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Abstract

Research into a type of quasiparticles known as anyons has been an active branch of research ever since
they where hypothesised to exist in two-dimensional materials in 1977. It was quickly shown that the
modes of the fractional quantum Hall effect exhibit anyonic properties, when the effect was discovered
experimentally in 1982 [1]]. A one-dimensional anyonic quasiparticle called the parafermion, which first
emerged in the area of condensed matter physics in the study of the vector Potts model, displays any-
onic properties by having its exchange statistics obey a Z,-symmetry for some p € N [2]. This exchange
statistics makes the parafermions very interesting to study from a theoretical standpoint. In 2014 [3],
it was furthermore shown that parafermions admit for a Fock space representation, which in turn per-
mits these Fock parafermions to be described by particle number degrees of freedom. This realisation
allows for the construction of Fock parafermions tight-binding models, which has been commenced to
be studied over the last couple of years [4,5].

This thesis seeks to expand upon the literature by developing a field theoretical description of the gen-
eral Z,-symmetric Fock parafermions through bosonisation. Of special note is that the resulting descrip-
tion depends on p — 1 dual bosonic fields. The bosonisation description is applied to the tight-binding
model of the Z3-symmetric Fock parafermions for both single and pair-hopping terms, and it is shown
how the model is a sum of a chiral Luttinger liquid and a Luttinger liquid up to second order Taylor ex-
pansion. Furthermore, the two-point correlation functions of the Fock parafermions are calculated and
it is shown that requiring the model to consist of p — 1 pairs of dual field renders the correct predictions
of the two-point correlation functions as compared to earlier numerical calculations done by Rossini et
al. [4].
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Introduction

Conventional quantum mechanics dictate that two forms of fundamental particles exist, bosons and
fermions [6]. The feature that sets these types of particles apart is the way that the wavefunction of two
interchanged indistinguishable particles behaves. As it is well known, the exchange of two identical
bosons will not change the global wavefunction, whereas fermions, on the other hand, will have their
global wavefunction gain a negative sign upon the interchange. The difference in exchange statistics has
far reaching consequences: one of the biggest is the Pauli exclusion principle that states only one fermion
can be in each state, whereas bosons do not experience such constraint. If we generalise what happens,
we can consider the exchange of the particles as gaining a phase to the global wavefunction. The ques-
tion arises whether this phase has to be real, or if any complex phase would be allowed. Anyons are
exactly such particles, where a complex phase is gained upon exchange of two indistinguishable parti-
cles. The exchange is explicitly done by braiding the particles around each other in a two-dimensional
plane in a clockwise rotation, such that:

Y(x1, x2) = (9, 21) (clockwise rotation) (1)

Notice that there is a notion of chirality built into the system: if the particles where braided in the
anti-clockwise direction we would gain a phase of e~*. From now on we assume all the rotations are
made in a clockwise direction, unless otherwise stated. It is evident that the fermions and bosons can
be explained as special cases of the anyons, where the phase factor is § = 7 and 6 = 2, respectively. As
such the notion of an anyon is more general.

Exchanging the particles twice in the clockwise direction makes the global wavefunction gain the over-
all phase factor of ¢'?’. This observation makes it impossible for anyons to exist in three or more di-
mensions, but they can arise in two-dimensional systems [1]. In 1982, two experimentalists, Tsui and
Stormer, discovered a phenomena in a two-dimensional material subjected to a strong magnetic field,
which would be known as the fractional quantum Hall effect, since a plateau in the Hall conductance is
observed when the filling factor v is a nice ratio [7]. By the "filling factor” is meant the ratio of electrons
in the system to the total magnetic flux quanta. Laughlin discovered that the process can be described
by a condensation of the two-dimensional electron gas into a fractinally charged excited liquid state at
the edges [8]. These edge states were noted by Halperin to be anynonic quasiparticles with fractional
charge [9]. The phenomena is still a major topic of research in condensed matter physics to this day [10].

