n(s)n(s + k). (4.75)

We therefore suggest the iterative scheme

nis1(s) = F, L [F(E) + G(k;ny)] (4.76)

Cc

to solve equation 4.69 for the number distribution, n(s). We expect that the Fourier
transform nature of the iteration should make the scheme computationally tractable.

Computational calculations, though, are not considered here.

453 The Third Order Correlation Function

If we have a known expression for S(k) (i.e. the calculation for the Laughlin states
performed in [50]) then we can find n(s) by solving the integral equation 4.69. Once
n(s) is known it is quite simple to calculate any of the correlation functions (within

the R.P.A.) - they will just be integrals involving n(s). We would not expect the
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R.P.A. to respect phase properties but we might expect that it may be a reasonable
approximation for energy type calculations - i.e. for calculating the Hermitian
correlation functions or the imaginary parts of the odd correlation functions (such as
the three point one). Within the R.P.A. the third order correlation function is given
by the integral

2nv.P(k,q) =
[ @h.B(~k — q,h)B(k,h)B(q,h — k)n(h —k — q) [1 +n(h — k)] [1 +n(h)].

+ [ @h.B(—k — ¢, h)B(k,h — q)B(g, h).n(h — k — q)n(h — q) [1 + n(h)]
(4.77)
The higher order correlation functions can, of course, be calculated in a similar fashion
using the R.P.A. and doing so will always result in an integral over the distribution
n(s). This calculation scheme may be useful for more than simply direct calculations
of correlation functions. It may be useful as a means of studying variational ground

states of the form suggested by Girvin [45, page 387]

U = (Z agplpg + Y bk, q)pL oPabk + - . ) . (4.78)

q k,q

It might also be interesting to analyse the ground state of the bosonised Hamiltonian
using perturbation techniques, using for a starting point the R.P.A. number distribu-
tion - but as a number state. Such work would likely involve a significant numerical

component and we do not consider it here.

4.6 Summary

We discussed a first order bosonisation scheme for the projected density operators and
identified problems with this picture. We then suggested a second order bosonisation
scheme which was an exact solution of the commutation relations. We discussed
an approximation scheme which led to an integral transform method for calculating

the correlation functions of the system. We comment that the bosonisation scheme
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employed here leads to a significantly different physical interpretation than the first

order schemes discussed at the beginning of the chapter.
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CHAPTER 5

Rotations, Translations and the Infinite

Limit in the Lowest Landau Level

5.1 Overview

We describe the Laughlin wavefunction [55] which is the ground state for an infinitely
hard interparticle potential. We then discuss what sort of ground state we would
expect for softer interactions. We analyse the translationally generated wavefunctions
suggested by Musaelin and Joynt. We identify some problems with these states. We
then go on to suggest a set of rotationally generated states, which overcome these
problems, as good variational groundstate wavefunctions.

We also put forward an argument which suggests that the class of rotationally
generated wavefunctions will always contain the exact ground state of the (idealised)
system for the Laughlin fractions. We note that this argument also predicts (from
first principles) that the Laughlin fraction ground states are incompressible - i.e. that
there is an energy gap involved in moving v away from these fractions.

We suggest that the results of this chapter will be especially relevant to systems

possessing circular symmetry such as quantum dots.
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5.2 Ground States of the 2D Electron System

5.2.1 The Laughlin Wavefunction

In this section we intend to study the nature of the possible ground states of the 2D
electron system in high magnetic field. The starting point of our discussion is the

Laughlin wavefunction [45, chapter 7] [55], which is given by (unnormalised)

YL = H(zz - Zj)m.e_iz’lﬁv:l lel® (5.1)

1<j

or in the Lowest Landau level notation it is simply

Yr = H(Zz — z;)™. (5.2)
i<j
This wavefunction is, at the moment, the approximation most widely used to represent

the ground state of the FQHE system for filling factors
v=— ,m=1,3,57"7... . (5.3)

We will concentrate on the v = 1/3 case for most of this discussion as it is the simplest
non-trivial case and the other v = 1/m filling factor wavefunctions can be obtained as
a simple extension of the v = 1/3 case. The Laughlin wavefunction is antisymmetric
as it must be in order to represent a system of fermionic particles. It is completely
contained within the lowest Landau level, ensuring that it has a low energy (i.e. the
lowest possible kinetic energy) so that it is a good candidate for the ground state of
the system. It is an eigenstate of angular momentum which we know a non-degenerate
ground state must be because of the fact that angular momentum commutes with the
Hamiltonian (or if there are degenerate ground states then there must exist at least
one ground state which is an eigenstate of angular momentum). The Laughlin state
is also an eigenstate of the projected angular momentum operator (projected onto the
lowest Landau level) which is a result of the fact that the angular momentum operator
conserves Landau level. The wavefunction represents a system with a uniform density
(at least in the infinite limit) which, again, we would expect our true ground state to

do. One of the Laughlin wavefunction’s most important properties is that, due to the
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power dependency on the particle separation, the wavefunction keeps the electrons
apart from one another, i.e. there is only a very small probability of any two electrons
being close to one another. This mutual repulsion between the electrons, described
by the Laughlin wavefunction, is what gives the wavefunction such a low energy when

measured against a Hamiltonian with a strongly repulsive interaction potential.

5.2.2 The Classical Plasma Description

A useful way of working with the Laughlin wavefunction is via an analogy with a
thermodynamical classical system, often called the classical plasma description. To
construct this picture we use the fact that for any multiplication only operator, A,

(such as an operator that depends only on position i.e. v(r)) we have

WA = [ ErA@6 (5.4)
which we can rewrite as

WIAGI) = [ Pramen o (55)
and again as

(Y| A(F) ) = / 7. A(7)e PE®), (5.6)
where we have defined

1
E(r) = 3 In [4)(7)|? (5.7)

and 3 is an arbitrary constant. Now, if we choose to interpret  in terms of some

imaginary temperature, T, according to

f= (53)

where k is Boltzmanns constant, we see from equation 5.6 that the expectation value
of any multiplication operator, A(7), in the state v is absolutely equivalent to the
classical thermodynamical Boltzmann average for A(7) over a system at temperature
T, energy of configuration E(7) and density of states p(7') = constant (noting that

the configuration energy depends only on position).
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Using this classical thermodynamical picture to describe the Laughlin wavefunc-

tion gives an energy of configuration

B() = % (-mZm Iri — | + % 3 m?) (5.9)

i<j k=1

or, in the complex notation

N
B(3) = % (—szm I — 2] + % 3 |zk|2> (5.10)
k=1

i<j

and if we set 8 to 1/m then we have

N
B(3) = —2m2;jln]zi | +m%;yzk|2. (5.11)

This describes the potential energy of a two dimensional plasma with tempera-
ture T'= m/k. Particles with charge m mutually repel one another via a logarithmic
interaction potential. At the same time, though, they are also being pulled towards
the centre by a potential, identical to what would be caused by an equivalent log-
arithmic attraction to a uniform, neutralising positive background. Because such a
plasma would be electrically neutral everywhere, we see that the Laughlin states are
of uniform density in their large scale features. In fact, Laughlin [45, chapter 7] was
able to conclude, based on numerical studies, that the temperature/potential energy
scale ratio of the plasma was high enough to guarantee a liquid state for the relatively
small values of m we are interested in. This means, in turn, that the Laughlin states

are of uniform density in their small scale features as well.

5.2.3 Ground States for Softer Interaction Potentials

The Laughlin wavefunction is known to provide a good variational ground state for
the 2D system from numerical calculations on small numbers of particles using the
coulomb potential [45, chapter 7]. In fact it is also known that the Laughlin wavefunc-
tion becomes an exact eigenstate of the Hamiltonian in the limit as the interaction

potential becomes infinitely hard i.e. v(r; —r;) — 6%(r; — r;) [56]. Now, obviously
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the exact nature of the ground state of the system will depend on the form of the

interaction potential in the Hamiltonian,

H =) dg.plp, (5.12)
q

= Z v(r; —rj), (5.13)

ij=1

and it is an interesting question to ask in what way does the ground state of the
system depend on the interaction potential. To discuss this we will concentrate mainly
on the hardness/softness of the interaction and the different ground states that we
would expect for interactions of varying degrees of softness/hardness. For example
the effective interaction potential can be softened from the Coulomb form by finite
thickness effects and/or by the presence of image charges in metallic gates on top of
experimental samples.

Consider the radial distribution function of a system where the interaction po-
tential is very hard (i.e. short range) in figure 5.1. We see that where the potential
is high there is a small probability of finding another electron and this probability
increases as the repulsive potential decreases. Thus, for a short range potential we
see that there will be a narrow, deep correlation hole surrounding each electron. This
means that an electron excludes other particles from a small area around its own
position but has little effect on particles further away. This is what we would expect
for a short range interaction.

Now, consider the case where the interaction potential is softer (i.e. longer ranged)
in figure 5.2. Again, the probability of finding an electron near our reference particle is
inversely related to the potential at that distance. Now, though, because the potential
decreases less rapidly, the radial distribution function increases more slowly. This
creates a wider, shallower correlation hole around each electron than we would have
in the previous case. This means that an electron does not exclude the other particles
from the small area around its own position to the same extent as in the last case
but, now, it does have a stronger repulsive effect at larger distances. This is, of course

what we would expect in a system with a longer range interaction.
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v(r)
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FIGURE 5.1: Short Range (Hard) Potential

FIGURE 5.2: Long Range (Soft) Potential
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So, we see that if we have a system with a hard, short range potential and we then
soften that interaction, the effect on the wavefunction will be to change the ground

state to one with a wider, shallower correlation hole around each electron.

5.3 Translationally Generated Variational Ground States

5.3.1 The Translationally Generated Wavefunctions

The Laughlin state has a very good variational energy for strongly repulsive potentials
and is the exact ground state for the infinitely hard potential (i.e. a billiard ball
interaction). It seems likely, then, that for softer potentials the Laughlin wavefunction
will not be the best variational ground state. Such softer potentials can be caused by
finite thickness effects in the two dimensional electron system and so we might expect
that there will be some transition thickness above which the ground state departs
from the Laughlin form and some better approximation is then possible.

A recent suggestion by Musaelian and Joynt [57] considered a generalisation of the
Laughlin form which would be suitable for representing the ground state wavefunction
as the inter-electron repulsion was softened, by, say, finite thickness effects. They were
motivated to search for states with broken rotational symmetry in the FQHE system
by the existence of such states in the analogous classical plasma.

They considered (unnormalised) wavefunctions of the form
CSN 2
Vo = 1_[(2Z —zi)(zi — z; —ad)(z — 2 + al.).e M2 L= o] (5.14)
i<j

where [. = \/h/eB is the magnetic length, « is a complex constant and therefore al,.

is a position displacement vector. Rewriting in our usual notation, we have
Vo = H(zl —zj)(zi — zj —a)(z — zj + ). (5.15)

i<j

Where we have concentrated on the filling factor 1/3 case and we will continue do so
for most of what follows; the generalisation to other values of filling factor (v = 1/m) is

usually obvious. This wavefunction is antisymmetric, is completely contained within

the lowest Landau level and it reduces to the Laughlin wavefunction when o« = 0. It
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is also of uniform density (far from the edges of the disc), translationally invariant
over large distances and has broken rotational symmetry.

The principal difference between the Laughlin state and these translationally gen-
erated wavefunctions is the fact that in the Laughlin wavefunction an electron is kept
apart from every other electron’s position by a |z; — z;|® law whereas in the trans-
lationally generated states each electron is only kept apart from the other electron’s
precise positions by a |z; — 2;]? law but is also kept away from the positions z; —« and
zj + « by a similar power two law. This means that whereas the Laughlin wavefunc-
tion has a deep and narrow correlation hole in its radial distribution function, as we
would expect to be the case for a hard interaction potential, the translationally gen-
erated wavefunctions tend to have wider and shallower correlation holes about each
electron. Thus, we would therefore expect that these states will have lower energy
for sufficiently soft interaction potentials. This suggests that at some degree of soft-
ness, in the inter-electron repulsion, the Laughlin wavefunction ceases to be the most
energetically favoured state and becomes unstable to more energetically favourable

translationally generated wavefunctions.

5.3.2 The Classical Plasma Picture

The translationally generated wavefunctions of the last section can be described in
terms of a classical thermodynamical system in a very similar manner as the Laughlin
wavefunction was in section 5.2.2. In order to best illuminate the comparison between
the Laughlin and the translationally generated wavefunctions it is helpful to first,
slightly, alter our perception of the Laughlin plasma picture. In section 5.2.2 we

wrote the energy of the plasma as
1 1o
E(F) =~ (—sz In[r; =15l + 2 > |rk|2) (5.16)
B i<j k=1
or, in the complex notation with m = 3, i.e. v =1/3,

N
=1

i<j k=
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We interpreted this energy as representing a system of particles where each particle is
pulled inwards towards the origin by the second term while the first term represents
the mutual repulsion between every pair of particles. For future comparison we will

find it beneficial to rewrite the energy term in the form

N
1 1
E(z) = 5 (—22{ln|zi — zj| +In|z — zj| + In|z — 2|} + 52 |zk|2> . (5.18)
k=1

i<j

We interpret this energy in the following manner: each individual electron experiences
an attraction towards the origin as before but, now, rather than simply be repelled by
the other electrons directly, it is repelled by a collection of virtual particles where each
other electron generates three, i.e. m, of these virtual particles. It just so happens,
in the Laughlin case at least, that each of the three virtual particles, belonging to
each electron, occupies the same position. The Boltzmann probability is maximised
when the potential energy is minimised which in turn occupies that region in phase
space where the classical force acting on each electron is zero. We see then that the
configuration most likely to be taken by the classical plasma system is one where the
attractive force towards the origin acting on each particle is exactly cancelled out
by an equal and opposite force repelling each particle away from the centre, which
is caused by the repulsive interaction that each particle suffers from all the other
particles.

The benefits of the virtual particle picture become readily apparent when we con-
sider the more general translationally generated wavefunctions of section 5.3.1. These
wavefunctions can also be easily transformed to represent a classical thermodynami-
cal system, in a similar fashion to the Laughlin state in section 5.2.2. The energy of

the system corresponding to the wavefunction
Yo = 1_[(,2Z —zi)(zi— 2z —a)(z — 2 + a).e’izil1 2 (5.19)
i<j
is

N
1 1
E.(2) = 3 <—2Z{ln|zi —zjl+In|z —zj —a|+1Inlz — 2z, +a|} + 3 Z |zk|2> :

i<j k=1

(5.20)
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We see that now, according to the virtual particle interpretation, that each electron
is still pulled towards the origin, as before, but that the particle-particle interaction
has changed. Each electron suffers from the repulsive effects of the same collection of
virtual particles as in the Laughlin case (all the other electrons each generating three
virtual particles as previously) but, now, each of the virtual particles generated by
the same electron have different positions, i.e. two out of every set of three virtual
particles having been translated outwards, away from the electron by a and —a (see
figure 5.3).

The Laughlin wavefunction led to a potential energy which caused an electron to
be excluded from an area around any other electron position by virtue of the three
repelling virtual particles at each electron position. In the translationally generated
states, though, because two of the virtual particles belonging to each electron have
been translated outwards from the electron position we see that an electron is now
excluded from a larger area around each other electron but by less force. This leads
to the wider, shallower correlation hole around each particle that we would expect
to find in the ground state of a system with a softened interaction potential (i.e. a

potential softer than the one represented by the Laughlin wavefunction).

5.3.3 Calculations and Results

Musaelian and Joynt performed numerical calculations to compare the energies of the
translationally generated ground states with the energy of the Laughlin wavefunction.
They used Monte Carlo simulations of the equivalent classical plasma and allowed
for the softening effect of finite thickness on the effective interparticle potential by

assuming the form
2

for the inter-electron potential v. This form was suggested by Zhang and Das Sarma
[29] and shown to be a reasonable approximation for a square shaped quantum well.

The parameter X is related to the layer thickness of the well, ¢, by A\ &~ 0.2t.
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FIGURE 5.3: Virtual Particle Plasma for 1,

71
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This gave them a formula for the total energy per particle of the system, U,,

nee? / 2 1
ro———
2¢ V2 + )2

where n, is the electron number density, g,(r) is the radial distribution function for

U, = [ga(r) — 1] (5.22)

the wavefunction 1, and we have remembered that g,(r) depends on the direction of
r as well as its magnitude when « is non zero.

They calculated that the Laughlin wavefunction (o = 0) was indeed the most ener-
getically favourable one for the Coulomb potential (A = 0) as may have been expected
for such a hard potential. They did find, though, that for sufficiently soft potentials
the Laughlin state could become unstable to translationally generated wavefunctions.
This corresponds to the electron system undergoing a transition from the Laughlin
state to a translationally generated state with finite o at a certain critical value of
A (i.e. thickness). They calculated, for example, that at a field of ten Tesla the
system undergoes a transition to finite a at A.iticar = 4.1+ 1.5, which corresponds to

a thickness of ¢t = 1600A.

5.4 The Density Distribution

5.4.1 The Values for a Uniform System

We would like to be able to study the translationally generated ground states of
Musaelian and Joynt in more detail. In order to do this it will be helpful to first build
some mathematical tools suited to the study of the 2D system. We will concentrate
on the radial density distribution of the system (radial because of circular symmetry)
which, in a system with constant kinetic energy, is the most important determinant
of the energy of the system.

We begin by examining a classical system of uniform density. Now, we know that
(due to circular symmetry) that we can write the density at any point, p.(r), as a
function of radius, r = |r|, only. Further, since r can only take positive values we can

actually write the density as a function of the variable

u=-r (5.23)
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without any loss of generality. We will often use this variable for reasons of con-
venience, which will become apparent later. We calculate the average value of u™
for the system assuming circular symmetry and that the density is uniform between
r =0 and r = R, with value p, and is zero for all values of r which are greater than

R. We then obtain, for a state obeying these conditions, that

(G ) -aif () o

which we write in polar coordinates as
N m R 2m m
1 1, 1 1,
— 2 = — Pl = r.dr.df 5.25
o) ) mml [ () e e
7j=1
and transforming by u = 72, Ug = 5 R* we get

N m U
1 1 2 .
<N E <§r]2) > = Q_p/o pu™.du (5.26)
=1

and because of

Q = 7mR* = 27Ug (5.27)

we find that
N

<% Z (%r?)m> = ULR /OUR ™. du (5.28)

j=1
which leaves us with the result that

1o (1,\" 1
2 m
— =72 =——1Uy. 5.29
(2 (39)) - it 629

This is of course an extrinsic quantity, so in order for us to be able to assign
meaningful values to our results in the limit as N (i.e. R,Ug) becomes infinitely large
we use the intrinsic quantities

2D ) -t ()

J=1

<%§; <%>m> - HLm (5.31)

J

and
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These quantities give us information about the large scale features of the system
i.e. the defining shape of the radial density distribution. We see that, for the case
of uniform density, we obtain a very simple result. It will be very useful to compare
these values to the lowest Landau Level quantum mechanical calculations which we

will discuss later.

5.4.2 The Symmetric Gauge and the Area of the System

In the last section we implicitly assumed that the electrons were confined to a bounded
area (which may or may not be allowed to become infinitely large) which is circular in
shape and centered on the point z = 0. Fortunately, it turns out to be the case that
any many particle quantum state in the lowest Landau level which has a bounded
value of 1,4, will satisfy these conditions ( 7,4, is used to denote the highest power
of z appearing in the wavefunction when it is represented in the projected Hilbert
space of the lowest Landau level (symmetric gauge) as is described in chapter 2).
This can be seen quite easily by considering the single particle basis states of the

lowest Landau level (symmetric gauge). These states are given by
G = 2" e il (5.32)
which leads to
[@nl? = |2 e 2" (5.33)

and we see that this expression is radially symmetric and can therefore be rewritten
in terms of the u variable
|pn|> = u" e (5.34)

where we have ignored the normalisation constants throughout.
By taking first and second derivatives of this last expression it is readily shown

that the probability density takes its maximum value at
Umazimum — T (535)
and that its inflexions occur when

Uin flexion = T + \/ﬁ (536)
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The points of inflexion are a good guide as to the sharpness of the probability density.
We see that the density is centered around u = n within a range of roughly n—/n <
n++/n.

As n becomes infinitely large we can say that the density becomes more sharply
focussed about the u = n region and that the area encompassed by the particle is
) = 27n. This is because as n becomes infinitely large the presence of the particle
in the area beyond u = n becomes negligible. We see that this extra area, 2m/n,
vanishes as a fraction of the area enclosed by the electron, 27n, as n becomes infinitely
large. It is worth noting that the expectation value of the area of the electron agrees

with this value. This is easily seen by considering

(GnlQdn) = (¢n|2muldn) (5.37)
= (Pn[2mU|dn) (5.38)
= (¢n[2m0z[0n) (5.39)
= 2r(n+1). (5.40)

Where, of course, the 1 is negligible as n becomes infinitely large.
This means that whenever a state has a bounded value of n,,,, then we can say
that the area of the system is

Q = 2MNnae (5.41)

in the limit as n,,q; — o0 and that
1
Nomaz = —IN (5.42)
v

showing that for any state with finite density that n,,.,, must be bounded in relation
to N, the number of particles.

The Laughlin states (and the translationally generated states) obey the above
conditions and hence have an area given by Q = 2mn,,,, where n,,.. = N/v as well
as being centered on the point z = 0. We can now expect that these quantum states
should be comparable to the uniform system discussed in the last section i.e. the
Laughlin states have particles at every value of n all the way up to the maximum

value n,,., and we therefore expect the density of the system to be roughly uniform
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out to u = Mypae, where it then falls sharply to zero. This leads us conclude that
the radial density distributions of these states will be comparable with the density

distributions of the uniform systems discussed in the last section.

5.4.3 U and the Angular Momentum

We will now begin to examine the nature of the radial density distribution for the
quantum mechanical Laughlin and translationally generated states. In this section

we will study the most important of the large scale terms, the first order average of

GEGN-GEE) e

j=1

u,

We are interested in states which are completely contained within the lowest Landau
level and so we will represent our wavefunctions and operators in the projected Hilbert

space so that

(Ylulv) = (Ylaly) = (L|0z[¢) (5.44)
where we have used
u= (%z*z) = 0z. (5.45)

This, of course, trivially extends to the many particle case as

CREER)-CREE@) e

j=1 7=1
or in simpler operator notation

D up =) 05z (5.47)

j=1 j=1
The main reason for the importance of the first order u operator (equation 5.47)
is the fact that it is completely equivalent to the projected total canonical angular
momentum operator in the lowest Landau level. We can this see by considering the
single particle case as follows:
We have that
L = —ih[z0, — yO,] (5.48)
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where L is, of course, the z component of the angular momentum but since it is the
only component in the two dimensional system we shall continue to refer to it as the
angular momentum.

Now, we have a complete basis, {¢,}, for the lowest Landau level, Hy,

bn = 2teill (5.49)
— (z+iy)" e 1) (5.50)

and it can be easily shown by elementary calculation that

L.¢, = nh.¢, (5.51)
which compares with
20.0p, = n.¢y, (5.52)
and
U.p = 02.0p, = (n+1).¢p, (5.53)
so that we see that
Lap = Lap =hz0ap =h(i—1) .9 (5.54)

for any state ¥ € H,.

Extension to the many particle case is straightforward:

N

L = Zij (5.55)
= hizjaj (5.56)
- hi%—n (5.57)
= hiaj—hzv. (5.58)

We see immediately that, because the projected angular momentum and the first

order average u operators differ from one another only by multiplicative constant and
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additive constant terms, the projected angular momentum operator will have exactly
the same eigenstates as the first order average u operator.

We also see that for any 1) € Hy that Ly = L. This is simply a result of the fact
that the action of the angular momentum operator does not alter the kinetic energy
in any way 4.e. the angular momentum operator preserves Landau level. This has an
important consequence as can be seen from the following argument:

We know that

[H,L] = 0 (5.59)
H = (5.60)
L' = L (5.61)
Pl = P, (5.62)
P} = P, (5.63)
H = P,HP, (5.64)
L = P)LP, (5.65)
Py = 1 vy € H, (5.66)

where H is the unprojected Hamiltonian, L is the unprojected total angular momen-
tum and F, is the projection operator onto the lowest Landau level, H.

Now, consider

(W [H, L] |¢) = @IHLY) = (W|LHY) . Y € Hy
= (Y|P HP;LPy|) — (Y|P LPyH Poly)
= (Y|HPL[Y) — (Y| PoLPoH[y)
= (Y|HPRLIY) — (LY H|4))
= (Y|HL[p) — (LT|Hp)
= (Y|HL}Y) — (Y|LH[Y)
= (Y| [H, L]¥)
L)y =0 Vi) € Hy (5.67)

]

W [
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and hence
[H,L] =0 (5.68)

and similarly
[H,L] =0. (5.69)

So we see that the projected Hamiltonian and angular momentum operators com-
mute with one another. This is a non trivial result. It is not necessarily the case that
when two operators commute that their projections will commute also - for example
the z* and z operators are proof of this. From our earlier discussion it also follows
that the projected average u operator commutes with the projected Hamiltonian due
to its eigenequivalence with the projected canonical angular momentum, so that we

have N
[Er, uj]: —[A.1). (5.70)

This leads us to conclude, by similar arguments as discussed before, that we can
expect the ground state of the projected Hamiltonian to also be an eigenstate of the
projected average u operator as well as the projected angular momentum operator
(and, indeed, we can reach a similar conclusion regarding all of the eigenstates of the
projected Hamiltonian).

The Laughlin states (equation 5.2),

1
vbr=]]G-%)r (5.71)
i<j
where 1/v =1,3,5,7,9...

are readily seen to be eigenstates of the projected total u operator,

(Z ul) W = (Z(pl + 1)) 1 (5.72)

_ ( llevuv —1)

S +N) AL (5.73)

where

= 20, (5.74)
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is the power operator and has the property
pj-zj = n.z; (5.75)
and

N
L=h)_p;. (5.76)
j=1

Calculating the average u value for these Laughlin states, we obtain

<wL (o3 > = %1 - % (% — 1) (5.77)

N

N
uj

N < « N

11
<"¢L (053 > =57 (5.78)

in the limit of infinitely large N, i.e. N — 00, which is exactly the same value as we

which becomes
uj

N < N

obtained for the system of uniform density in subsection 5.4.1, namely

(PG () o™

Jj=

<%§: (%>m> _ HLm (5.80)

Jj=1

and

The extra 1/N terms in equation 5.77 are due to non-large scale properties of the
density (such as the tail at the edge of the system where the density falls to zero)
which become insignificant in the infinite limit. Indeed since we expect the ground
state of the system to be not only an eigenstate of angular momentum but also to
have a uniform density (in its large scale features at least) then we can say that we
expect the ground state, ¢y, to be an eigenstate of the projected average u operator
with eigenvalue given by

N m
%; (%) Yo = H;m (%) Yo (5.81)
in the infinite limit.

We see that the Laughlin states are eigenstates of the projected angular momen-
tum and have density distributions consistent, up to the first power of u, with having

a uniform density in the infinite limit .
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5.4.4 The U™ Operators

In the last section we examined the average u operator and used it to study the radial
density distribution of the system. In this section we will generalise to the average
u™ operators and use these to study the density profile of the system in more detail.

The u™ operators suffer from a slight complication caused by the algebra of op-

erators in the lowest Landau level. This is embodied in the relations

= <%zz)m (5.82)

= J"z" (5.83)
whereas
) I \"
" = —z*z) (5.84)
2
= (02)" (5.85)
= (1+4=z20)" (5.86)
and so we see that
u™ #£ u™. (5.87)

This has the principal effect of making the sums involved when we evaluate expecta-
tion values of the average u™ operators extremely tedious to calculate. We can get

round this problem by using the following result:

For the many particle system, it is true that
iij iiﬁ (5.58)
N ‘= Nm N ‘= Nm™ '
for any finite m in the limit as N — oo

or, equivalently,

1 L um 1 &L pm
I P (5.89)
1 j=1



5. ROTATIONS AND TRANSLATIONS IN THE LLL

for any finite m in the limit as N — oo
or, again, in another useful form,

1 &L gmem 1 & (z0)™
N; N T N 2 A

J=1

for any finite m in the limit as N — oc.

82

(5.90)

That is, the above operators are equivalent to one another for any finite value of m

in the limit as the number of electrons, N, becomes infinitely large.

This can be seen to be true from the following argument:

We use the commutation relation
0,2] =1

to show that (appendix B)

o = ] (z0+1)

=1

= J(T +20)(2+20)...... (m + 20).

(5.91)

(5.92)

(5.93)

Now, multiplying out the brackets allows us to rearrange the projected average u™
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operator into the form

N m..m N m
izaa I lz(zg@)
N Nm N Nm™
7j=1 7=1

1 Lo (m) (z;0;)™!
- m—1 jY5

+ N; N Nm—1
1 X apa(m) (2;0;)™2
- m—2 Y9

+ N; N2 Nm72

+

N iiaz(m) (295)
N & Nm2 N
1 K ar(m) (205)
- 1 Yy

* N;le N

N

1 ap(m)
— 94

+ N]Zl N (5.94)

where the a;(m) are functions of m and are finite valued whenever m is finite valued.
Remembering that the average p™ operators are always finite valued for states with

finite filling factor (because nq, ~ N), i.e.

1 (20:)™ 0
NZ o~ N (5.95)

=1

in the limit as N — oo,

we immediately see that all of the terms on the right hand side of equation 5.94,
apart from the first one, vanish for any finite value of m in the limit as N becomes
infinitely large (i.e. for m independent of N ).

It is clear, then, from this expression that

m

1 om o 1w
PIE S PY

CI" v o (%) (5.96)
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for any finite m in the limit as N — oo

as claimed (where the O(1/N) represents a term which scales with 1/N as the number

of particles is increased).

We now wish to use this result to study the density distribution of some quantum

states in the two dimensional system. Consider the Slater Determinant wavefunctions

va = [] (= =2) (5.97)

i<j
29 o 2%
n n
4 . ZN
2n 2n
1 N
= . Lo . (5.98)
N-1 N-1
Z;l( ) - ZX[( )

where the filling factor is given by v = % andn=1,3,5,7,9....

(in fact n can also be even but we are not interested in those cases)

For the v = 1 case then g is equal to the corresponding Laughlin wavefunction.
These states, like the Laughlin states, have an even spread of single particle u eigen-
functions and so we would expect them to be of uniform density distribution in their
large scale features in the limit of infinitely large N. That these Slater determinant
wavefunctions should have the same large scale density features as the corresponding
Laughlin states will be discussed later in section 5.5.3.

Due to the Slater determinant nature of the g, states the average p™ operator
is relatively straightforward to calculate for these wavefunctions and because of the

relation
(z0)™
Nm

1 &L gmem 1 &
=1 j=1



5. ROTATIONS AND TRANSLATIONS IN THE LLL 85

for any finite m in the limit as N — oo

the average u™ is similarly straightforward to evaluate in the limit as N — oo when
m is finite. We then have

<¢Sl

1 N u™
N2

=1

1 o= gmzm
¢Sl> = <¢Sl Nz N

wsz> (5.100)

N m
= <1/fsz %Z('ﬁi 1/Jsz> (5.101)
j=1
IN™ 1 &=\
_ (;> 3 N) (5.102)

_ (%)m /0 Cmdn (5.103)

= (1>m L (5.104)

14+m

for m finite and N — oo

The step where the integral is introduced is explained in appendix C. This is of
course exactly the same result which we obtained in equations 5.30 and 5.31. So we
see that these Slater determinant wavefunctions are of uniform density in their large
scale features (in the limit of an infinitely large number of particles). This agrees with
what we would expect to be true of such states and also of the Laughlin wavefunctions

and gives us confidence in our results.

5.4.5 The Density Distribution of the Translationally Generated Wavefunctions

We have now established a means of studying the density distributions of quantum
states in the lowest Landau level and we have used these methods to verify that the
Slater determinant (and hence Laughlin) wavefunctions possess the large scale density
features which we would expect i.e. those consistent with a system of uniform density.
We would now like to apply these methods, in a similar fashion, to study the density
distribution of the translationally generated wavefunctions of Musaelian and Joynt

(section 5.3).
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It can be argued that we should expect the 1, states to be uniform, in the limit
of infinite number of particles, as we know that the Laughlin states are uniform and
the 1, states are generated from the Laughlin states by a small translation of some
of the nodes in the wavefunction which we would not expect to have any significant
effect on the large scale features of the infinitely large system. This is especially clear
in the classical plasma picture where we see that the 1, states are generated by a
small translation of the virtual particles and we would not expect a small, uniform
translation to have any effect on the large scale density distribution of the system.

Unfortunately, such arguments ignore the subtleties of working in the infinite
limit. The translationally generated states are not, in fact, uniform - not even in the
infinite limit. They are, though, uniform in a region about the centre of the system
where that region is infinitely far away from the edge of the system. This doesn’t
help, though, as using the results of the last few sections we can show that the non-
uniformity is so significant that it effects even the large scale features of the system.
We can see that this is the case from an examination of the translationally generated

wavefunctions,

Vo = H(z, —z)(%— 7z —a)(z — 2z + ), (5.105)

which we can expand to give

Yo = [J(zi—2)°

i<j
a.f1(2)
o?. fo(2)
+
NN =D=L o nive1)-1(2)
+ o2V T (2 = 2). (5.106)

i<j
where each f(2) is an eigenfunction of angular momentum with eigenvalue 3N (N —

1) — . We note that 1, is manifestly not an eigenstate of angular momentum. We
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see that the 1), wavefunctions are in fact a superposition of a 11, (v = 1/3) state with
Nnaz = 3(N — 1), a (v = 1) state with n,,,, = N — 1 and a whole range of states
with every possible value of n,,,, between these two extremes. Also these different
states all have different expectation values for the average v operators which range
between the two extremes

N — m
[ = (=3 ) = 3 (5.107)
v szl Nm 1+m

1<j

and

[z -2) = <%Z ;\L[_Tn> = 1+1m (5.108)

i<j j=1
and this, combined with the fact that any antisymmetric polynomial is an eigenstate

of the average u™ operator, means that

1
- < o
14+m <1/)
for any non-zero, finite value of . Along with the fact that the value of n,,., for

the 1, states is 3N (N — 1) this shows that the translationally generated states have

1 L wm
Nl

J=1

¢a> <7 imm (5.109)

density distributions whose large scale features are inconsistent with having a uniform
density. The actual density distribution of the ), states depends on the value of «.
For example, as a — 0 then v, becomes the Laughlin (v = 1/3) state which is
uniform with a radius given by Ur = 3(N — 1) (this is the upper limit in equation
5.109). In the other extreme, as @ — oo then 1, becomes the equivalent of a Laughlin
(v = 1) state (effective radius given by Ugr = N — 1) sitting in the middle of an area
(radius given by Ur = 3(NN — 1)) where the density approaches zero as a — oo. All
in all, we see that the translationally generated wavefunctions are a superposition of
states with different large scale density distributions and as a result they do not have
a uniform density (even in their large scale features) for any non-zero, finite value of

Q.

5.4.6 The Classical Plasma Picture

We have shown, using quantum mechanical arguments, that the translationally gen-

erated wavefunctions do not represent states with a uniform density. The question
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then arises as to how this is explained within the classical plasma picture of section
5.3.2. One might argue that since (in the limit of an infinitely large number of parti-
cles) the Laughlin plasma is translationally invariant (with uniform density) then a
small uniform translation applied to the virtual particles in a uniform manner should
not have any effect on the large scale features of this translationally invariant system.
This argument, though, falls down on one major obstacle, which is that the Laughlin
states are not translationally invariant.

Consider the normal method for constructing translationally invariant systems,
which is to construct normalised, translationally invariant single particle states (using
periodic boundary conditions) and then to fill these states with a number of particles
which is proportional to the area (volume) of the period. This period can then be
allowed to become infinitely large, along with the number of particles, so that the
density is a constant, independent of the period. This system is truly translationally
invariant because the single particle states are translationally invariant.