In this thesis we will study a special subspecies of the anyons called parafermions. What sets the parti-
cles aside from the general anyons is that they arise in one-dimensional systems with the phase achieved
by the exchange of parafermions is a divisor of 2, ie. 6 | 27. Furthermore, the phase does not depend
on the direction of the braiding, but only on the initial relative position of the parafermions. If we denote
the phase 6 = 27i/p, the parafermions display a Z,-symmetry upon exchange. We distinguish between
parafermions of different classes by denoting them Z,, parafermions after their symmetry. Note that the
charge of a Z,, parafermion is fractional at 2e/p, where e is the elementary charge of an electron [5]. The
parafermions arise as modes or degrees of freedom of the clock model, which is a generalisation of the
Ising model with p spin states [2]

The parafermions do not readily allow for a second quantised description [3]. This calls for the creation
of a Fock space version of the parafermions, which are called Fock parafermions. Exactly such de-
scription was constructed by Cobanera and Ortiz in 2014 [3]. Compared to the parafermions, the Fock
parafermions display a particle degree of freedom, which makes it possible to consider the particles by
themselves and to count them.



As we will see, Majorana fermions are a special example of the parafermions, which display a Z,-
symmetry. The Fock space representation of the Majorana fermions are the conventional fermions [11]].
Thus, one way of thinking about the Fock parafermions is that they are to parafermions what fermions
are to Majoranas. This realisation leads us to conjecture that the Fock parafermions are in fact abelian
particles (as the fermions are), as compared to the non-abelian parafermions (Majoranas) [12].

Non-abelian anyonic particles, in particular the Majorana fermions, have shown to be promising candi-
dates for realising topologial quantum computing due to their braiding statistics - something that has
ben the subject of heavy research in the recent years [13]. Parafermions show promising theoretical can-
didates for quantum computation due to their non-abelian nature [14]. Note that the Fock parafermions,
which we will be our main point of interest in this thesis, are not suitable for this purpose, since they
do not seem to display non-abelian properties [12]. We refer to the literature for a study of the braiding
statistics of the parafermions and their possible application in quantum computing [3].

Since the Fock parafermions can be considered as particle degrees of freedom, it makes sense to talk
about them in terms of a tight-binding model, where Fock parafermions are effectively bound to some
sites in a lattice and hopping between sites is allowed. The main work of this thesis will be to treat
such a model of Fock parafermions and to develop a field theoretical approach of describing the system
through bosonisation. Notice that the treatment of this system is complicated by the fact that it cannot
be solved directly through integration or by the way of an ansatz similar to Bethe ansatz [4]. However,
earlier works suggest that the system is a conformal field theory that allows for a bosonised description
(4, 5].

Outline of Thesis

Below we will outline the thesis and account for some of the main conclusions in each chapter.

Chapter 1 The theoretical foundation of parafermions is accounted for on the basis of the article by
Cobanera and Ortiz [3]]. Fock parafermions are introduced, and it is shown how the Fock parafermions
relate to a type of bosonic particle through a Fradkin-Kadanoff transformation. Some physical
models that give rise to parafermions are introduced.

Chapter 2 The chiral Luttinger liquid is introduced and two-point correlation functions of the fields
that constitute the model are calculated.

Chapter 3 The Fock parafermion tight-binding nearest-neighbour hopping model is introduced. Earlier
work has treated this model numerically and we go over the main points of these articles [4} 5].
Of special note is that the analysis shows that the Z3 Fock parafermions tight-binding model will
require two bosonic modes to be described.

Chapter 4 The Fock parafermions are described in the language of bosonisation. As we will see, the
bosonisation of Z,, Fock parafermions requires p — 1 sets of dual bosonic fields.

Chapter 5 The field theoretical description of the nearest-neighbour hopping Hamiltonian of the Z3
Fock parafermions is studied. The newly-defined bosonised description of the Fock parafermions
is utilised in the tight-binding model. It is shown that the bosonisation of the Fock parafermions
yield a chiral Luttinger liquid description up to the second order. Two-point correlation functions
of the Fock parafermion operators are calculated, and it is shown that our description predicts
the correct dynamics of the system when one type of tight-binding hopping is allowed for the Z3
Fock parafermions. However, when both single and pair hopping is allowed simultaneously our
analysis falls short.

Chapter 6 Conclusion and outlook.



Chapter 1

Parafermions

In this chapter we will introduce and study the mathematical foundations of the group of non-abelian
anyonic quasiparticles called parafermions that we presented in the introduction. These quasiparticles
can be understood as a generalisation of the Majorana fermions whose commutation displays a Z,-
symmetry (rather than a Z,-symmetry in the case of the Majoranas).

The original description of the parafermions does not translate to a second-quantisation description,
which is necessary for the particles to exist independently [12]. In 2014, Cobanera and Ortiz constructed
a mathematical description to describe these pseudoparticles over a Fock space [3]. In order to realise
the importance of this description, note that these Fock parafermions allow for a second quantised de-
scription to exist. Such a description in turn allows for the conservation of particle numbers and tight
binding models [4,5]. Compared to the regular parafermions, the Fock parafermions are not said to be
non-abelian, however.

In the end of this chapter, we will discuss a couple of systems in which the parafermions arise and
recount for potential candidates for a physical realisation of the parafermions.

1.1 Weyl Algebra and parafermions

In this section we will see how the Weyl algebra naturally arises as an answer to the problem of con-
structing a finite dimensional representations of the quantum mechanical operators through a discreti-
sation of the space. This is not obvious, since Heisenberg’s canonical commutation relations [X;, p;] =
thd; j1, does not allow for finite dimensional matrix representations [3, p. 33]. To be able to describe
quantum mechanics by finite dimensional representations Weyl suggested considering a discretised
form of quantum mechanics by studying the algebra generated by the translations in position and mo-
mentum space in (1+1)-dimensions:

Vi = eXpilh Ujp = ePXi/h (1.1)
For i,5 € {1,...,M}, where M is the number of particles. Note, the commutation relation of these
unitary operators is:
Vi, Ujp] = €™/, (12)
Now we introduce a (fundamental) lattice spacing a making x and p discrete:
2h
Xm = ma Pn = T (1.3)
pa
With m, n € Z. In this case we may redefine the (fundamental) translation operators:
Vi = eiapi/h U; = ei2mXi/pa (1.4)

Note that we have V;"" = V4, and U;" = U;p,. Commuting the two types of operators yields a
non-standard commutation relation:

ViU; =iV, ViU =w Uit w = e (1.5)



These commutation relations admit the construction of a finite dimensional representation, W, (M), of
the operators V; and U, in a Hilbert space of dimension p™ over the complex numbers, C, such that:

Vi=1l®---@V®---®1 (¢"th position)

g . (1.6)
Uj=1®---0U®---®1 (j'th position)

Fori,j € {1,..., M}. Where the Hermitian matrices U and V are called the Weyl generators with finite
period p, and are defined as the p x p-matrices:

0 10 0 1 0 0 - 0
0 1 0 0 w 0 - 0
0 0 - 0 0 0 w? - 0
V=1. . . : u=1. . . : (1.7)
0 00 1 00 0 - 0
100 0 00 0 - wt
One of the simplest cases of our system, where p = 2 gives rise to a system where w = —1, such that

V = 0% and U = o7, with 0%/ being the pauli matrices defined in the standard way. This fact renders
two observations: First of all, we notice how this fact implicitly shows that the system with p = 2 should
be related to the system consisting of indistinguishable fermions. Second of all, the p = 2 case also hints
at us an important physical interpretation of the Weyl generators V and U as a pair of spin operators: U
is unitary and represents an observable, which corresponds to the spin of a Z,-symmetric spin system,
while V' is a ‘ladder” operator that makes it possible to jump between the different spin states.

1.1.1 Weyl parafermions

Recall that the Jordan-Wigner transformation maps the fermionic spin operators to the creation and
annihilations operators of the fermion [15]. By a Jordan-Wigner-like transformation of our generalised
spin operators, U and V/, it should thus be possible to define a family of pseudoparticles, which we will
denote (Weyl) parafermions. This allows us to define the (Weyl) parafermion operators:

i—1 i—1
j=1 Jj=1

They define an alternative set of generators of the Weyl algebra, W, (1), since we may describe the
original Weyl operators in terms of the parafermionic operators:

i—1 i—1
U, =TIA; Vi=1; H A;‘FJ‘ =T H UJT (1.9)
i1 i=1

These newly defined operators commute as:

FZ‘F]' = wI‘jl"Z- AZAJ = OJAjAZ‘ fori < J

1.10
Fz'Aj = wAjFi for < j ( )

It is important to note that the commutation of the operators would look different were i > j. In this
case we would find the commutation relations to be the following, I';T'; = w™'I';T;, A;A; = w™tAA,,
and I';A; = w™'A,T';. Powers of our operators at the same site tell us:

)P =Q)P=1 ) =@)" (A)F =@y (1.11)

The algebra created by our parafermion operators is known as the generalised Clifford algebra [16].
Specifically for p = 2, the algebra generated parafermionic operators is that of the Majorana fermions:
Recast a; = I'; and b; = iA;, which are two operators that will construct the well known Clifford algebra:

{ai, aj} = 25i,j {b“ b]} = 251’,]’ {ai, bj} =0 (112)

a; and b; are the Majorana fermions when regarded as quantum degrees of freedom [3].