The Laughlin states (along with any finite density, lowest Landau level states
with centre z = 0) are somewhat different. Here the single particle states, and hence
the multiparticle wavefunction, have an (effectively) bounded area which is given by
Q = 2T Nmae- SO we see that such states are never translationally invariant on their
largest length scales. As long as 7,4, is proportional to the number of particles (i.e.
Nmaz = IN/v) we have a state with a finite density and we can consider the limit as
N — o0. But, even in such a limit, the system can, at best, only be translationally
invariant over length scales which are small compared to the radius of the system,
and only in regions far from the edges of the system. This radius, though, is bounded
by a linear relationship with v/ N. We see then, that, no matter how large N is, there
is always a length scale (i.e. ~ v/N) over which the system is not translationally
invariant. One might think that since this length scale becomes infinitely large as
N — oo that this difference between the lowest Landau level and the translationally
invariant system discussed above is an extremely subtle one of the sort usually ignored
by physicists but we shall see (in fact we have already seen) that it does make a serious
difference to the physical properties of the system.

The explanation for the non-uniformity which occurs in the translationally gen-



5. ROTATIONS AND TRANSLATIONS IN THE LLL 89

erated wavefunctions is in many ways much clearer in terms of the classical plasma
picture than the direct quantum mechanical calculations described in section 5.4.5.
Consider figure 5.4.

Imagine that we begin with the Laughlin state, i.e. 1, with a = 0, which we
know is uniform in is large scale features. Now, the virtual particles are clumped
together in groups of three (corresponding to each electron), all sharing the same
position. In the classical plasma the system is uniform and in force equilibrium -
i.e.  the net force repelling any electron away from the centre (due to the virtual
particles) is exactly balanced by the attractive force pulling the electron towards the
centre (or in other words, the most probable configuration of the classical plasma is
the one which has the minimum potential energy and this minimum corresponds to a
zero net force on each electron). For the purpose of this discussion, while considering
the forces acting on one particular electron, we will divide the virtual particles into
two sets in relation to that electron. First, we note that for a particular electron
position there will be an area of virtual particles which repel that electron towards
the centre. This force towards the centre will be exactly cancelled out by an equal
and opposite area of virtual particles just to the other side of the electron. These two
virtual particle areas, together, form the first set which, because they have a net zero
effect on that electron, we can more or less ignore. The second set of virtual particles
is that area left over which is responsible for the total net repulsion from the centre
that the electron experiences.

Now, what happens as we increase a 7 As « is increased from zero, of every clump
of three virtual particles two of them translate away from their original position by
a and —a along a direction line defined by the direction of «, as shown in figure 5.4.

How does this movement of virtual particles affect the net force acting on a par-
ticular electron ? For the virtual particles in the bulk of the system there is no change
because the line density of virtual particles per unit length on the line does not change
(there are virtual particles displaced in both directions). For those virtual particles
within a distance « from the edge of the system, though, there is a change in the force
which they collectively exert on the electron. This is because those virtual particles

which are displaced to a position outside the edge of the system can not be replaced
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2

F1GURE 5.4: The Classical Plasma Picture for 1,

AV BTRTATATATATATS R Ie

F1GURE 5.5: Virtual Particles Hopping Positions by +a. We see that in the middle
of the system that the line density of virtual particles does not change - two particles
move out of every spot and two move into every spot. On the edges, though, we see
that the density does change as particles move into spots which cannot send one back
to replace them. This is a result of the bounded size of the system and would not
happen in a truly translationally invariant system.
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by other virtual particles which are displaced in the opposite direction (this would not
happen in a truly translationally invariant system - see figure 5.5). This leads to a net
effect where the total distance between the electron and all the virtual particles on
the « line is increased which results in a reduction in the net repulsive force pushing
the electron away from the centre. So we see that increasing o above zero reduces
the repulsive force pushing the electrons away from the centre while the attractive
force towards the centre remains the same. This means that the original (uniform)
density distribution of @ = 0 is no longer a configuration of net force equilibrium
and hence the original electron configuration is no longer the configuration of lowest
potential energy in the classical plasma representation. The only way to restore the
net force equilibrium is for the density distribution to change allowing the electrons to
move closer in towards the centre of the system, until the increasing repulsion caused
by the closer proximity of the virtual particles balances the attractive force towards
the centre. So we see that for non-zero « that the configuration of lowest potential
energy is one where the electrons are more closely packed in towards the centre of the
system and therefore has a non-uniform density distribution (because we know from
the quantum mechanical arguments that n,,., and hence the radius of the system
does not change).

In the extreme case where & — oo (i.e. a becomes infinitely larger than the size of
the system) then we see that all of the displaced virtual particles are so far away that
they have no effect on any of the electrons and are therefore negligible. This leaves
only those virtual particles which are tied to the electron positions - 7.e. one virtual
particle per electron. We know that the net force equilibrium configuration of this
system is the same as the v = 1 Laughlin state (where we have one virtual particle
per electron). So we see that as & — oo that the system collapses to a v = 1 Laughlin
state with radius Ugp = N — 1 surrounded by an area of radius Ug = 3(/N — 1) (the
original radius of the system) where the density tends to zero as « tends to infinity.
This is the same result as we obtained quantum mechanically in section 5.4.5 for
a — 00.

We see that the classical plasma picture supports the direct quantum mechanical

analysis of section 5.4.5 which concluded that the translationally generated wavefunc-
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tions possessed a non-uniform density distribution. We have also seen how this is a
direct result of the fact that the Laughlin wavefunctions are not truly translationally

invariant states.

5.4.7 The Angular Momentum Eigenoperator

The fact that the translationally generated wavefunctions of Musaelian and Joynt have
a non-uniform density distribution casts some doubt on their results suggesting that
the Laughlin state could become energetically unstable to these states for softened
interaction potentials. It seems very unlikely that any such interaction could favour
a state which is non-uniform in its large scale features over one which is uniform over
such scales. Musaelin and Joynt, themselves, expressed the belief that the ¢, states
were of uniform density. While it is extremely unlikely that such non-uniform states
could have lower energy than the Laughlin wavefunction, non-uniformity is not, on
its own, a sufficient enough condition to guarantee that it is impossible.

What is a sufficient condition, though, is the fact that the 1, state is a superpo-
sition of different eigenstates of L, the angular momentum, each of different radius

(i.e. Nmaz) and hence of different density. We can write
Yo = ZGM¢M (5.110)
M

where the ¢, are eigenstates of angular momentum with eigenvalue M and the ay;s

are chosen so that the state is normalised. We then have that
(ol Hltba) = lan|*{Gar| H|dar) (5.111)
M

where we have used the fact that the Hamiltonian, H, conserves angular momentum,
L, i.e.

[H,L] = 0. (5.112)
JFrom this we see that the energy of the ¢, wavefunction is simply the weighted

average of the energies of all the ¢, angular momentum eigenstates. Therefore we

can obtain a state with lower energy than v, simply by choosing whichever of the
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¢ states has the lowest energy. We can be sure that this will be the one with the

lowest density and this state turns out to be

[Gi—=2)? (5.113)
i<j
which is, of course, just the v = 1/3 Laughlin wavefunction. So we conclude that
it is impossible for the translationally generated wavefunctions to ever have a lower

energy than the Laughlin state.

5.4.8 The Calculations for the Translationally Generated States

We have concluded that it is impossible for the translationally generated wavefunc-
tions to ever have a lower energy than the Laughlin state but this is contradicted by
the results of Musaelian and Joynt [57]. They used numerical methods to calculate
that their ¢, states did, indeed, have lower energy than the Laughlin state for suf-
ficiently softened interaction potentials. Where have they gone wrong and what can
be learned from their mistake ?

Essentially they have assumed that the translationally generated states have a
uniform density and this false assumption has crept into every aspect of their cal-
culation. They have assumed that the radial distribution function does not depend
on the position of the electron chosen which, for a non-uniform system, it does. In
formula 5.22 they have used the average density of the system when, because their
calculation concentrated on those electrons near the centre of the system where the
density of the 1, states is higher than the average, they should have used a higher
value. A more fundamental problem is that they tried to calculate a figure for the
energy per particle by considering only a finite number of electrons near the centre
of the system. This is only valid if the system does have a uniform density.

Their numerical studies did not pick up on the non-uniformity of the states. This
is because the v, states are uniform over a large area at the centre of the system.
In fact, in the infinite limit the translationally generated states are uniform over an
infinite area. Unfortunately they have a non-uniform density over an area twice as

large as the uniform one (figure 5.6). This means that if one studies only a finite
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Rz R :

FI1cURE 5.6: Radial Density Distribution for v, States. We see that although in the
limit N — oo there is a region, of area — oo, with uniform density that there is an
area twice as large as this with a non-uniform density.

number of particles, near the centre of the system, then it is possible to believe that
the system has a uniform density and although the density of this central area is
higher than the average value, for small a the difference is very slight.

We see that physically relevant, as well as subtle and interesting, effects can occur
in the infinite limit of the two dimensional electron system in the lowest Landau level.

We see that we must be very careful about studying effects in this infinite limit.

5.5 Rotationally Generated Variational Ground States

5.5.1 Conservation of Density Distribution and Other Conditions to be Satisfied by Can-
didate Ground States

We have seen that the translationally generated wavefunctions of Musaelian and Joynt
are not good candidate ground states for the two dimensional electron system. We
believe, though, that the essential idea of moving the zeros of the wavefunction (i.e.
the virtual particles in the plasma picture) out away from the electrons is a good one.
This is because to do so will create the wider, shallower correlation hole around each
electron which we know will give a lower energy wavefunction for softer potentials.
We saw, though, that their attempt to put this idea into practice suffered from serious
problems. We would like to try to implement this essential idea while avoiding the
obstacles which tripped up the 1, wavefunctions. In order to do this we will first look

at the conditions which we would expect a good candidate ground state to satisfy.



5. ROTATIONS AND TRANSLATIONS IN THE LLL 95

The first condition is that the wavefunction should be an eigenstate of angular

momentum, which is equivalent to being an eigenstate of the operators

1 L g
~ > N (5.114)
=1
and
1 > 2
~ > ¥ (5.115)
=1

Because we also expect that the ground state, 14,, should be uniform in its large scale

density features, we know that these eigenoperators should lead to eigenvalues of

(1 5 _> vo= 2 (1Y) (5.116)
N N 2 \v
and N
<% > Nl> Ags = % (%) s (5.117)
in the limit as N — oo

where we note that the eigenvalues are both the same in the infinite limit. We note
that both the Laughlin states, ¥, 's, and the Slater determinant states, 1g; 's, obey
these conditions.

Because we expect any good candidate ground state to have uniform large scale

density features, we also have the conditions that

<wgs %g (5)" wgs> - <wgs %i (%)m‘w> - (%)m (5.115)

for all finite values of m in the limit as N — oo .
Again we note that both the Laughlin, ¢, ’s, states and the Slater determinant, ;s

states obey these conditions.
We have seen already (for example, in section 5.4.6) that the system described by
the Laughlin wavefunction is not translationally invariant. The Laughlin states (and

any state in the lowest Landau level with centre z = 0 and finite density) correspond
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to a system with a circularly symmetric boundary - though that boundary may well
be infinitely far away from the centre of the system. That the Laughlin wavefunctions

are not translationally invariant is readily checked by direct inspection. We have that

2
[orus @) =Tz — 2P e =0 (5.119)
" i<j
whereas we have that
2
‘wL,V:A(f - &)‘ =11z — zfPme s X el (5.120)
i<j

showing, quite clearly, that the Laughlin states are not translationally invariant. This
is a direct consequence of the fact that the underlying single particle basis states
(in which ¢, can be represented as a bounded superposition) are themselves not
translationally invariant.

The Laughlin wavefunctions are, though, rotationally invariant as should not be
surprising considering the geometry of the system that they represent. That they are
rotationally invariant can be seen by direct inspection. We have (using the fact that

f(e2) is the same shape as the function f(z) but rotated by —6) that

i (¢72) R § PR L )
" 1<j
= [llei— zPmet=mlar
1<j

‘2 (5.121)

Vi) (7

Showing, quite definitely, that the Laughlin states are rotationally invariant. This,
in turn, is a direct consequence of the fact that the underlying single particle basis

states used are rotationally invariant. In the same way, it is easily verified that the
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Slater determinant states,

va = [[ (=2 (5.122)

i<j
0 0
2 2N
= 5.123
N-1 N-1
z’f( Yo z?,( )

with filling factor given by v = % andn=1,3,5,7,9...,

are also rotationally invariant but not translationally invariant. Indeed, if we look
at the Hamiltonian of the system, remembering that there is a circularly symmetric

boundary (even though it may be infinitely far away from the centre), we have

H=> v(z—-z)+> Ulal). (5.124)
1<j =1

We see that the Hamiltonian is rotationally invariant but not translationally invariant.
As a result of the rotational invariance of the system we would certainly expect that
any good candidate ground state would also be rotationally invariant. In fact the
condition that a wavefunction be rotationally invariant is entirely equivalent to the
condition that the wavefunction is an eigenstate of angular momentum.

With the above conditions in mind, we can now look for candidate variational

ground states for the two dimensional system.

5.5.2 The Rotationally Generated Wavefunctions

Bearing in mind the discussion from the last section, we suggest a rotationally gen-

erated variational wavefunction of the (unnormalised) form, (for v = 1/3),

vo =[]z —2) (5= %) (= e7z) 2 F (5.125)

1<j
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or, in the lowest Landau level notation,

g = H (zZ - zj) (zi — ewzj) (zZ — e_wzj) . (5.126)
i<j

We see that the 1y wavefunctions have their zeros shifted away from the electron
positions - creating the wider, shallower correlation hole around each electron which
we know leads to lower energies for sufficiently soft interaction potentials. With
the 1y states, though, the zeros are rotated away from the electron positions (by
an angle 6) rather than being linearly translated away from the electrons. This use
of rotations, rather than translations, respects the symmetry of the system and so
avoids the problems encountered by the translationally generated states (discussed in

the last few sections).
The 1)y states are antisymmetric, which is, of course, necessary if they are to repre-
sent a fermionic system. The rotationally generated wavefunctions are, quite clearly,
eigenstates of angular momentum and have the same eigenvalue as the Laughlin state

and the Slater determinant state. In the infinite limit we therefore have that

iiﬂ =1 (1) w (5.127)
N&N )2 ) |
in the limit as N — oo

which is the only possible result consistent with a system possessing uniform large
scale density features.

We have seen then that the rotationally generated wavefunctions are antisym-
metric, rotationally invariant, eigenstates of angular momentum and they have the
angular momentum eigenvalue which corresponds to a state of large scale uniform
density features in the limit of infinite number of particles. In order to study the
large scale density features of the 1)y states we shall next look at the classical plasma

picture.
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5.5.3 The Classical Plasma Picture

In the classical plasma picture the rotationally generated state, 1y, leads to a potential

energy

N
Ey(2) = % (—22 {ln }zl — zj| +1In ‘z, - ewzj| +1n ‘zl — e_iesz + % Z |zk|2> .

i<j k=1

(5.128)
So we see that, this time, the virtual particles are rotated away from the electron
positions while the attraction to the centre of the system is again unaffected. See
figure 5.7.

In order to study the large scale density distribution of the rotationally generated
wavefunctions we imagine that we begin with the state § = 27/3. This is the Slater
determinant state, 1g;, which we know (from direct quantum mechanical calculation
as well as simple inspection) has a density distribution which is uniform in its large
scale features (in the infinite limit). We then allow the value of the angle parameter,
6, to change. See figure 5.8.

We will consider the forces acting on a particular electron. For the purposes of
our discussion we will divide the virtual particles into thin annuli, all centered on the
centre of the system. At our original value of 6 the attractive force towards the centre
of the system, which acts on the electron, is balanced by the repulsive force from the
annuli of virtual particles. As we change # these virtual particles are rotated within
their respective annuli. We see that, because the system is rotationally invariant,
the number and density of virtual particles within any annulus remains constant
as # is varied. This in turn means that the repulsive force acting on the electron
remains constant and is therefore independent of the value of . This means that
the force equilibrium configuration is one of large scale uniform density distribution
(i.e. the same as the original density distribution with which we started). This, in
turn, means that the configuration of lowest potential energy is one of large scale
uniform density distribution. Therefore we see, using the classical plasma picture,
that all of the rotationally generated, 1)y, states represent a system with large scale

uniform density features. Indeed, since the Laughlin state, 1y, is nothing other than
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F1GURE 5.7: Virtual Particle Plasma for 1y
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m‘

FiGURE 5.8: The Classical Plasma Picture for 1y
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the special case 1y—y we see that the above argument constitutes a proof that the
Laughlin state is one with large scale uniform density features in the infinite limit.
We note the importance of the fact that we were rotating the virtual particles in
order to fit in with the rotationally invariant nature of the system and how this
avoided the problems encountered when the virtual particles were translated in a

non-translationally invariant system.

5.5.4 More General Quantum Mechanical Results

We have looked at some (hopefully) good candidate ground states in the form of the
rotationally generated wavefunctions. These states are very unlikely to be the exact
ground states of the system (except for, perhaps, special interaction potentials) and
so must involve some approximation. We would like to understand, in some detail,
whatever this approximation might be.

We begin by studying what it is possible to say about the wavefunction for the
system in an exact manner. We know that any wavefunction in the lowest Landau
level with finite density and centre z = 0 must have a value of n,,,, which is bound
by a linear relationship with N (nm.. = N/v as N — oo and for the 1y states,
Nmaz = (N — 1)/v ). This means that any lowest Landau level wavefunction with
finite density and centre z = 0 can be written as a multivariable polynomial in the
z; 's with each z; being taken to the power of n,,,, somewhere in the polynomial (due
to the antisymmetric nature of the wavefunction). From the fundamental theorem of

algebra, this means that we can write
77/} = R(Zz) = AZO (ZZ - All) . (ZZ - A;) ....... (Zz - AZ ) (5129)
where each A% = Al(z1, 22, .., Zi—1, Zig1, - . -, 2N)

for any particle index, i.

We now make the assumption that the wavefunction contains only pairwise in-
teraction terms (there are reasons to expect that this is a very good approximation
for the Laughlin fractions - see section 5.6 - in fact an exact result for the idealised

system). We can then use the fundamental theorem of algebra and the fact that the
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state is an eigenstate of angular momentum to show that the Aé functions are each
linear functions of a single particle complex coordinate (see appendix D). This is as
expected as the state must be rotationally invariant.