Weyl parafermions in Spatial Dimensions Bigger than One

To define the parafermions in spatial dimensions, N > 1, we need to define some sort of lexicographical
order that each site in the constructed N-dimensional hypercubic lattice goes into. For example for two
dimensions, N = 2, we could define the order:

(1,1) = (1,2) = (2,1) = (3,1) = (3,2) = -+~ (1.13)

This way of counting in a zig-zag pattern is rather special since it allows for a lexicographical order of
non-finite system sizes. Now the parafermionic operators are defined as:

L=V [[Uc Ar=WVil: [ Ux (1.14)

x<r x<r

This construction still obeys the generalised Clifford algebra structure that we have defined earlier. Thus
the operators I', and A, will be parafermions when regarded as degrees of freedom of the system.

1.2 Fock parafermions

In the previous section it was shown how the p = 2 case of the Weyl parafermions are the Majorana
fermions. The Majorana fermions by themselves cannot exist, but appear as quasiparticle edge modes
in a Kitaev chain, due to the collective interactions of the super conducting electrons in the material. If
fermions were the underlying particles that gave rise to the p = 2 case of the Weyl parafermions, it is
natural to ask if particles with a Fock description (be they quasiparticles or regular particles) exist for the
general p case. This question is answered by the introduction of the Fock parafermions. These particles
are defined to have a Fock space representation, which in term means that they are defined through
second quantisation. That the Fock parafermions have a second-quantisation description tells us that
they can exist individually and be used in models like tight-binding models.

We define the Fock space of indistinguishable, independent particles in terms of the following pieces of
information:

1. The state space of a single particle H and its available orbitals;

2. A rule for multiplying N single-particle states to generate an N-body state with the correct ex-
change and exclusion statistics.

Let the single-particle state space H be spanned by an orthonormal basis {¢1,..., ¢ }. Assume that
each of these Fock parafermions are independent particles. Specify a many-body state, where n; Fock
parafermions occupy the ¢; orbital, then the occupation numbers may be organised into a unique or-
dered list denoting the many-body state, |n1,...,n;,...,na). For ease of notation we use the following
notation |n;) = |0,...,0,n;,0...,0). The general structure of the Fock space is:

M
Y ni=N } (1.15)
1=1

This Fock space also being a Hilbert space allows for the construction of an inner product, which is
physically motivated to be orthogonal for states with distinct orbital occupations, defined as:

Fp(M) = @span{ml,...,ni,...,nM)

N=0

M
<n1,...,nM|n'1,...,n§w>:H(Sni’n; (1.16)
i=1

The present description of the Fock space contains no information on the exchange statistics of the Fock
parafermions. To encode this information in the Fock space we define an associative multiplication, X,
which physically describes the process of adding Fock parafermions to any fixed orbital:

[n; =1) X -+« X |n; = 1) = |n; =m) (1.17)

m times

We may also denote this by an exponent (|n; = 1))™ = |n; = m). In the case of fermions, we recall that
only one particle per orbital may exist. This motivates the definition of an exclusion parameter ng > 2,
as the smallest integer such that:

(Ini =1)" =Ini =ng) =0 (1.18)



The parafermions do not commute under exchange. Hence to capture the exchange statistics of the
parafermions, the multiplication of two different orbital must obey the following property, for i < j:

nisng) = |na) X |ng) = W™ fng) < |ng) (1.19)

Where w = ¢'2™/P. We note that any state in Fock space may be generated by multiplying single-particle
states:
Ini,...,na) = (]1,0,...,0)" x - x(]0,...,0,1))"" (1.20)

Define the Fock space vacuum, |0):
0) =|ny =0,...,n0 = 0) = (|1,0,...,0)" x --- x (|0, ...,0,1))° (1.21)
And note that this state must be the multiplicative identity:
[n1,...,nnp) =10) X |n1,...,nnm) = |n1,...,nar) X |0) (1.22)

We assume if a state |¢)) commutes with any other state |¢) € F,(M), then |¢») must be a scalar multiple
of the Fock vacuum. With this piece of information, we try and determine the exclusion parameter. We
observe that:

WP [nj) x ni = p) = |n;) x |n; =p)  fori<j

[n; =p) x |n;) = { (1.23)

wP|nj) X |n; = p) = |nj) X [n; =p) fori>j

While for ¢ = j the same trivially holds. To sum up |n; = p) x |n;) = |n;) X |n; = p), which is true for all
|n;), thus as per our assumption |n; = p) = «; |0) for ¢ € {1,..., M}. These states contain p particles, so
the inner product with the Fock vaccum is:

a; = (0]a|0) = (O|n; = p) = 0,0 =0 (1.24)

In other words |n; = p) = 0. It turns out that this is the lowest such exponent that exists, hence ng = p.
The dimension of the Fock space is thus:

dime (F,(M)) = pM (1.25)

In fact the F,(M) algebra is the p-Grassmann algebra with M generators [3]. To distinguish between
different types of Fock parafermions we will denote Z,, Fock parafermions as the Fock parafermions for
which p is the smallest integer such that (eq. is obeyed. We will further more denote p as the order
of the Fock parafermions.

1.2.1 Second Quantisation of the Fock parafermions

Having defined a Fock space over which the parafermions may exist, we wish to define a pair of creation
and annihilation operators that will allow us to capture the physics of the Fock parafermions. Funda-
mentally, we want to define the creation operator F; as adding one Fock parafermion to any given
state in the ¢’th orbital. This may be done by multiplication from the left of any given state by the state
|n; = 1). The creation operator becomes:

Fj |n1,... N (7P ,nM> :w_zj<inj |n17...,ni + 1,...,7’LM> (126)
The annihilation operator, F}, is similarly defined:
Finyye.ooynyy .o np) = wji<i ™ [ny,.c.oni— 1,0 nap) (1.27)
By application of these definitions, we get for ¢ < j the relations:
FlFl =wFlF]  FF=wFF;, FF=w'FF  FF =w'FF (1.28)
The first two commutation relations can be expressed in terms of each other through a Hermitian conju-
gation, and the same is true for the two last commutation relations. Thus the four commutation relations

can be condensed to two commutation relations for general i # j:

FFy = w0 E FF =0 s g pf (1.29)



Applying the creation operator to vacuum p times yields F:p |0) = |n; = p) = 0, whereby it must be true
that:
F'=0 F?=0 (1.30)

Furthermore, it is noted how the Fock parafermions will obey the p — 1 relations:
(ED™ ()™ + (B (Fl)™ =1 me{l,....p—1} (1.31)

Which stems from the fact that (F;)m(Fi) [n1, .oy niy o) = [nay . ng, . nag), ifng —m >0
and zero otherwise, while the second term (Fi)p_m(F;f)p_m L T P SV BE [/ ST PR S PO B
if p — m 4+ n; < p and zero otherwise. Hence, if n; > m the first term of (eq. will be the identity
while the second term is zero, and if n; < m the first term is zero, while the second term is the identity.

If we let p = 2, we see how our relations (Eqgs. 1.31) simplify to the standard fermionic algebra with
FJFJ- + 1*'}-177;T =4;; and (FZT)2 = (F;)? = 0. Therefore, the Fock parafermion operators with p = 2 obey
the anti-commutation relations of the standard fermions, which is exactly what we would expect. In
other words, the p = 2 case of the Fock parafermions yields the system of the standard fermions.

In closing, we define the number operator such that:

Ni |n1,...,ni,...,nM> Eni\nl,...,ni,...,nM> (132)

As we noted earlier (FiT)m(Fi)’” [P1, .oy ynar) = Ny 0y .o ) if m < ny and zero otherwise.
Hence, we can count how many Fock parafermions are in the i’th orbit by adding together the number
of non-zero (F] )™ (F;)™. Mathematically this is expressed as the equation:
p—1
m
Ni=>" EIUE™ (1.33)

m=1

This operator commutes with the Fock parafermions like so:

[N;, Fj] = —F, [N;, Fl] = F} (1.34)

(2

These commutation relations witness that the operator N; is a generator of the U(1) Lie algebra over the
Fock parafermions [17]. Thus on the defined Fock space, the operator, N;, generates a U(1)-symmetry.
This underlines the important point about the nature of the Fock parafermions that U(1)-symmetric
systems conserve the number of Fock parafermions as is the case with fermions and bosons.