This means that, taking into account the antisymmetric nature of the state (which

includes the fact that no two electrons can ever occupy the same position), we now
have (for v = 1/3)

V=]l 2) (s - az) (Zi - lzj) (5.130)

i<j
where « is a complex constant.

By considering the classical plasma arguments of section 5.5.3 we see that the only
values of o which will give ¢ a density distribution which is uniform in its large scale
features are a = e where @ is a real number.

We now see that, within the constraints of the ground state being of finite density,
centre z = 0, an eigenstate of angular momentum and of uniform density distribution

in its large scale features, the rotationally generated states,

g = H (z—2) (z — €"z;) (2 — e %) e~ Xt |l (5.131)

i<j
are in fact the most general possible wavefunctions within the approximation of only
considering pairwise interaction terms. Therefore, we see that the only way in which
it would be possible to obtain a better approximation to the real ground state wave-
function than the ¢js would be to use a wavefunction which included three particle

interaction terms (and/or higher order terms).

5.5.5 From Very Hard to Very Soft Interaction Potentials

We have now established solid reasons why we believe that the rotationally gener-
ated wavefunctions, 1y, are good variational ground states for the two dimensional
electron system. The question arises, though, as to what is the exact nature of the
difference between states with different values of the angle parameter, 6, and what is

the relevance of this difference with respect to the energy of the system. The answer
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is that the larger the value of # the wider and shallower the correlation hole around
each electron. We therefore expect that the softer the interaction potential of the
system the larger the lowest energy value of 6 will be. We know that the Laughlin
wavefunction, ¥y = 1y, is the exact ground state in the limit of the interaction
potential becoming infinitely hard [56]. We also know that the Slater determinant
state, Y51 = Yg—2x/3, is the exact ground state in the limit as the interaction potential
becomes infinitely soft (i.e. the Slater determinant state is the natural state of non-
interacting electrons and it is the state with the widest, shallowest correlation hole).
This suggests the possibility that we have a natural progression starting from 6 = 0,
for the infinitely hard potential, with the lowest energy value of € increasing as the
potential softens reaching the limiting value of 27 /3 for the infinitely soft potential.
It seems unlikely that the Laughlin wavefunction will be the best approximation for
the unsoftened Coulomb potential if it is also the best ground state for the infinitely
hard interaction. This suggests that the rotationally generated states may not only
provide better approximate ground states for thick systems but may well provide
a better approximation to the ground state for the unsoftened Coulomb potential

(presumably with a very small value of ).

5.5.6 Rotationally Generated Ground States for Different Filling Factors

So far we have concentrated only on wavefunctions with filling factor v = 1/3. Gen-
eralisation to any of the Laughlin fractions, v = 1/m, is quite straightforward. For
example, the class of rotationally generated wavefunctions, which represent a v = 1/5

state, is given by

Yoo = [ (2 — 2) (2 = €2)) (21 — e72)) (2 — ) (2 — e 72) emi Zitilal’,
i<j

(5.132)
These states satisfy the same conditions and arguments as the v = 1/3 states of
the last few sections. Clearly, this can be extended to any filling factor of the form

v=1/m.
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For the more general fractions

n
v= 1 (5.133)
corresponding to the integer quantum Hall effect of composite fermions, Jain suggests
[58] a wavefunction of the form
v="PR.[](z—2)" ¢n (5.134)
i<j
where ¢, is the wavefunction corresponding to the ground state of the system with

v =n (i.e. in the absence of Landau level mixing this would be the state with n filled

Landau levels). If we ignore Landau level mixing and put n = 1 then we have

o= [[G-2)"" T 2) (5.135)

i<j 1<y
= L=z (5.136)
i<j

which is simply the Laughlin state for v = 1/M = 1/(2m + 1). So we see that these
composite fermion ground states are simply the extension of the Laughlin wavefunc-
tions to other filling factors, obtained by replacing the filled Landau level state in the
last equation with the state ¢,.

We see that, like the Laughlin wavefunctions, these composite fermion states con-
tain no variable parameters which might enable the variational wavefunctions to vary
in order to fit different interaction potentials. We may suppose that, like the Laughlin
states, the composite fermion wavefunctions of equation 5.134 are best suited to very
hard potentials. We therefore suggest that for softer potentials rotationally gener-
ated composite fermion wavefunctions might produce a better variational bound to

the energy of the system. For example, when m = 1 we suggest

o = Pp. H (zz — ewzj) (zZ — e_wzj) On (5.137)
i<j
and when m = 2

Vo, = Fo. H (20— €72;) (20— €72) (2 — €25) (20 — €72 .fn. (5.138)

1<j



5. ROTATIONS AND TRANSLATIONS IN THE LLL 106

For the general case we suggest a variational wavefunction of the form

Yoy = Fo. H H —e2) (2 — e7"z) .n (5.139)

1<j =1

1.€.

vy = R H (z — e“’lz]) (Zz - 6_i01Zj) (zZ — erzj) (zz — e‘wzzj) ......

1<j

...... (z, — eiemzj) (z, — e_wmzj) On. (5.140)

These wavefunctions represent a system where the electrons capture vortices as in
equation 5.134 but now the vortices are bound to positions slightly displaced from
the electron positions. This, we expect, would lead to the wider, shallower correlation

hole around each electron that is more suitable for softer potentials.

5.5.7 Symmetry, Rotational and Translational Invariance and the Infinite Limit

We have seen that the system described by the Laughlin states (and, indeed, any
lowest Landau level states with centre z = 0 and finite density) are not translationally
invariant.

Why is it that the single particle basis states,
b = 2"e 11, (5.141)

in the lowest Landau level do have a centre (z = 0) and are not translationally
invariant? This is because, out of the infinite choice of possible basis sets, we chose
that one in which the states were also eigenstates of angular momentum. Now, if we

look at (the interaction part of) the Hamiltonian

H = Zv(zl — 2;) (5.142)

i<j

we see that this Hamiltonian is not only translationally invariant but that it is also
rotationally invariant about any centre. When an angular momentum operator, L., is
defined it must be with respect to some centre, zy. This means that this Hamiltonian

commutes with every one of the angular momentum operators, L,,. When we chose
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our basis we assumed a centre of zg = 0. This assumption of centre z = 0 along with
our requirement that the system has a finite density is what gives us our bounded
value of n,,.,; and a system which is rotationally invariant but not translationally
invariant.

This is no bad thing. A more realistic Hamiltonian for the system would also
include an external potential term (i.e. a confining barrier and/or the potential of

the neutralising positive background) so that

N

H=> wvlz—2z)+Y U). (5.143)

i<j 1=1

The confining barrier will not be translationally invariant but it is possible that it
has a centre and is rotationally invariant about that centre. In such a circumstance
the eigenstates of the angular momentum about that same centre are a very natural
basis for the system, as they will match the symmetry of the system. Indeed, such
a confining barrier (even if the barrier is infinitely far away) is the only physically
plausible reason for identifying a special central point in the system.

So we see that the Laughlin states (and the other states we have discussed) are only
potential ground states in the presence of a rotationally invariant confining barrier
(though that barrier may be infinitely far removed form the centre, in the infinite
limit, where we hope that it won’t effect any of the bulk properties of the system). In
fact without such a barrier the Laughlin states would be energetically degenerate, as
we could create different states with the same energy by simply using the translation
operator (i.e. we could create Laughlin states with different centres). It is also true,
for any system with a bounded number of electrons, that a confining barrier is a
necessary requirement if we are to have a ground state with a finite density.

That whether or not an infinitely far away barrier is rotationally invariant may
seem irrelevant. We have seen earlier, though, that the fundamental symmetries of
the system can have important effects and that the infinite limit can be quite subtle.

One example of the importance of the rotational symmetry is that because the
translationally generated states are not rotationally invariant they are necessarily

degenerate. This can be seen by considering a particular v, and another 1, where
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o/ is of the same magnitude as « but in a different direction. It is obvious that
both of these states have the same energy (because of the rotational invariance of the
Hamiltonian) but they are different states, showing that they must be at least two
fold degenerate. On the other hand, the rotationally generated states have no such

problem due to the fact that angle,i.e. 6, is only a one dimensional parameter.

5.5.8 Numerical Calculations

There is a lot of potentially interesting information about the rotationally generated
wavefunctions which we have not been able to glean from our purely theoretical
approach. Things like the energy of the vy states and the dependency of # on the
form of the interaction potential are probably best studied numerically. It has not
been within the scope of this work to carry out any numerical calculations based on
the theory that has been developed. The rotationally generated wavefunctions can be
represented in the classical plasma picture in a similar fashion as the translationally
generated states were. Since this plasma picture allowed numerical work to be carried
out on those states it might be hoped that it might allow similar numerical studies
to be carried out with the 1y wavefunctions.

A potential problem with this, though, might be the necessity of restricting any
numerical study to a relatively small number of particles (we saw earlier that this
caused problems for the study of the translationally generated wavefunctions). This
might be important as regards the distance by which the virtual particles are displaced
away from the electron positions. This distance, because 6 is a constant parameter,
is a linearly increasing function of radius. This could easily be problematic in a
numerical study that only considered the two hundred or so electrons nearest the
centre of the system.

If § ~ 1/v/N (as seems plausible) so that the maximum vortex (arclength) dis-
placement, g = OR is of (small) finite size (where R is the radius of the system) then
one suggestion for coping with this potential problem is as follows:

If we consider a region situated far away from the centre we see that the arclength

vortex displacement will be very close to being a uniform translation over that local



5. ROTATIONS AND TRANSLATIONS IN THE LLL 109

area (i.e. the curvature is very small). This suggests that the change in energy per
particle (i.e. per unit area) could be calculated, to a good approximation, by simply
considering the displacement to be a uniform linear translation over that region. If
we then sum over all such regions we should obtain a value for the average energy per
particle for the whole system. So that if we can find the functional dependency that
the energy per particle, F(l), has on the uniformly applied linear vortex displacement,
[, (where | = 0r <» rsinf for a region at radius r from the centre - the limit holding

as # — 0 and R remaining finite) in the form of a Taylor series

E(l)=) apI™ (5.144)
m=0
then we can calculate the average energy per particle for the whole system using
B 1 2m R
Blo) — — / pE(Or)rdrdé (5.145)
N Jo Jo
9 OR
= — E(l).l.dl 5.146
GG (5.146)
_ i 2 (OR)™ (5.147)
— 24+m

This value has resulted from a few assumptions. First we have neglected the curvature
of the vortex displacement by assuming that it is possible to treat the displacement
as a translation applied uniformly over a small (infinitesimal) local area. This should
be okay whenever the small region is infinitely far away from the centre, i.e. for the
area given by

ro > & (5.148)
a

where a is a number which can be made very large but must still be such that r, — oo

as R — oo. The ratio of the area inside this radius to the area of the whole system is

w2 1

o _ (5.149)

TR?2  a?

and we see that this central area becomes of negligible importance as a becomes very
large. This suggests that the approximation of the vortex displacements as uniformly
applied translations over the small local areas should be acceptable in the limit as

the area of the system is made to be infinitely large.
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Another assumption is that the quantity F(l) is meaningful, i.e. that the en-
ergy of a small area is determined by the positions of the electrons and vortices in a
surrounding area which is sufficiently finite that we can approximate the vortex dis-
placements as uniform displacements over that area. This standard of locality does
not seem implausible even though the system is a very highly correlated one (indeed
such a locality assumption is often implicit in finite systems studies).

We would hope that, the above outlined approach being valid, that the quan-
tity E(l) could be calculated using translationally invariant classical plasmas with
uniformly applied vortex translations. This could then be used to calculate a value
for E as suggested above. We have included these ideas as suggestions which might
encourage numerical work in others and we hope that those of our colleagues more
knowledgeable and experienced in such computational methods might take up this

work.

5.6 An Explanation of the Incompressible Nature of the Laugh-
lin 1/m Fractions in Terms of the Plasma of Virtual Par-

ticles

The incompressibility of the Laughlin wavefunctions has been discussed in some detail
elsewhere [55,59]. In this section we discuss an explanation of the incompressibility of
the Loughlin wavefunction using the virtual particle plasma picture. This explanation
is also valid for the rotationally generated wavefunctions and hence shows that they
too are incompressible (in the sense that there is a discontinuity in the energy per
particle as one particle is added to or removed from these states).

Consider the classical plasma picture described earlier. The position of the virtual
particles (zeros in the wavefunction with respect to the z; coordinate) determine
the regions from which the i*" electron is excluded. We know that there must be
one zero at the position of every other electron because of the indistinguishable and
antisymmetric nature of the electrons. We now wish to consider in what manner the

arrangement of the zeros will affect the energy per particle of the wavefunction.
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We will assume that the inter-electron potential is a strongly repulsive one (we will
discuss the quantification of ’strongly’ later). Now, for a sufficiently strong repulsion,
the lowest energy state (for a given density) will be one in which the " electron is
excluded from the region around every other electron. This means that the zeros
of the z; wavefunction must be closely gathered around the positions of the other
electrons.

In such a state, we have from symmetry that there must be the same number
of zeros (in the z; wavefunction) associated with each of the other electrons. This
means that we need to have a certain number of zeros, m, associated with each of
the other electron positions. This is only possible if the state is represented by a two
particle interaction wavefunction as it is only such a state which allows the zeros of
the " electron to be exclusively associated with individual coordinates of the other
electrons.

This can be seen by noting that for each zero of the ith electron to be a func-
tion of one electron coordinate only implies that the linear factorisation of the total
wavefunction into zeros of z; (which is always possible by the fundamental theorem
of algebra) must contain only factors involving z; and one other electron coordinate.
From symmetry this must be true for all . Therefore we have a two particle interac-
tion wavefunction.

To see this in another way, consider a ¢ particle interaction wavefunction. This
means that the linear factorisation of the total wavefunction in powers of z; will con-
tain factors which involve ¢ particle coordinates. It is these factors which determine
the position of the zeros of the ith electron. If ¢ is larger than two then, by definition,
there will be some factors which involve z; and a function of ¢ — 1 other electron
coordinates. Since these zeros depend on the coordinates of more than one other
electron they will not be able to hug an individual electron position very closely but
will have to be shared between the particles involved. We therefore suggest that the
ground state of the idealised system will always be a two particle interaction wave-
function whenever it is possible for it to be so. We mean this exactly as opposed to
a variational approximation as used in [45,55,59].

We therefore see that the two particle interaction wavefunctions represent a unique
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state of the system which leads to the lowest possible energy per particle (for a
sufficiently strong repulsive potential). We know, though, from appendix D that
the indistinguishable and antisymmetric nature of the electrons coupled with the
quantisation of area in the single particle lowest Landau level states means that a

two particle interaction wavefunction is only possible for the filling factors

1 N 1

Where the m even system is forced to include a term (z; 4 z;) and hence forces some
of the zeros to be distanced from the other electrons. Therefore it is only for m odd
that all the zeros can be attached to individual electrons.

We see that if we are at one of these filling factors and we try to add or remove an
electron (some electrons) this will force the whole system to undergo a transition from
this low energy phase, two particle interaction wavefunction to some higher energy,
many particle interaction wavefunction. We see, then, that there is an energy gap
for adding or removing an electron whenever we are in the ground state of one of the
Laughlin fractions. Indeed, we see that these two particle interaction wavefunctions
resist any change in v from the Laughlin values - they are incompressible.

We see that this first principles argument leads directly to the prediction that the
v = 1/m filling factor ground states are a low energy phase of the system and that
adding or removing an electron from one of these states causes a phase transition to a
higher energy (per electron) state. The argument is very simple and we see that the
effect is caused solely by the non-local effect of indistinguishable antisymmetry, the
magnetic quantisation of area in the lowest Landau level and the presence of a suffi-
ciently strongly repulsive inter-electron potential. We see that the incompressability
of the 1/m fractions is not caused by anything special about the 1/m wavefunctions
(which simply occupy the lowest energy state) but is caused by the fact that the an-
tisymmetric and indistinguishable nature of the electrons (Pauli exclusion principle)
prevents the wavefunctions reaching a similar low energy state at densities in the

region of the 1/m fractions.

*Note: This argument suggests that for any sufficiently strong repulsive potential
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(i.e. any potential strong enough to favour the association of zeros with electrons)
that the actual ground state of the ideal system must be a two particle interaction
wavefunction for the Laughlin fractions. This means that the ideal ground state
must be one of the rotationally generated wavefunctions, 1)y, where the value of 6 will

depend on the detailed nature of the potential.

5.7 Summary

Based on the idea of vortex displacement (virtual particle displacement in the classi-
cal plasma picture) we have suggested a set of (rotationally generated) variational
wavefunctions, 1)y, which can have lower energy than the Laughlin wavefunction
(¥ = 1hy—o) for sufficiently soft interaction potentials. We discussed the relation-
ship of these states to the symmetries and constraints of the system. We have shown
that these states were the most general wavefunctions possible within the two parti-
cle interaction approximation. We suggested an extension of these vortex displaced
wavefunctions to all of the composite fermion filling factors.

We put forward an argument which suggested that the exact ground state of the
(idealised) system is always one of the rotationally generated wavefunctions (for a suf-
ficiently strong repulsive potential). We also showed that the rotationally generated
wavefunctions are, like the Loughlin wavefunctions, incompressible in the presence of

a strongly repulsive interaction potential.
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CHAPTER 6

Rotationally Invariant Excited States

6.1 Overview

We analyse the collective excitations of the system, paying particular attention to
its symmetries. We find that the inherently non-uniform nature of the lowest Lan-
dau level wavefunctions causes complications in the analysis. We overcome this by
studying the system in angular momentum space. We suggest the Fourier density
operator in angular momentum space as one which can generate good variational
excited states from ground states which are uniform in their large scale features. We
note that this operator is the single particle rotation operator (for the lowest Landau
level) in normal coordinate space. We discuss the application of these operators to
studying excitations of finite systems (such as quantum dots). We suggest a gener-
alised version of the rotation operator which may be useful for studying excitations

of non-uniform ground states in finite and infinite systems.

6.2 Rotations and Translations

6.2.1 Symmetries of the System

We have seen in the last chapter that the natural symmetry of the system under
study is one of rotational invariance. We saw that trying to use methods and tech-
niques suited to translationally invariant systems led to serious problems - even in the

infinite limit. We further saw that, by maintaining the rotational invariance of the
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system, we could identify the class of rotationally generated wavefunctions as good
variational ground states for different electron interaction potentials. In this chapter
we wish to study the low energy collective excited states of these rotationally gener-
ated wavefunctions. We will begin by looking at what sort of conditions we might
expect the excited states of the system to satisfy.

The first condition is rotational invariance. The system is represented by a rota-
tionally invariant Hamiltonian and so it is reasonable to expect the excited states of
the system to be rotationally invariant as well as the ground state.

A second condition, equivalent to the first one, is that the excited state should be
an eigenstate of angular momentum (projected angular momentum). This is because
the (projected) Hamiltonian commutes with the (projected) angular momentum. In-
deed, we can go further, because the value of the angular momentum is related to the
radial density distribution of the system and because we expect that any low energy
excitation will have the same large scale density features as the ground state we can
conclude that any low energy excitation will not only be an eigenstate of angular
momentum but that it will have the same eigenvalue as the ground state.

We can, in fact, be more general than simply requiring that any low lying excited
state should have the same value of angular momentum as the ground state. Because
we expect such low energy excitations to have the same large scale density features
as the ground state we know that such excited states must have the same values as

the ground state for all of the average u™ and p™ operators, i.e.

1 L gmam 1 L gmam
<wgr0und N ; Nm wground> = <wexcited N ; W

An equivalent condition is that the excited state has the same energy with respect

wezcited > . (6 1)

to the confining boundary potential as the ground state does. This means that all of
the energy of excitation should come from the bulk electron-electron interaction and
none of it from relative movement with respect to the boundary.

With these conditions in mind we will examine some possibilities for the low energy

collective excitations of the system.



6. ROTATIONALLY INVARIANT EXCITED STATES 116

6.2.2 Rotational Operators

The projected density operators, pi, generate magnetoroton wavefunctions [50] in the
lowest Landau level by translating individual electrons by a distance —ik (perpendic-
ular to the direction of k). We see that such an operator does not preserve the values
of the u™ operators (including angular momentum) and that it would interfere with
any circularly symmetric boundary. These effects might become negligible in the infi-
nite limit but either way they highlight the fact that the projected density operators
are translation operators. It seems possible, given our discoveries in the last chapter,
that some method of generating excited states using rotations may lead to a more
natural representation than the translations used in the magnetoroton theory.
The projected density operators,

N

Pr = Z e_ikaje_ik*%zj, (6.2)

j=1
are in effect single electron linear position shifting operators, which translate an in-
dividual particle (or at least its average position) by (k,, —k;). It is an interesting
possibility, then, that an excited state generated by a single particle rotation oper-
ator may fit in better with the rotational symmetry of the system. Examining the

relationship,

6’_1028.2” — e—anzn (63

= (e_iGZ)n s (64)
(where the 2" states form a single particle basis in the lowest Landau level)

it is simple to see that

N
Ry = Y e % (6.5)
j=1
00 . N
—q m@m m
S =y e (6.6)
m=0 ’ j=1

is the single particle rotation operator in the lowest Landau level. The rotation

operator Ry rotates each individual particle by an angle # about the centre of the
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system (i.e. z = 0). The rotation operators are clearly lowest Landau level operators

and, like the translation operators, they obey the condition

R} = R_,. (6.7)
We suggest that the wavefunction

Qbe = R@-wgm (68)
where 145 is the ground state of the system,

is worth studying as a variational excited state of the rotationally invariant system.
We notice immediately that the R, operators commute with all of the u™ opera-

tors,

R, fj amzm] = 0. (6.9)

j=1
This is as we would expect since the state ¢y = Rg.thys is generated from the ground
state by rotations only and so has the same radial density distribution as the ground
state, V.

The above commutation relations also mean that the Rg@bgs state has the same
energy as the ground state with respect to any circularly symmetric external potential
(i.e. the confining barrier). This is simply because any circularly symmetric potential

can be written as

N oo
U= Z > amday (6.10)

§=0 m=0
so that
U, Ro] =0 (6.11)
and hence
<1/) ‘R; [H +U, Ry ’ ¢> = <¢ ‘RQ [H,Rd)@ (6.12)

(where H is the interparticle energy and U is the circularly symmetric potential)

and so we see that the energy change caused by the rotation operator comes entirely

from the interaction part of the Hamiltonian and is completely independent from the
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boundary potential (except insofar as the boundary may affect the form of the ground
state).

A special case of the above commutation relations is that
[Ro,L] =0 (6.13)

and the fact that Ry commutes with the angular momentum ensures that nggs is an
eigenstate of angular momentum with the same eigenvalue as the ground state.

Physically, these operators are nothing else other than single particle rotation
operators. The projected density operators created a higher energy wavefunction
by forming a superposition of states which were each the same as the ground state
but with one particle slightly translated away from its lowest energy position. The
rotation operators are entirely analogous. They form a higher energy wavefunction
by forming a superposition of states which are each the same as the ground state
except for having one particle rotated away from its lowest energy position.

Indeed, from arguments similar to those used at the end of the last chapter, we can
see that at large distances from the centre a small rotation is roughly equivalent to
a uniform translation in a localised region. This suggests that the rotation operators
should have a very similar physical effect as the projected density operators while also
maintaining the advantages of being fully compatible with the rotational symmetry

of the system.

6.2.3 Fourier Operators

While drawing analogies with the magnetoroton wavefunctions we should notice that
the projected density operators may well be closely related to the single particle trans-
lation operators but that they are principally the Fourier density operators projected
onto the lowest Landau level. It is this relationship to the density distribution of the
system which gives us the property that

WIAlE) = (Wlod ) (6.14)
= [ et wlowv). (6.15)
=0 (6.16)
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for any state ¢ which is of uniform density and completely contained within the
lowest Landau level. This property is quite vital as it is responsible for the fact that
the state pg1 is orthogonal to the state ¢. Without this property the magnetoroton
wavefunction could not be considered to be an variational excited state and all the
variational calculations based on the state would be useless. ( This relationship is not
strictly true for any state whose density distribution has a Fourier transform which
behaves like a delta function under integral signs but it is true for translationally
invariant states. This is because translationally invariant states are eigenstates of
momentum and the Fourier density operator is a momentum shifting operator. For

non-translationally invariant states the '= 0" will, at best, only hold for certain values

f(t) = { bl <a (6.17)

0 otherwise

of k, for example if

then

(6.18)

and so such a distribution will have a Fourier transform that equals zero whenever
w = mm/a where m is a non-zero integer. In fact it is this discreteness of the zeros
in the Fourier transform of the density which gives the density of states of the pg
states.)

This fact suggests that the analogy which we should draw on is not necessarily
the one between translation and rotation operators but one between translational and

rotational /radial Fourier operators. Consider the operator defined by

N
Sp= e (6.19)
j=1

where u; = $|r;|? = 3|2*.

This operator is the natural Fourier density operator in u space for a rotationally
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invariant system. To see this consider

N
Sp = Y e (6.20)

= /€—i9u Z 62(z . Ej)dzr (621)
= / e p(r)d’r (6.22)

where N
pr) = Z 8(r—r;) (6.23)

is the density operator. Now, using polar coordinates we have

27 o0
Sy = / dqb/ e p, (x)r.dr (6.24)
0 0
and we have define

T or

so that the number of particles between r and r + dr is 27p,(r)r.dr. Now, using

pi) =5 [ olw)as (6.25)

du = r.dr we obtain
Sy = 27r/ e py(u)du (6.26)
0

where we have defined

pulu) = pr(V2u) (6.27)

so that p,(u) is the density of the system in u space, i.e. the number of particles
between u and u+du is given by 27p,du and for a rotationally invariant system p, (u)

is the number of particles per unit area at the radius r = v/2u. So we see that

N
Sy = Y e (6.28)
j=1
= 27T/ ey (u)du (6.29)
0

is nothing more than the half range Fourier transform of the u space density of the

system. This means that we can interpret the 6 parameter as a frequency in u space.
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This operator is the natural Fourier density operator in a rotationally invariant system

and from our discussion on the merits of Fourier operators we suggest that the state

¢9 = g@-wgs (630)

is a wavefunction worth studying as a variational excited state, where

ém
I
] =

e~ (6.31)
]ozol N m@m_
= m;); ur (6.32)
co N
— ZZ memamz;” (6.33)

3
I

0 j=0

is the projection of the u space Fourier density operator onto the lowest Landau level.

The Sy operator commutes with the angular momentum, the boundary potential
and the u™ operators in exactly the same way as the Ry operator and so it has all
the advantages of fitting in with the rotational invariance of the system which were
discussed earlier. It also has the advantage of being directly related to the density of
the system via a Fourier relationship which is likely to give a density of ggwgs states

which are orthogonal to the ground state, .

6.2.4 Relationship between the Fourier and Rotational Operators

The Fourier, Sy, and the rotational, Ry, operators are not independent of one another.

This can be seen quite readily from their power series expansions,

N
Sp = Y e (6.34)

Jj=1
co N .
—3)mem __
=3 0" (6.35)
0 7=0 m'
m=0 j=

= f: S (6.36)
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5 EO oy

m/!

Indeed, we see that if it were not for the fact that

the Ry and Sy operators would be exactly equal to one another.

T

122

(6.37)

(6.38)

(6.39)

(6.40)

We can show, however, that, in the infinite limit, these two operators are equal to

one another for a certain range of . Consider

and

=5,

N

1 .
— _267191@
N =
T
= —_— (& Ur
j=1
00 N
o (_Z)mem 1 m ._m
- Z m N Zaa %)
m=0 j=1

(6.41)

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)
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where we have written

@
0=—.
Ur
Now, equation 5.96 tells us that
Ly Ly i)
N = Ug N = Ug

123

(6.49)

(6.50)

in the limit as N — oo for any finite value of m. In fact, this relationship holds for

any m such that

m? m?
Un =V — 0,
as is shown in appendix E.
If we write v
1 oz
A= N 2 g
and

then we have

and

— 3
m=0

Applying the ratio test to these series gives

Tm+1 _ 87 Am—l—l
Tom m+1]] A,
and
Ym+1 _ (67 Bm+1
Ym, m+1|| Bn

(6.51)

(6.52)

(6.53)

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)

(6.59)
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We know that

Am+l Bm+l
<1 .
‘ 1 , ’ B, | = (6.60)
and that
Am+1 Bm+1 0
~ N .61

1.e. these quantities do not scale with V.

This means that the series both begin to converge at values of m where

‘ a ‘ (6.62)

m+ 1
and an arbitrary accuracy (+1/€) can be achieved by terminating the series at a value

of m such that (see appendix F)

< (6.63)
1+e€ ’

a
m+1
which is to say when m > (1 + €)a.
This means that for values of &« ~ N® for a < 1/2 the series can be truncated
within arbitrary (finite) accuracy at values of m ~ N®, i.e. values of m such that

m2

o 64
& 0. (6.64)

and so, for such values of «, it is possible to truncate the series at values of m for
which the relation 6.50 holds. Therefore, for all such values of « it is true that

1 1 1

in the limit as N — oo for @ ~ N® where a < 1/2, i.e. § ~ 1/N'7% that is
6 ~ 1/N°¢ where ¢ > 1/2.

At values of 6 which scale with N above this limit it is no longer possible to truncate
the series at a point where equation 6.50 is valid and hence the Sy and Ry operators
no longer approach one another in the infinite limit.

Consider a state which satisfies

N
1 (9]’”,2}”
<¢ ‘N Z um

J=1

¢> = (6.66)
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for all m such that mWQ — 0. This is the condition for a state to have a uniform
density in its large scale features (from last chapter) and we note that the g states
(and hence the rotationally generated states - including the Laughlin state) satisfy

this condition up to a term of order 1/N. For values of  ~< 1/v/N we then have

(@S| ¥) = (|Ra| ) (6.67)
_ Ng(_%amulm (6.68)
_ %[1n_le—m] (6.70)
_ %[1_6—1'%] (6.71)
where b = Up.

This is the exact half range Fourier transform of a system with uniform density out
to a value of u = b = Ug and zero density for all values of u beyond this value. We

see that, for this range of 6,

(0] ) = (| Ro| ) + O(3) = 0+ O() (6.72)
whenever
2
0= ?j (6.73)

which gives a density of states of b/2m = N/27v.

We see that the projected Fourier u space density operator, Sy, behaves like the
rotation operator, Ry, for values of § < 1/ V/N. We should note that the limit
0<1/ VN is an important one. This is because the radius of the system scales with
VN and hence an angle of rotation # ~ 1/v/N leads to a finite displacement of each
particle, | = RO ~ NP. It is interesting that it is at this scale that the relationship

between Sy and Ry breaks down.
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6.3 The Fourier Operators and Uniform Density Wavefunc-

tions

6.3.1 Fourier Operators for Perfectly Uniform States

We have seen that the Sy operators can be used to generate states,

P9 = Sp-Ugs, (6.74)

which are consistent with the necessary symmetries of the system. We saw, also, that
for values of § ~< 1/ V/N this operator had the physical properties of a single particle
rotation operator but that it diverged from this behaviour for larger values of 6. If
the state Sg.wgs is to be a good variational excited state of the system then one vital
property that it must have is that it must be orthogonal to the ground state, 1.
To study the property of orthogonality to the ground state we begin by recalling

the Fourier relationship between the Sy operator and the density distribution of the

system, 1.e.
N
Sp = Y e (6.75)
j=1
= 27?/ e, (u)du (6.76)
0
so that
@ISilvy =2r [ e (o) ¥) du (6.7
0
Now, if we have a system with a perfectly uniform density,
N
= 0<u<d
pulu) =4 2P T =0T (6.78)
0  otherwise

where b = Up is the extent of the system and can be allowed to go to infinity as

N — oo,

and if the state is completely contained within the lowest Landau level, then we have

that
(W[Se|v) = (WISl (6.79)

( )
— % /0 ’ e~ 0u (6.80)
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which gives

_ Ao it
(W1Slv) = - [1—e] (6.81)
2mpo —ib
= 1—e" 6.82
g L] (6.82)
where pg = 2—1;[1) = % is the density of the system.

We see that this agrees with the result from equation 6.67. This means that

(¥ |Sp| ) =0 (6.83)
whenever
2
o= 2" (6.84)
b
for any integer, 7. This leads to a density of states of
b Q
Ps=5-= 3 (6.85)

So we see that the state Sy.1),s is orthogonal to the ground state, 1y, for these values

of 6 whenever 1,5 represents a system with a perfectly uniform density.

*Note: actually the condition for orthogonality should strictly be that

wislv) (6.86)
(v fis])

but the condition that
(]S v) =0 (6.87)

is obviously equivalent as long as the magnitude of the state is non-zero. Since this can
only occur, for the values of # which we are interested in, when Sy is an eigenoperator
of the ground state, 14, it is not something that we really need to worry about (apart

from the Slater determinant states which are eigenstates of the Sy operator).
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6.3.2 Fourier Operators for Lowest Landau Level States

We saw in the last section that for a perfectly uniform system, completely contained
in the lowest Landau level, that Sp.¢ had a zero overlap with ¢ for a density of
orthogonal states p; = b/27. In this section we will study some actual lowest Landau
level wavefunctions and compare them with this ideal uniform result.

We will begin by considering the (normalised) single particle basis states

1 1,2
— = ny—3l
On 27T2"n!2 e alfln, (6.88)

Their square modulus is more conveniently written in u space as

11 )
6al” = Ggalele = (6.89)
n! 2™
1 _
.

which is, of course, the density distribution of the single particle state. This has the

Fourier transform

27 o8]
(@n]e™™|¢n) = / / e |gnl" r.dr.df (6.91)
o Jo
= 9 = —ifu 2
= 27 e pp|” .du (6.92)
0
1 [~ _
= e e du (6.93)
- Jo
1 [ -
= e~ UFOuyn dy (6.94)
+Jo

- (1 i w)w (6.95)

€,i¢ n+1
- (y7) (699
where ¢ = tan™1 4.

In general the multiparticle wavefunctions in which we are interested in (i.e. good
candidate ground states) are quite complicated, interacting systems. To calculate the
Fourier density distribution of these wavefunctions would involve extensive numerics.

There is one class of wavefunctions, though, which are readily amenable to direct
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analytical examination. This is the class of Slater determinant states, the g 's.
These will give us, at least, an indication of how wavefunctions behave in the lowest
Landau level. We are particularly interested in the filled Landau level state, ¢g (v =
1), which is, of course, equal to the Laughlin wavefunction at v = 1. This is the most
interesting wavefunction in the lowest Landau level, for our purposes in this section,
because it is the most uniform possible wavefunction in the lowest Landau level. This
means that an examination of the filled Landau level state should help us understand
some of the limits under which more general lowest Landau level wavefunctions exist.

The Slater determinant wavefunctions are given by

va = [](==2) (6.97)

i<j
29 oo 2%
n n
2 . 2N
2n 2n
1 N
= . S . (6.98)
N—-1 N—-1
zf( ) . ZX/( )

with filling factor given by v = % andn=1,3,57,9...,

and we will be principally interested in the case v = 1,n = 1. The Fourier density of

the state 1)g; is quite easy to calculate:
<¢sz ‘Se‘ 1/151> = (Vs |S0] Y1) (6.99)
N
D et ¢Sl> (6.100)
j=1
N-1

= ) ammt! (6.101)
m=0
N—-1

Sl

i(x")m (6.102)

=0

I
8
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where '
! " 6= tan~' 6 (6.103)
xr = _— , — an .
L+ 1+ 062
This series is easily evaluated to give
1 — :EnN
(Vs1]S6| Yst) = = T (6.104)
1AM @ ae)y -1
= . (1) (6.105)
146 (1+i0)" —1

Vit \ 1—emi(l+6)3

and, putting n = 1 to obtain the filled Landau level (v = 1) values, we obtain

—ig __ _—iN¢ 2y-&
(st |Sal st) = —= (1 1+ 0) ) (6.107)

—ig 1 — e—inNé (1 1 92 -l
_ e < e M1+ 0) ) (6.106)

VIH0\ 1—eio(l+62)2
We see that this is not obviously comparable to the expression obtained for the
perfectly uniform state in section 6.3.1. This is interesting since we know that the
filled Landau level state is uniform in its large scale features (see last chapter). If we
look at expression 6.107, though, we see that it is impossible for (1| Sp|ts;) to equal

zero except in the infinite limit, N — oo, and only then if

1
PN =50 = 0 ~< —— 6.108
N (6.108)

which is, of course, exactly the condition used in section 6.2.4 and which is identical

to the condition that the state is uniform up to mth order in u where

m2

LN 6.109
N (6.109)

which is the quantified version of our statement that the filled Landau level is uniform
in its large scale features.