1.2.2 Fock vs Weyl Representation of the parafermions

Relating the Fock parafermions to the Weyl parafermions is not as straightforward as one would sug-
gest. However Cobanera and Ortiz [3, p. 27] found out that the following definition yields two sets
of operators that simultaneously obey the right commutation relations of Weyl and Fock parafermions

(Eqgs. [1.10} [T.11][T.28} [1.30} [1.31):

,=F+F"" A= (Fi " Fjp_l) whi (1.35)

The number operator in the w exponent can be rewritten as:

p—1
WM =14 (w=1) YW ET T (1.36)

m=1

Inserting this result in (eq. [1.35) and solving the resulting system of equations for the Fock parafermions
yields:

p—1
F;, = p—2 1Fi _ 1 Z wm(m+1)/2rim+1ATm

’ " (1.37)
p—= 1 1 = _ m-+1
FT = 7FT _ E w M(M+1)/2Aim1—\1_'

p p

m=1

This result is not readily available to us, but will nonetheless be easily derived when the main result of
the subsequent section is derived.



1.2.3 Fradkin-Kadanoff Transformation (Weyl Hard-core Bosons)

Weyl hard-core bosons as we will define them are related to the Fock parafermions by a Jordan-Wigner-
like transformation generalisation that is called the Fradkin-Kadanoff transformation. To see how this
transformation arises, express the Weyl generators in terms of Weyl parafermions:

U =TiA = (Ff + Frt) (R BT )M = o (1.38)

This result is rather interesting as it shows that the unitary operator, U;, is equal to the exchange statistics
factor, w, to the power of number of particles at site ¢. Furthermore:

i—1
t_ Pl t_ Pl
Ut = (F +F )HUj =B+ Bl (1.39)

Where we have defined the bosonic-like creation and annihilation operators, Bf = F/ [] j<i Uj and

B, =F; ] j<i U ]T , that we will call the Weyl hard-core bosons. To see that these operators, B;r and B;, are
in fact bosonic-like, we consider the commutation:

-2 —2 -2 -2
0=1[V;,V;] = [B:, Bj] + [B;, BI\BI" "+ BI" "B}, B;] + BI" " |B], B]) B} (1.40)

Notice that the equation above is always zero, whereby each of the terms must also yield zero. Hence it
is noted that the operators obey the hard-core boson commutation relations:

[Bi,Bj]=0  [B;,Bl]=0 [B],Bl]=0 (1.41)
And by insertion of the definition of the B;’s in terms of F;’s we see that B;r B; = F; F;, which renders:
BY=B"=0  (BHY"B)"+B;)P"™(BHYP"=1 forme{l,....p—1} (1.42)

We have thus arrived at a generalised version of the Jordan-Wigner transformation, also in the literature
called the Fradkin-Kadanoff transformation [3} 5], which maps from the Fock parafermions to the Weyl
hard-core bosons :

i—1 i—1
F,=5;[[v, F =B[]]U] (1.43)
j=1 j=1

Due to the lemma that B! B; = F,' F;, the number operator in terms of the hard-core boson operators is:

p—1
Ni =Y (BH™(B)™ (1.44)
m=1
Notice that V:Bi = BZT B; + B = BZT B;, = FJF,'. This operator will yield the identity, 1, as long as
n; > 1. In other words, B; is the inverse of the Hermitian matrix V', which is V;, except for in the state
where n; = 0. In the matrix representation defined earlier the Weyl hard-core boson operator is thus:

010 - 0
001 - 0
000 -+ 0
Bi=1® --®1®Bl®---®1 B=|. . . . (1.45)
v . . . .
i—1
000 --- 1
000 -+ 0

Notice how the matrix B is exactly the same as the matrix representation V, with the only difference
being the 1 turned into a 0 in the bottom right corner. The similarity between B; and V; will make B;
inherit the commutation relations with U;:

BiU; =w%U;B;  BlU; =w™%iU;Bl  w=e>/P (1.46)



Notice that the sum of all the powers of the roots of unity in the complex plane is 0, hence excluding 1
itself we find that -7, w™ = —1. Thus:

B ) (r—1) )
S wym=> whm= (1.47)

-1

This observation is used to isolate the first column of V; from the other columns, such that we may
remove it to get B;. What it means is that the expression below must be true:

B; = —V S Z Vi(U (1.48)

7n1

One may check that the above equation is true in the matrix representation that we have defined. This
result is used in conjunction with the definition of the Weyl parafermions (eq. and the Fradkin-
Kadanoff transformation (eq. [1.43) to derive (eq. [L.37).