Indeed, if we have that

1 1
0 ~ Ne where a > 3 (6.110)

then we can take the limit N — oo in equation 6.104 to obtain

(ts1]Sol Y1) = % [1— e (6.111)
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and using the fact that b = n(N — 1) ~ nN gives

N

(Vsi|Se| Ys1) = 0 [1—e™] (6.112)

which is exactly the same result as we obtained in section 6.2.4. This shows that the

filled Landau level is uniform for u space frequencies ~< 1/ VN but we also see that

the expression in equation 6.107 cannot possibly equal zero for any value of

1
0 ~>—. 6.113
> (6:113)
For example, consider the case of finite 6 (or any value of 6 such that (1+6%)V/2 — o)
in the limit as N — co. Then we have
e~
(Vsi|Sol Ys1) = (6.114)

(140622 — 0
which is never zero.

This means that the filled Landau level is non-uniform for all periods (in u space)

2
Toy ~< - — \/N. (6.115)

cut

This means that the filled Landau level system possesses an area which scales as v N
over which the state is non-uniform. This non-uniform area, in turn, destroys the
density of orthogonal states for the Sy.1) wavefunctions for all values of § which scale
with N as 1/v/N and at all values of § larger than this. The filled Landau level state
is the most uniform possible wavefunction in the lowest Landau level so it is safe to
conclude that this cut off (due to non-uniformity) occurs for all states in the lowest
Landau level.

The non-uniform area is, in fact, the area around the edge of the system (as is
shown in appendix G). The non-uniform area is an annulus around the circumference
of the system with a width which scales independently of N (area = width x 2mv/N
).

This cut off in the Sy states at 6., is most unsatisfactory. It is possible that we
could consider the Sy.1) states to be good variational excited states for a perfectly

uniform system and then we might expect these states to be perturbed by the addition
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of a boundary (edge effects). It is also not obvious just exactly how much difference

it would make if the quantity -
(V[ Sk|¥)

(¥[SLSk|v)

tended to zero in the limit as N — oo rather than actually equalled zero. This would

(6.116)

be possible if the denominator scaled as v/ N which would not be surprising, although
we have not studied this in detail. All in all, these problems discourage us from
pursuing this approach any further. We will adopt a different approach in the next
section.

*Note: This non-uniformity of the lowest Landau level states means that we also
expect the quantity (¢|px|1) to be non-zero for values of k above some cut off value,

keyr- The quantity il
Pk

(¥|p}pel)

should still tend to zero in the limit as N — oo as the denominator scales with

(6.117)

V/N. In what way the fact that the overlap with the ground state only tends to zero
rather than equals zero might affect any of the magnetoroton calculations which were
based on the Laughlin states is not considered here. It seems likely, though, that
the magnetoroton states would no longer be good (in the quantum sense) excited
states but would be affected by a perturbation representing the edge effects. That
the non-zero overlap of (|Sp|v)) is related to the non-zero overlap of (¢|pk|t)) can be

also be seen by considering

Sp = > e (6.118)
j=1
, N
= /e_iGTQZ(SZ(r—rj).er (6.119)
Q ey
= /e‘wﬁp(r).d%‘ (6.120)
Q
1
= 52 fok)p (6.121)
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where we have used

1 )
pr) =5 > ety (6.122)
k
and
folk) = / e 0T T Py, (6.123)
Q
JFrom this we see that
2 .
£a(0) = ,—g [1 - e—”%] (6.124)
1

so that fp(0) = 0 for the values of  which we are interested in. So we see that for Sy
to give a non-zero value it is necessary for some of the p, ’'s to also give a non-zero

value.

6.4 The Rotational Operators and Angular Momentum Space

6.4.1 Rotations and the Rotational Invariance of the System

At the beginning of this chapter we suggested two different operators for generating
rotationally invariant excited states, the Ry and the Sy operators. We have seen
that the Sy operators have problems with orthogonality which are caused by the non-
uniformity of the lowest Landau level wavefunctions. We will, therefore, return to
studying the single particle rotation operators, Ry.

In the limit as N — oo we know that the Ry.1) wavefunctions have a density of
orthogonal states for @ ~< 1/v/N (the region in which the Ry and Sy operators are
equivalent to one another). It seemed likely at the time that the Sy operators would
be more likely to generate orthogonal states above this range because of their Fourier
relationship to the density of the system. We saw, though, that it was exactly this
relationship which caused the problems. Perhaps, then, the rotation operators, which
lose their Fourier relationship to the density for values of # outside this range, will

maintain their orthogonality properties for larger values of 6.
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6.4.2 Angular Momentum Space

In order to study the lowest Landau level rotation operator, Ry, it would be helpful
to know what operator it is the projection of. Obviously, this is not unique but we
shall see that there is one very natural and useful operator which projects onto the
lowest Landau level to give the rotation operator.

We define

L, = —ifz0y, —y0,] (6.125)

1
= 3 (angular momentum of jth particle) (6.126)

which is the angular momentum of the jth particle measured in units of A and is

therefore a unitless quantity. We know that

L.y = n.¢n (6.127)
and (for any natural number m)
L™ ¢n = ™0y (6.128)
where
1 12
ne—zl2l

and so the set {¢,,} forms a basis for the lowest Landau level. We therefore have that

L =20 (6.130)

and hence
L™= (z0)" = L™ (6.131)

which is a non-trivial result in the lowest Landau level (for example, remember that

u™ # ™). This means that if we define

Ry=> e (6.132)



6. ROTATIONALLY INVARIANT EXCITED STATES 135

we have that

N
Ry = Y e L (6.133)
j=1
N —
= Ze‘wLﬂ' because L™ = L™ (6.134)
j=1
N
= ) e % (6.135)
j=1

and so we see that the lowest Landau level rotation operator is the projection of the

operator
N

Ry=>Y e (6.136)

j=1
onto Hy. We also see that
RoRy = RoR, (6.137)

and similarly for any number of rotation operators. This is a simple consequence of
the fact that L and L are equal to each other in actional form, differing from one
another only in their domains.

We will refer to the operator Ry as the L space Fourier density. This is because if

we consider the angular momentum, L, to be a coordinate for the system then

Ry = / e Lo (L).dL (6.138)
0

0 N
= / e N 6L — Ly).dL (6.139)
0 =

N

= Y e (6.140)

j=1
so we see that Ry is the Fourier transform of the density of the system in angular
momentum space (half range Fourier transforms and full range Fourier transforms
are equivalent in L space because L > 0).

We construct angular momentum space wavefunctions according to the rule

|6ul* < 0(L —n) (6.141)
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1.€.

Gn > 0'(L —n) (6.142)

where the wavefunction &'(L — n) is, like ¢,, the single particle eigenstate of angular
momentum, L, which is simply a multiplication operator in angular momentum space
(for a discussion of the canonically conjugate operator to L, Jr, and its relationship
to angle see appendix H).

The angular momentum and angular momentum eigenstates in this L space rep-
resentation are analogous to the normal one dimensional coordinate space represen-
tation where position, x, is a multiplication operator and the eigenstates of x form
delta functions where all of the particle probability is focussed at one position. In x

space the operator
N

=Y ek (6.143)

j=1
is the fourier density operator and therefore we can interpret

N
Ry=> e (6.144)
j=1
as fulfilling the same role in L space.

This representation is useful to us because we now see that the many particle
wavefunctions in the lowest Landau level are isomorphic to a one dimensional system
in x space where the particles are only allowed to exist in evenly separated discrete
lattice sites (remember that L; can only take the values n = 0,1,2,3,4,...). So
the lowest Landau level system is analogous to a one dimensional crystal lattice of
interacting electrons. That the system should be in one to one correspondence with
a one dimensional system is only natural. The basis {¢,} is only one dimensional,
after all. This is due to the quantisation of the angular momentum. We see that the
spatial quantisation of the single particle states, caused by the magnetic field, is a
most important property of the system with very fundamental effects.

*Note: This does not mean that we are considering a system where there is one
electron at each lattice site. This would be a non-interacting system and would

therefore be represented by a single Slater determinant, i.e. 1g;. The system we have
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in mind will be, in general, a superposition of many Slater determinants representing
the interacting nature of the electrons as they mutually repel one another. Indeed,
the crystal system will be represented by exactly the same superposition of Slater
determinant states as the actual lowest Landau level wavefunction which we wish to

represent but with the single particle ¢, states replaced with §'(x — n) states.

6.4.3 Density of States

In normal coordinate space we found that the lowest Landau level wavefunctions al-
ways suffered from a certain amount of non-uniformity. It was this non-uniformity
that caused the orthogonality problems of the Sp.1) states. In angular momentum
space, however, it is easy to construct wavefunctions which have a perfectly uniform
L space density, pr (L), and are completely contained within the lowest Landau level
(perfect, that is, within the discrete nature of possible density distributions due to
the restriction of L to integer values only). For a state to have a uniform (discretised)
density in L space is merely equivalent to it having an even spread of single particle
angular momentum eigenstates. Further, such states are the ones which represent
those wavefunctions with the most uniform possible densities in coordinate space (as
discussed in appendix G). The Slater determinant states, ¥g;, the Laughlin wave-
functions, vy, and the rotationally generated states, 1)y, all have such a uniform L
space density (the 1 states may contain an added modulation of period T'= 1/v in
L space).

We see then that a wavefunction with a uniform spread of angular momentum

will have an L space density

pr(L) ~ > (L —m) (6.145)
so that ,
(Ro) ~ » e (6.146)

which equals zero whenever

0= —"—jr~—j (6.147)
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giving a density of states

b+1 Q 1
= 6.148
p s 472 + 27 ( )

These values of ¢ will correspond to excited states (orthogonal to the ground state)
as long as the quantity (1| R} Rg|1) does not equal zero (we will refer to this quantity
as the rotational structure factor or as the L space structure factor). Since, for these
values of angle, this can only happen if Ry is an eigenoperator of the ground state we
shouldn’t have to worry about in the presence of large numbers of particles (with the
exception of the Slater determinant states) - see appendix 1.

We expect that, in general, the rotationally generated states may have a modu-
lation of their L space density of period 1/v. This does not (nor, indeed, will any
finite modulation) affect the density of orthogonal states for the Ry.1) s but it does
affect the cut off in the density of states. For a modulation of period &« = 1/v in the
L space density we will find a cut off at 6., = 27/«, i.e. that (| Ry,,,|1) is non-zero.
This is a result of elementary Fourier transform theory (see appendices J and K). We

notice that a cut off at 6, = 2w/« and a density of states of p; = (b+ 1)/27 leads to
INT (0p,) +1=N (6.149)

different orthogonal states (the +1 represents the ground state, Ro.¢) = ). That we
have N modes in an N particle system (which, as we have seen, is fundamentally one

dimensional) is by no means a surprising result. We also expect that

(Y|RoRolt)) =0 (6.150)

as long as ¢+ 60 # 0., in analogy with normal coordinate space density operators [60,

pages 71-77]. This in conjunction with the fact that
[Rg, Ry) = [Rg, Ry] =0 (6.151)

leads us to believe that we have N independent modes of excitation, each labeled by
an angle, 6.
*Note: In the same way that k is conserved by the interparticle Hamiltonian be-

cause it represents the momentum of the system (or in the lowest Landau level it
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represents the position of the centre of mass of the particles) we expect the angle
quantity, 8, to be a good label for wavefunctions as the combined interparticle and
boundary Hamiltonian will conserve total angle of the system (i.e. the Hamilto-
nian of the system will not cause spontaneous rotations any more than it will cause
spontaneous translations - see appendix H).

*Note: The rotation operators studied here are ideally suited to generating excita-
tions of ground states which are uniform in their large scale features. These operators
can be generalised, though, in order to create excitations of blatantly non-uniform
ground states. The generalised versions no longer have the simple physical interpre-
tation of single particle rotation operators. Indeed their physical action is much more
of a squishy nature and we refer to them as squishy operators - see appendix L.

*Note: It is interesting to notice that the area swept out by one of these Discrete
Jump ANGular excitatiONS (djangons) is equal to

b Q
VA IF (6.152)
where F' = BQ/(h/e) is the total number of magnetic flux quanta over the area of
the system. Hence, in the limit as b — oo we have that the quantised unit of area
associated with these excitations (the area swept out by one djangon) is equal to the
area of one magnetic flux quantum.

*Note: The rotation operators all commute with one another and they are equiv-

alent to one dimensional Fourier density operators in angular momentum space. This

suggests that the bosonisation scheme

Ro = A(6) [aj, n ag} (6.153)
may well be a viable one. The details of this, though, depend on the form of the
Hamiltonian and we do not consider them here.
6.4.4 Rotationally Generated Excited States

The magnetoroton states are suited to a perfectly translationally invariant system.

They are created via linear translations of individual particles. We conjecture that an
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explanation of the physical relationship between the rotational excitations, Ry.v, and
the magnetoroton (translational) excitations is given by the following description.

If we imagine a perfectly uniform and translationally invariant system with the
translational excitations (magnetorotons) as the excited states and if we then add
a boundary potential to the Hamiltonian, we would expect the magnetoroton wave-
functions to be perturbed by this extra term in the Hamiltonian. We could then
imagine that the boundary has the effect of turning the translations of the magne-
toroton aside in order to match the direction of the boundary and the symmetry of
the whole system - see figure 6.4.4.

We therefore conjecture that the rotational excitations are related to the trans-
lational (magnetoroton) excitations of a translationally invariant system via the per-
turbative effect of the boundary potential in the Hamiltonian. We see that this effect
is very much dependent on the presence of a high magnetic field as it is the angular
momentum space representation of the lowest Landau level wavefunctions which led
to the existence of the rotationally excited states. It is also worth noting that the
Laughlin states (on which many magnetoroton calculations are based) are not trans-
lationally invariant but that their existence depends upon the implicit assumption
that a confining boundary potential is present.

In spherical systems (which are topologically similar to translationally invariant
systems) the magnetoroton wavevector (particle displacement) has been identified
with an angular (angular momentum) quantity [45, page 325]. It is not clear what
would correspond to the rotational excitations in such a system - perhaps this same
quantity? or perhaps there is no correspondence as the rotational excitations are very
much a product of the disc topology which is quite different to that of the sphere. We
hope that future numerical work will study the rotational excitations in more detail.
With the finite limited nature of much numerical study we next, therefore, look at

the rotational excitations in small systems.
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FiGURrE 6.1: Translational Excitations Strongly Perturbed by a Boundary. In the
translationally invariant system translational excitations have no problems with the
symmetry of the system. When a boundary is added, however, the translations at the
edge are turned to match the direction of the boundary. This, in turn, affects those
translations further inside the sample, forcing them to turn in the same direction.
This carries throughout the whole system until we have a rotationally generated
excited state (for a circular boundary). That the presence of a boundary can have
an influence throughout the area of the system should not be surprising in a highly
interacting system.
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6.4.5 Finite Systems

The rotationally invariant nature of the Ry.1) states is encouraging as regards gen-
erating excited states for finite system wavefunctions as well as infinite systems. In
a finite system the rotation operator still has all the advantages of the rotational
symmetry and the state Rg.t) will be orthogonal to ¢ for any value of # for which
the Fourier transform of the L space density of i) equals zero. In systems with a
small number of particles, obviously, we have to be more careful with some of our
results which depend on large scale systems like those regarding the density of states
in appendices J and K which apply when density modulations are of a period small
compared to the size of the system (i.e. uniformity in large scale features).

As the most simple possible example, we will study the two particle wavefunctions
which are eigenstates of angular momentum with eigenvalue 4. This value corresponds
to a filling factor of 1/3, although, because of the small number of particles it does
not actually have this density. We can write the most general possible (lowest Landau

level) wavefunction as

1
Vo= (21— 29) (21 — azy) <z1 - EZQ) (6.154)
1
= (2} —25) + (1 +a+ 5) (2125 — 2122) (6.155)
2220 1 2 2
= |77 +<1+a+—) L (6.156)
zf’ zg « z% z%

where the wavefunction is necessarily of the two particle interaction form as there are
only two particles. We can readily calculate the overlap between this state and the

rotationally excited state Rg.1),

(|Rol)  3a+b|l+a+ |

6.157
W) 3+flrasil (0457

where

a = e 0 e =14 48 (6.158)
b = ey e =g 4 o? (6.159)
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where

r=e" (6.160)

So we see that the overlap is zero if and only if

3+ Az + Ax* +32° = 0 (6.161)
) (6.162)
(z+1)(B2°+(A=3)z+3) = 0 (6.163)
\ (6.164)
(x—e™@Bx* +(A-3)2+3) = 0 (6.165)
where A = ‘1—|—a+§}2 )
The other two solutions for x are given by
3—A A2 —6A—27
T c 2 (6.166)
3—A \/—A2+6A+27
= + : 6.167
6 36 (6.167)

For values of A > 9 the solutions for x fail to have the property |z| = 1 and hence are
inconsistent with the Ry operator. These values of A can be easily dealt with using the
generalised operators of appendix L but we shall not consider them here. Restricting
A <9 is equivalent to putting o = € (i.e. making 1 a rotationally generated state)
which straightforward calculation readily shows guarantees the condition || = 1.
Therefore we see that the rotation operators can create orthogonal states for any
rotationally generated ground state.

For the wavefunction of uniform density,
= (21 — 2y) (zl — eiquQ) (zl - 6_i¢32> (6.168)
with cos ¢ = % so that ¢ = 1.196 radians,

the Ry operator produces a zero overlap for § = 7/2, 7 and 37/2. The 7 state is
actually equal to zero as R, is an eigenoperator of the above ground state, as is

consistent with appendix I. This means that the L space structure factor is zero
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for this state. This makes sense physically as the wavefunction is made up of two
Slater determinants, one where the particles are separated by 1 in L space and one
where they are separated by 3. They are never separated by 2 which is the period
corresponding to a frequency of w. The other two states produced are are on either
side of the eigenoperator and are equal to one another apart from a phase factor.
Therefore there are two distinct rotational modes for this ground state, Rg.¢0 = ¢
and R, /.1 as we would expect.

We see, then, that the rotationally excited states (and, most certainly, there gen-
eralised versions) are potentially good variational excited wavefunctions for finite
systems as well as infinite ones. We believe that, therefore, these rotation operators
may well prove fruitful in the study of quantum dots which can be modeled as a finite

number of electrons in a rotationally invariant system.

6.5 Summary

We studied the possibility of generating excitations of the system (mainly considering
the ground state to be one of the rotationally generated wavefunctions of last chapter
- but we did briefly discuss the generalisation to arbitrary wavefunctions) which were
compatible with the rotational invariance of the system. We discovered a set of
rotationally generated variational excited states which were shown to be potentially
interesting for the study of finite systems (such as quantum dots) as well as the
more 'normal’ infinite systems. We also discussed a generalisation of the rotational
operators which were applicable to any arbitrary wavefunction whether it was uniform

or non-uniform in its large scale features.
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CHAPTER 7

Summary

We have proposed a set of sum rules which the projected correlation functions must
obey. These may be useful as checks on numerical calculations of these functions.

We studied the possibility of constructing a bosonisation scheme for the projected
density operators in the lowest Landau level. We suggested a bosonisation which was
an exact solution of the commutation relations and discussed an approximation which
allowed calculations to be made within the scheme.

We examined the possible ground states of the system and suggested a set of
variational wavefunctions which, we believe, will have lower energy than the Loughlin
wavefunction for sufficiently soft potentials. We also showed that the exact ground
state of the idealised system will be one of the rotationally generated wavefunctions
for sufficiently repulsive electron-electron interactions.

We proposed a set of variational excited states which we believe are particularly
well suited to the symmetries of the system. We discussed their applicability to finite
as well as infinite systems and we suggest that they will be particularly well suited

to the study of quantum dots.
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APPENDIX A

Sums and Integrals

We often use summations over discrete sets of vector indices for all sorts of symbolic
manipulation and we also prefer such a discrete picture when thinking about the phys-
ical processes involved - unfortunately in order that any calculation can be performed
these summations have to be replaced by integrals. It is not only for technical conve-
nience that integrals are to be used over summations - it is that the difference between
summation over a discrete set and integration over a continuous one represents the
difference between a finite system and an infinite one. This appendix shows how the
integrals are constructed and why it is still sensible to carry out manipulations using
summations as long as they are replaced by integrals at the end of the calculation.

We start with the potential Hamiltonian for N electrons on the z,y plane,
1
V= §Zv(n —75), (A1)

where v(r) is the interaction potential between two electrons separated by r. We
rewrite this as
e 1
V=3 Z o(rs = ;) = 5Nv(0). (A.2)
27‘7

The last term is a constant and we ignore it (even if it is infinite). Now, we consider
the system of electrons to be contained within an area of size {2 and therefore there is
some maximum distance which any two electrons can have from one another (i.e. for

a circular area no two electrons can have a separation greater than the diameter of
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the circle). We are therefore able to replace v(r) with any other function which has
the same value as v(r) over all the region of r corresponding to the electrons both
being confined to the area. We therefore extend v periodically and expand it as a

Fourier series in a wavevector q.
(,_ ) — l 5 ol =T
v(r; —r;) = q Vet e
q

where 9, = /dQT.v(r)e_iq'r.
Q

(A.3)
Now, we can rewrite the Hamiltonian as
1N
vV = E Z Z @qezq.riefzq.rj
ij o aq
LI P
= 50 Z VqPqPq-
q
(A.4)
Where the set of points at which v, is defined forms a grid in ¢ space with a density
of states
Q
= — A5

In order to consider the infinite system we now allow €2 to tend to infinity (the whole
z,y plane). In this limit p.d?q is the number of grid points contained in the element

of ¢ space, of area d?q, and we obtain for the Hamiltonian:

1 -
V= @/dzqﬂ(Q)Pj}Pq- (A.6)

This procedure is quite similar to that which quantum field theorists use to quantise
free particles (which have a continuous range of allowed momentum). They put the
particle in a box of finite volume (area in 2D) so that the particle has only a discrete
set of allowed momentums which forms a grid in ¢ space, which gives a density of
momentum states, which in turn allows integrals to be defined in the limit that the

volume becomes infinite and the momentum range becomes continuous. The density
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operators ,025 are shift operators for the total momentum of the many body system
and what we have done is equivalent to putting the whole system in a box of finite
area so that its total momentum is quantised with a density of states in ¢ space and
then finding the integrals for the true continuous range of momentum in the limit
that the box is infinite.

Sometimes we wish to define a set of raising and lowering operators ay, az for a
set of independent modes labeled by k. Consider, first, the case of a system of finite

area ) where, from above, the Hamiltonian is
LI P
Vo= 20 Z VqPqPq
q
_ 1
_ S(a\ato
Vo= 552 i@l
q

(A7)

where the allowed values of ¢ form a grid in q space. Therefore it is only for those
values of ¢ corresponding to grid points that the operator ﬁ(g has any relevance to the
energy of the system. Therefore when we seek to write ﬁj] as some series of raising and
lowering operators we expect that it is only possible (or at least sensible) to do this
for values of ¢ which lie on the grid. We expect that the modes labeled by this ¢ must
then also correspond to a discrete set of values lying on this same grid. Therefore we
can consider these modes, when we take the limit of infinite area, in exactly the same
way as before, with the same density of states as calculated above. This allows us to
express summations of these raising and lowering operators as integrals in the limit of
infinite area. Quantising the modes in this way has the same effect as it would have
done had we considered a single quasiparticle and quantised its possible momenta in
the standard way, imagining it to be a single particle.

Therefore we can always construct our algebra in terms of summations over the
grid points in ¢ space (whether over the Fourier components in the Hamiltonian or
over the quasiparticle modes) as long as at the end of any calculation we take the

limit of the area of the system going to infinity, which has the result that we can
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simply replace all the summations with integrals according to the rule:
1 1 9 A

and in order to remain consistent we must replace Kronecker deltas in the summation

notation with Dirac deltas in the integrals according to:

472

q 0 (k—aq) (A.9)

5k,q ?
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APPENDIX B

Relationship Between Powers of u and p

Using the fact that

[0, 2] = k" (B.1)
so that
Oz = 20 + ko (B.2)
and writing
S L (B.3)
— (20" 4+ md) 2 (B4)
= (20 +m)omtym! (B.5)
= (20+m)(z04+m —1)0"2zm2 (B.6)
: (B.7)
= (1420)(2+20)...... (m+ 20) (B.8)
= T]G +=0) (B.9)
i1

we prove the required result.

This can also be seen, more directly, by studying the single particle basis states
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of the lowest Landau level,

(@) — Wz" (B.10)
= n+m)n+m-—1)...... (n+2)(n+1)2" (B.11)
= (m + z&)(m -1+ Z@) ...... (2 + Za)(l + z&)z” (B.12)
_ H(j+za), (B.13)

which is also a proof, as the 2" states form a single particle basis for the lowest Landau
level.
We can also use the single particle basis states to demonstrate the convergence

O™ +— (20)™ as N — oo. Consider

omzm (m+n)!

e (B.14)
_ (% N %) <% N %) ...... (R+m)en (B13)
_ <%>mzn (B.16)

- (%)mz” (B.17)

where we have assumed that m is finite and N — oco. The n terms do not disappear

because Nyqp ~ V.
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Sums to Integrals

Consider the Riemann integral

a n—1
/ f@)ds e S fa)A
0 i=0
as n — 00
where z; = 0 +iA, A = ** and z,, = nA.
We therefore have that

1 n—
/ 2Mdr =Y (JA)™A
0

which, putting A = 1/N and n = N, becomes

1 N-1 ] ml
My — J -
=2 (7) 5

J=0

N—-1 j ml_ $m+1 1_ 1
N) N [l+m], 1l4m

j=0

and therefore

for any finite m as N — oo.
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(C.2)

(C.3)

(C.4)

We can examine the condition under which the convergence of the summation

and integral occurs in more detail. In order for the summation to be an accurate

representation of the integral we need to know that the value of f(x) does not change

significantly over the distance A, i.e.

f'(@)A =0,

(C.5)
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which for f(z) = 2™ means
ma™ A — 0. (C.6)

Since we know that 0 <z <1 and A = 1/N we have the condition

% 0. (C.7)

Therefore, as long as this condition is satisfied we can replace the summation with

the integral as above.
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APPENDIX D

Linear Decomposition of Angular
Momentum Eigenstates for Two-Particle

Interaction Wavefunctions

We know that any wavefunction with a bounded 7., (i.e. centre z = 0, finite

density) can be written in the form of equation 5.129,
’QD = Pz(zz) = AB (Zz — Azl) . (ZZ — AZQ) ....... (Zz - AZ ) (Dl)
where each Az = A;—(Zl, Ry v vy Rim1y Ridls e~y ZN) s

A symmetric/antisymmetric two particle interaction state (one which in the clas-
sical plasma picture represents a system where the electrons interact via a two body

force) can always be written in the form
w = H¢(Zi,2j). (D2)
i<j
For the antisymmetric case we can write this as
v =]]G—2) [ X 2) (D.3)
i<j i<j
where, because of the fundamental theorem of algebra (above) and the symmetry of

the wavefunction, the X(z;, z;) must be a polynomial in z; (and z;) of degree m — 1
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(where m is an integer). Because there are N — 1 pairs of particles which include z;

this means that n,,,, = m(N — 1) and because €2 = 27,4, we have that

1 N
- D4
mN—l ( )

which are, of course, the Loughlin fractions (the Loughlin states only have a filling
factor of 1/m in the limit as N — o00). This means that it is only possible for the
wavefunction to be a two particle interaction state when the filling factor has one of
the Loughlin values. We have good reason for believing that this particularly simple
form of wavefunction only being possible on the Loughlin fractions is not a coincidence
- see section 5.6.

For the whole wavefunction to be an eigenstate of angular momentum X(z;, z;)
must be an eigenstate of angular momentum of eigenvalue m — 1 (this fact has the
added effect of making sure that ¢ has an angular momentum eigenvalue which is
consistent with a state uniform in its large scale features).

JFrom symmetry we must also have that
X(ZZ‘,ZJ') = X(Zj,Zi>. (D5)
We can, therefore, write

X(zi,25) = 2 @z 4 420 (D
( Nz = f2(z5)) - (2 = fn-1(25)) (D
= (3 —fl(zz'))(zg fo(z) - (25 = fm-1(2)) (D.
( 2)) (2 = f3 1 (2) - (25— fata(2) (D

where we have made frequent use of the fundamental theorem of algebra and the
symmetry properties of the many particle wavefunction.
We now want to solve for the functions fr. We have that (where the ' denotes

a summation where the different indices never take the same value and different
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orderings are not repeated)

/

Y hz) = —arz (D.10)

k
Y hGE)AGz) = @ (D.11)
(D.12)
Z Jrr(25) fro(25) - fr(25) = (=1)"g2]. (D.13)

ki,k2,....kr

The fundamental theorem of algebra tells us that these equations have a unique
solution for the values of each fi(z;) for every value of z;. Hence we know that a
unique solution always exists for the functions f; (unique up to reordering, of course).
We now only have to find one solution to know that we have the unique solution. We

put the substitution fi(2;) = axz; into equation D.10 to obtain

/

Sa = —a (D.14)
k

/

Zakal = ¢ (D.15)

k,l

(D.16)

/

Z A, Ay - - - O, = (—1)"gp. (D.17)

k1,k2,y. . kr

The fundamental theorem of algebra tells us that a unique solution always exists for
the ay 's in these equations (see, for example, [61, pages 73-74]). This means that we

can always write (i.e. rewriting equation D.6)

X(zi,25) = bzt 1—{—...—1—2’;71_1 (D.18)
= (ZZ —a12) (% — agz;) ... (2 — am—125) (D.19)
= (2 — alzl)( —as%;) ... (2j — am—12;) (D.20)
= (2 — —zz)(z] a%z,) (7 — aml_lzi). (D.21)
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We see that the f; functions are simple linear multiplicative operators. We also see

that when m is odd we have

(m—1)/2 ]
X (2. 2:) — o Y _
(2, 2;) H (2 — anz;) (2 an %) (D.22)
h=1
and when m is even we have

(m—2)/2 ]
X (2i,25) = (2 + 25) H (zi — anzj)(zi — —24) (D.23)

h=1 &h

because 'multiply by one’ is the only linear multiplicative operator which equals its
own inverse.
By putting our expression for X back into the equation for i) we see that the claim

made in the text is justified.
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APPENDIX E

Convergence of powers of u and p

Consider (from chapter 5)

==
Z‘H
3
R
3
=3
I
=~

ﬁ (2;0; + k) (E.1)

14 2;0;)(2+ 2;0;) ...... (m+ z;0;). (E.2)

f;

==
Z‘H Z‘H



E. CONVERGENCE OF POWERS OF U AND P

159

Now, multiplying out the brackets allows us to rearrange the projected average u™

operator into the form

N amom N
lz i iz (295)
NZ Nn T N4 e

N
1 o amei(m) (20;)™ !
* N; N Nm-1
Ly amea(m) (20)™
N ‘ NQ N’m 2
7j=1
+
N iiocz(m) (20)
N & Nm=2 N2
1 <x ar(m) (20;)
- 1 Y3
- szl Nm-1 N
N
1 ap(m)
+ N; N

amz" = ﬁ 20+ 7)

Because 20 is always positive we then have

(zO)™ < ™2™ < (m+20)"

(where the equality only holds for m = 1). Using the binomial theorem,

e = 3 () o

r=0

2. m—1

1
= n"+mn" + §m2(m — ™4 ,

(E.3)

(E4)

(E.5)
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we see that
1 al 1 al
whenever %2 — 0.
We can see that mWQ — 0 is a necessary as well as a sufficient condition for the

convergence of these two operators by noticing the fact that

Qo1 = 14+243+...... +m (E.10)
1
= §m(m+1) (E.11)

. 2
so that convergence does not occur if %= /4 0.

We therefore see that
N 1 N
Z ' = wom Z(ajzj)m (E.12)

if and only if %2 — 0.
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Accuracy of Truncated Series

Put

S:ixm—i— i Tom
m=0

m=n-+1
where we have chosen

n =ex

where € is taken to be a large number. We have

Tm41 < Q
Tm |~ IMm+1
so that
Tm+1 < Q
T, - In+1
Q
<
T lea+1 ‘
1
<
€
1

= |[Tpq1] < —|ag

161
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Therefore, we know that

[eS) S
> Tm| S D fwml
m=n+1 m=n+1
0 1 k
< llY (3)
k=1
1
S |mn|_
€

where we used

k=1

We also have, using Stirling’s formula for the factorial, that

«
E S ey
n!
1
< m
V2mn (g)
< 1.
We therefore have that
- 1
> <
€
m=n-+1
which proves the desired result, i.e. that
o n 1
==Y
m=0 m=0

where n = ea.
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(F.10)

(F.11)

(F.12)

(F.13)

(F.14)

(F.15)

(F.16)

(F.17)
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APPENDIX G

Uniformity of Lowest Landau Level States

We will concentrate on the filled Landau level state since we expect it to be the most
uniform possible state. The other possible lowest Landau level wavefunctions will not
be more uniform than this one. The density of the filled Landau level state is (in
particles per unit area)
b
1 u™
S — e G.1

where b = n,,, is the measure we have used to represent the extent of the system
(b= N —1 for the filled Landau level). We will justify the use of this measure in this
appendix.

We define the quantities

A(u) = 27 [p(0) — p(u)] (G.2)

and

d(u) =1—A(u). (G.3)
These quantities measure the deviation of the density from the expected uniform
value of 1/27.
Inside b

We begin by considering values of u < b. We write

Afu) = ( 3 %) e (G.4)

m=b+1
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Now, we know that the series ratio is given by

Tm41 u u
= <1 G.5
Tm m+1|~ [b+1 (G5)
where the inequality holds for all v < b. We then have from appendix F that
u ub u ub
—e "< Au) <2 —e . G.6
b+10° (W) <235 (G.6)

We wish to study the limit as b is very large, so we use Stirling’s formula

bl ~ V271b (bb) (G.7)

eb

to rewrite the above as

ube™  ube el
X = = ) G.8
b! V2P (G-8)
We now put
u=(1-p)b (G.9)
to obtain
elin(1=p)+5]b
X=— (G.10)
2mh
If we expand the power in the exponential, using
1 1
1n(1+33):x—§a72+§a:3—... (G.11)
we obtain
1
[In(1—B)+ plb = —5525—.... (G.12)
We see then that the value
B=-L (G.13)

Vb

marks the boundary between X exponentially tending to zero as b tends to infinity

and X tending to a constant over v/b. We therefore have, from equation G.6, that
u" Alu) -0 for u<(1—p)b (G.14)
and
u" Alu) A0 for u>(1-pP)b (G.15)
where = % and v is any constant parameter.

We, therefore, see that the system behaves as if it is uniform up to a value of u =
(1 — )b = b — Vb and is non-uniform between this limit and v = b (in the limit as

b — 00).
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Outside b

We now consider the case when v > b. We write

S(u) = 1 — Au) = 2mp(u) = <Z “—":> = (G.16)

If we consider the series ratio

Tm—1
T,

b
u

- ‘%’ <|2l<1 (G.17)

where the inequality holds for all u > b. We have then, from appendix F, that

u u o,
e < d(u) < 2ae . (G.18)
Again, using Stirling’s formula (for large b), we have
ub ube vl
X=—e"= . G.19
b! vV 27hb? ( )
We now put
u=(14+75)b (G.20)
and obtain
¥ eln(1+8)—plb (@.21)
o Vomb '
Now, expanding the power in the exponential gives
1
In(1+8) — 5lb= —552b+.... (G.22)
and we again see that the value
B=-L (G.23)

Vb

marks the same boundary as it did before. We therefore have, from equation G.18,
that

u".o(u) =0 for wu>(1+pP)b (G.24)
and

u".6(u) A0 for u<(1+p)b (G.25)
where = % and v is any constant parameter.

We, therefore, see that the system behaves as if it is uniform for values of u >
(1+ )b = b+ ~vvb and is non-uniform between this limit and u = b (in the limit as

b — 00).
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Uniform and Non-Uniform Regions

We see that (in the limit as b — oo) the system is uniform from u = 0 up to (1 — /)b,
non-uniform between (1— )b and (1+4")b and uniform from (1+4’)b upwards (where
B =~/vband 8 =~'/vb). This means that the system has a non-uniform region of
width \/l;(’y + /) in u space. So we see that the non-uniformity of the system starts
at periods,

T~ —, (G.26)

-

and is present at all periods smaller than this. This corresponds to the non-uniformity

being present for all u space Fourier frequencies

27
0 = - ™~ N (G.27)
and above. This is exactly what we found in our analysis of Sy.
A width in u space of v/b corresponds to a region of the system of area v/b. In
normal coordinate space this region is an annulus of finite width around the perimeter

of the system.
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APPENDIX H

Angle in the Lowest Landau Level

We made the correspondence

1 n/ —
Op = \/mz (L —n) (H.1)

between wavefunctions in the lowest Landau level complex coordinate space and those

in angular momentum space. These states are the eigenstates of angular momentum

which, in L space, is simply a multiplication operator:
L.6(L —n)=n.d(L—n). (H.2)

The canonically conjugate operator to L, the L space momentum, is —d;, and has

the commutation relation

[—i0p, L] = —i. (H.3)
We treat these operators in exactly the same manner as we would treat the operators
x and p = —id,. The eigenstates of the L space momentum are e*” so that
—i0p.e"" = geit* (H.4)
and
. N
et :nxLﬂ;Ioo (L — n)dn. (H.5)

0
These eigenstates do not belong in the lowest Landau level as they require the inclu-

sion of 0(L — n) states with non-integer values of n. Another way of seeing this is to
note that the eigenstates of —idy, are continuous functions which are non zero over

the whole range of L and hence do not have a polynomial factor.



H. ANGLE IN THE LOWEST LANDAU LEVEL 168

We project these states onto the lowest Landau level by noting that the state
d(L —n) belongs in the lowest Landau level if n is a natural number and it is not in

the lowest Landau level if n is anything else. We therefore obtain a set of states

Vo = —n) (H.6)

iOn
\/1+nx Z oL

which are contained within the lowest Landau level.
We can write these states in the complex coordinate space representation using

equation H.1 as

_ e~ g H.7
Vo= e 22% ¢ (H.7)
where we have introduced the minus sign for future convenience.
We see that the parameter defining these states is periodic,
Vorark = Vo, (H.8)

because all the n in equation H.7 are integers.
We see that these states form an orthonormal set,

Ny

(Wolds) = 70 > el = 57, (H.9)
T n=0
as long as
2T .

and similarly for ¢.
We see that they form a complete orthonormal basis by noting that each of the ¢,

basis states can be written as a superposition of the 1y states,

i0m
m 9, H.11
¢ m Z Ve (H11)
where the summation over 0 is over the values
2T
=60 = ; H.12
I T 1] ( )

for 0 < j < ny,
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so we have that

2T
Y ey, (H.13)
V1t n, 6=0

1 =
= (H.14)
T 0

.- 1 .- 10;(m—n

- e 15
n=0 T =0

= ) 6ron (H.16)
n=0

We therefore have that the 1y states are a complete orthonormal basis for the
lowest Landau level (which can be obtained from the ¢, states by unitary transfor-
mation - as above). This means that we can define an Hermitian eigenoperator for

these states by
b= a0yl (H.18)
0

so that
0.1pg = 0.1y, (H.19)

We have that

1 L
- N H.20
¢0(2> m;¢ (Z) ( )
1 L 1 L2
= ne~1l4l H.21
V1+n, ; \/27r2”n!2 ‘ ( )
and
volz) = ;ie—i% (H.22)
V1+n, — " '
_ 1 S 1 —ifn n _—1|z|?
SRV e Shvor (H.23)

= Yoe ). (H.24)
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This shows us that the state 1y is simply the state ¢, rotated by an angle 6. Clearly,
we see that, in general, rotation of the state i)y by an angle ¢ produces the orthogonal
state 1p14. We therefore see that the 0 operator defined in equation H.18 is, in fact,
an angle operator - where the angle is measured relative to the orientation of the g
state which, of course, depends on the choice of coordinate system. Once a coordinate
system has been chosen, though, the 0 operator is an absolute measure of angle in
the lowest Landau level. We will refer to 6 as the angle operator.

We see from the relation

€770 4hs = g1 (H.25)
that the rotation operator,
N N
Ry = Z e ki — Z e~ 029 (H.26)
j=1 j=1

is a shift operator for the total angle,
N
0=">"0;. (H.27)
j=1

We expect, due to the central nature of the interparticle forces, that the Hamilto-
nian of the system will conserve the relative total angle and hence the angle label on
the rotation operators is a good quantum number and hence the 6 label on the states
Ryt is a good one for labeling eigenstates of the Hamiltonian.

We also note that the i states are well suited to extension in the infinite limit,
1.e. We can write

Lim

Yo =ngy — 00 (H.28)

1 A
v1+ng ; e on
and so produce a complete basis for the lowest Landau level in the limit of infinite
area. Following the discussion of sections 5.5.7 and 5.4.6 we suggest that the 1y
basis would be suitable for studying systems which have no boundary (certainly more
suitable than the ¢, basis).

It would be interesting to write the angle operator in terms of z and 0 and then
to see if we can write the Hamiltonian in terms of the angle and angular momentum

(radius) of the particles. Such an analysis has not been considered here.
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APPENDIX I

Zeros in the L Space Structure Factor

For the Slater determinant state with v = 1/« the Fourier transform of the L space

density is zero whenever
27
= i L1
b+ o’ (L.1)

For a completely uniform state in L space the Fourier transform is zero whenever

2

0 —
b+1

j. (1.2)

For states with L space densities between these two extremes, the zeros will start
at equation 1.1 and they will be shifted slightly as the state is changed to have a
more uniform spread of angular momentum (by the process of conservation of zeros
- appendix K) until it is completely uniform and we have the distribution of zeros in
equation [.2.

For the L space structure factor to be zero Ry must have an eigenvalue of zero for
every Slater determinant state in the expansion of ¥, including the 1g; states. We see
that this will only happen when 1) = 1g;, as we would expect (i.e. rotating a single
particle is not going to make a difference to the 1g; states as they are each symmetric
under rotation of individual particles and represent non-interacting systems. There-
fore we do not have to worry about the possibility of the L space structure factor
equaling zero and spoiling the orthogonality of our excited states with the ground

state.
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APPENDIX J

The Cut Off in the Rotational Excitations

If the L space density has a modulation of (maximum) period T then the Fourier
transform of the density will have a peak at § = 27 /T. As long as T is finite then the
density of zeros in the Fourier transform will remain (nearly) the same in the region
between 0 and 27 /7" by the arguments in appendix K though the positions of the zeros
will be slightly shifted (depending on the detailed shape of p) by the interference of

the convoluted terms fixed on every delta function in the Fourier transform.



173

APPENDIX K

Conservation of Zeros

Consider two continuous functions, f(¢) and g(t), each of which have the have the
same period of zeros and oscillate between positive and negative values. The sum
of these two functions, f(t) + g(t), will have at least as many zeros as the original

functions.

FicUuRrE K.1: Addition of Periodic Functions

Consider figure K.1. At point a the sum of the functions must be negative whilst
at point b it must be positive. Therefore the sum of the functions must pass through
zero somewhere between these two points. We see that every time there is exactly
one zero of the first function in-between two zeros of the second function that the
sum of functions must have a zero in the near vicinity (i.e. within a period).

Indeed we see that this argument works even when the two function are of slightly
different periods as a zero is still created every time exactly one zero of the first

function lies between two zeros of the second function. In this case the density of
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zeros of the summed function will be at least as much as the original function with

the lowest density out of the two.
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APPENDIX L

Squishy Operators: Generalisation of
Rotational Excitations to Arbitrary

Wavefunctions

We have mainly considered the rotational operators

N

Ry=>Y e (L.1)

j=1
and discussed them in the context of creating excitations of ground state wavefunc-
tions which are uniform in their large scale features (i.e. any departure from unifor-
mity in the L space density is periodic and of a period small in comparison to the
extent of the system, b).

In this section we will discuss a generalisation of the rotation operators which
will enable us to generate excitations of any arbitrary wavefunction - whether it is

uniform in its large scale features or not. We define

R, = Y el (L.2)

=1

_ Z ef(a+i9)L]~ (L3)
j=1

=

where a = 0416 is a complex number. For o = 0 this operator is simply equivalent to

the rotation operator. For non-zero o, though, it is no longer simply a single particle



L. SQUISHY OPERATORS 176

rotation operator. We see from

_ _11,2 _ i n _11,2
e aLZne 112l — o0 (6 ZG'Z) e 712l

(L.4)

that if it wasn’t for the Guassian term on the end this would be a rotation plus
expansion/contraction operator. Because of the form of the lowest Landau level
states, though, the action of the operator can be divided into two parts. The first
part is just the rotation caused by 6. The second is the selective weighting of different
single particle basis states in favour of large (small) values of L (i.e. radius and u)
when o is negative (positive). The R, operator commutes with all the same operators
as the rotation operators and hence it cannot eliminate L values in a state nor can
it create new L values. But, by reweighting the Slater determinant basis states in a
wavefunction it squishes the system up against its outer perimeter for negative o and
squishes the particles in towards the centre for positive o. For this reason we refer to
these operators as squishy operators.

The rotation operators were seen to be the Fourier density operators in L space.
The squishy operators are, in fact, the simple generalisation of this, they are the

Laplace transformed density operators in L space. Consider

Ry, = Y el (L.5)
— /Ooe_aLZ(S(L—Lj)dL (L.6)
_ /0 ek (L)L (L.7)
= Lalpr(L)] (L8)

which shows that R, is the half range Laplace transform of the L space density
- the natural generalisation of the Fourier transform which represents the rotation
operators.

The R, operators are not going to generate uniform excitations from uniform
ground states except when o = 0. They are capable, though, of generating orthogonal

excited states from any arbitrary ground state (finite or infinite). To see this, consider
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a ground state with any arbitrary density distribution in L space,

WloL(L)[) = amd(L —m), (L.9)
so that
(YIRal)) = Lalpr(L)] (L.10)
b
= ) ape ™ (L.11)
= zb: am 2" (L.12)

where z = e~ .

This is simply a polynomial in z of degree b. Therefore by the fundamental theorem
of algebra we know that (R,) will have b zeros - i.e. b states (i.e. b values of «)
which have zero overlap with the ground state. Of course, it is possible that many of
these states will be equivalent to one another and that some may have a zero modulus
but we would still expect that this method would generate genuine excited states for
many values of a.

*Note: This method works for finite as well as infinite systems.

*Note: Our arguments in appendix K can be seen to be equivalent to saying that
for a system which is uniform in its large scale features (as discussed above) that the
a,, coefficients, which describe the angular momentum distribution, will be such that

the polynomial
b
Z A 2™ (L.13)
m=0

will have (nearly) b zeros which lie on the unit circle, |z| = 1.
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APPENDIX M

Effect of a Finite Period Modulation in

Density on the Average Powers of u

Counsider the case where
p(u) = po(u) + p1(u) (M.1)

where pg is the density of a system with uniform density and p; is a periodic modu-

lation in the density of period 7. We know that

/v+ p1(u)du =0 (M.2)

and hence over one period the area of p; above the zero axis must equal the area
below the axis. We call this area w.

Now, consider the integral

b b
ﬁ/{) pu)u™.du = #/0 [po(u) + p1(u)] u™.du (M.3)

which will equal the value for that of a uniform system if

1 /b
—— | pr(w)u™.du — 0. M.4
ot [ @ (M.4)

We know that

v+T
/ p1(w)u™.du

< (v+T1)"w—v"w. (M.5)
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Since u™ has an always increasing gradient the largest slope in the range of integration

occurs at the end of the range. Therefore

v+T
/ pr(w)u™.du| < m(v+T)" 'Tw.

We now have N
< mw Z(jT)m_lT

J=1

b
/ p1(w)u™.du
0

where n = b/T. But by considering the graphs we see that

b n b
/ u" du < Z(jT)m_lT < / (u+T)" du.
0

j=1 0

We now have that

b b
/ pr(w)u™.du| < mw/ (w+T)" du
0 0
< wb+T)" —wI™
<

Tm
1+ ) .
o (1+5)

Hence we see that

1 b
— | pr(uw)u.du
’Nm+1/0 1(u)

b T\™

(M.6)

(M.7)

(M.9)
(M.10)

(M.11)

(M.12)

as b — oo whenever w, T and m are finite. We see then that any finite modulation of

the density of finite period still produces a system which is uniform in its large scale

features.
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Solving the B Equations

The B equations are

B(k,h) = B*(~k,h + k)

and

B(q,h).B(k,q + h) — B(k,h).B(q,h + k) = ¢(k,q).B(k + q, h)

where

Qb(k,Q) = €2 —6%

kA
= Zie%k‘q sin (Tq) .

We make the substitution (without loss of generality)
B(k,q) = 22’6_%%'21)(1{:, q)
so that the B equations now become
b(k,q) = =b"(—k,q+ k)

and

Nq

b(q, h).b(k,q + h) — b(k, h).b(g, h + k) = sin (kT) bk + ¢, h).

We now proceed in several stages.
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(N.5)

(N.6)
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Step 1

We put ¢ = —Fk into equation N.7 and use equation N.6 to obtain

b(—k, h).b(k,h — k) — b(k,h).b(—=k, h+ k) = 0
—b(—k, h).b*(—k, h) + b(k, h).b*(k,h) = 0
= [b(k,h)| = [b(—k, D)

Yk, h.

Step 2

We now use the last result along with equation N.6 to obtain

= |b(k,q+ k)|
= |b(k,q+ 2k)|
b(k,q)| = |b(k,q+mk)|

Vk,q and Vme Z.
Step 3
We put k = ng into equation N.7 to obtain (where n is an integer)
b(q, h).b(ng,q + h) — b(ng, h).b(q, h + ng) = 0.
We then use the last result to write
b(g, h +nq) = e”.b(q, h)

and hence obtain
b(ng, g + h)| = |b(ng, h)|.
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(N.17)

(N.18)

(N.19)
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We now substitute & = ng to get
1
|b(k, h)| = |b(k,h + ﬁk)l (N.20)

We then use this result repeatedly to obtain

ok, a)] = [b(h,q+ k) (N.21)
_ bk, {q + %k} + %k) (N.22)

= |b(k,q+ %ff)l (N.23)

= [b(k,q+ %k)l (N.24)

(N.25)

blk.q)| = [blk.g+ k)| (N.26)
b(k,q)| = [b(k,q+ ak)] (N.27)

Vk,q and Vm,n€ Z and Vae Q.

The rationals are an everywhere dense set in the reals [62,63] and hence in order for

the b functions to be continuous or in any way physically sensible it must be true that
b(k, q)| = |b(k, q + ak)] (N.28)
Vk,q and Vae'R.

This means that the b function depends only on k£ and that part of ¢ which is

perpendicular to k. We can therefore write, without loss of generality,

b(k, @) = [b(k, k A q)l. (N.29)

Step 4

We now make some physical assumptions based on the expected symmetry of the B
coefficients. The B(k, q) coefficients depend on four variables: |k, |q|, 0 and 6,. We
make the isotropic assumption that the coefficients do not depend on the orientation

of the £ and ¢ vectors separately but only depend on the angle between them, 05, —0,,.
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This means that the coefficients, and hence the b(k, ¢) functions, can be written as
functions of the variables: |k|, |¢|, k.q and k A q. Now, we see from the last result that
the only ¢ dependence in b(k, q) comes from k A ¢ and so this means that |b(k, q)| is
a function of |k| and k A ¢ only. Further, we see by considering equation N.7 that
if b(k,q) depends on |k| that this introduces a k.q dependency on the right hand
side which cannot be matched on the left hand side. Therefore there can be no |k|

dependency. This means that

[b(k, )| = |b(k A q)- (N.30)

Step 5

Strictly speaking most of our results only refer to the modulus of the b function. We
will assume that they refer to the whole function and worry about the phase later.
Equation N.7 can now be written as
. qAh b kA (q+h) b kA b gN(k+h) — kAq b (k+q)Nh
2 2 2 2 2 2
(N.31)

where the factor of 2 is arbitrary but we have included it because of the sine term.

We expand b(u) in a Fourier series/transform (we shall use summations but inte-
grals will give the same answer),

b(u) =) e (N.32)

We then substitute this expansion into equation N.31. We see, though, that on the

right hand side the kA ¢ terms can only have the frequencies +1 (the sine term). This
then gives us that

b(u) = a.e™ + c.e”™ (N.33)

where a = —a* and ¢ = —c* from equation N.6 implying that both coefficients are
purely imaginary.

If we then substitute this expression into the equation we find that it is a solution

if and only if the coefficients obey the relations

a®=— (N.34)
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and

These have the four possible solutions

(a,c) = (0,0)

These correspond to

and accordingly

B(k,q) = 0

= —e_%‘kee_i%
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(N.35)

(N.36)
(N.37)

(N.38)

(N.39)

(N.40)
(N.41)

(N.42)

(N.43)

The first solution is trivial and of no use to us (it would mean that there is no non-

zero solution to the commutation equations - i.e. that all the n!* order coefficients

are zero). The next two do not satisfy the finite reliability criterion as they do not go

to zero as k goes to zero. The last one is, therefore, the only solution which satisfies

our requirements.

*Note: If we now try for a solution of the form

V' (k,q) = " D.b(k, q)

(N.48)
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we find that we need
z(q,h) + x(k,q+ h) =x(k,h) + (¢, k + h) = x(k+ ¢, h). (N.49)
Solutions of this are of the form
z(k,q) = e™* (N.50)

where a is a constant vector. We can set a to zero on symmetry grounds (or notice
that it can be swallowed by the raising and lowering operators using the simple unitary

transform a, = e~*c,).
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