1.3 Physical Models Where Parafermions Arise

Our treatment of the Weyl- and Fock parafermions have so far been purely mathematical and hypothet-
ical. It is not trivial that such particles as discussed should arise in systems in the real world. However,
as we will see in this chapter, proposals for the experimental realisation of these quasiparticles have
been made. The most promising method is to use the edges of the Laughlin and Read-Rezayi states
of the fractional quantum Hall effect [18, [19]. Therefore, this work is not purely theoretical, but also of
practical importance.

1.3.1 Vector Potts Model

The vector Potts or clock model model is not technically physically realisable, but is an interesting sys-
tem that arises in theoretical condensed matter physics. This model is a generalisation of the Ising and
Heisenberg models, where the regular two spin states at each site are expanded to a total of n spin states.
The possible values of the spin, Uj, at site j, by 1,w,w?,...,w" ™!, where w = ¢>™/". The Potts model
has been given its nickname the clock model due to the resemblance of the spin states to the hands of a
clock. That this model gives rise to edge modes that are expressed by parafermions was first derived by
Fendley in 2012 [2].

In one dimension the vector Potts model with nearest neighbour interaction on a lattice consisting of

sites 1,..., Lis:
Hyplhi, jil = —5 (Zh U; + ZJ HV) +H.c. (1.49)

The first term can be understood as the coupling of the spin states U; to an external magnetic field h,
and the second term is the interaction of the spins at adjacent sites, which seeks to align the spins for
J > 0 and anti-align them when J < 0. As is evident, the model bears a close resemblance to the Ising
model, but with an arbitrary number of spin states rather than only two spin states.

We note that by insertion of the definitions we have VZLV =1 pAiand U; = I'!A;. Hence we note
that we may write the Hamiltonian in terms of the Weyl parafermionic operators through the Jordan-

Wigner-like transformation (eq. [1.8):

M-1
== <ZhrTA JFZJQ+1 >+Hc (1.50)

The vector Potts model may be defined in terms of the parafermions, but the physical interpretation
of these operators eludes us. We will try and remedy that here. First, we note that the operator ), =



H;Vil Uj is a global Z, symmetry of the system. Let r(i) = L + 1 — ¢, be the reflection through the
midpoint of the system, and define the “dual” mapping, ¢4:

Uy 2 v Ui s Vi Vi forie{2,... L} w50
Vi, 24 Uy ViVi 4 Uy forje{l,...,L—1}

The mapping ¢4 is an isomorphism which guarantees the structure of the algebra is conserved even
after the mapping. This guarantees that the transformed operators also obey the relations required for a
set of Weyl generators. If we map the vector potts hamiltonian (eq. [1.49) under this transformation we
get:

L—-1
Hoplha, Ji] 225 (hlvr(l) + Z AN AT JiUT(i)> +H.c. = Hyplhi*, Ji] (1.52)

=2 i=1

By defining the dual couplings h; = J,.;) and J; = h,(;. In other words, any pair of vector Potts
Hamiltonian associated to the points {h;, J;} and {h}, J;} is isospectral - the model is in other words

(2 7

self-dual. The dual Hamiltonian however is not globally symmetric under the action of Q,:

L L—-1
) _ Pyt
H U 5 Vo [T Vi Ve = | TT Vi) | Vian =W (1.53)
j=1 j=2 j=1

This means that the dual Hamiltonian is symmetric in Q,, — v only on the boundary. Such symmetry
that is globally symmetric and becomes a local symmetry on the boundary under a dual mapping, is

denoted as a holographic symmetry. The existence of such a symmetry makes Vfr an edge mode [20].

1.3.2 Fractional Quantum Hall Edge Modes

The Laughlin states, a type of quasi particle states that arise in the fractional quantum Hall effect, display
a very interesting behaviour similar to the parafermlons [21, pp. 480-484]. The Laughlin states with
filling factor v = 1/p, have quasi-particle operators ¢*(*) that create right-moving charge e/p excitations,

for which:
i) id(a') _ id(a’) jid(x) i Esgn(z’ —o) (1.54)

This commutation looks nearly identical to the commutation relation of the parafermions, which seems
to suggest we can use Laughlin states to physically realise parafermions. Clarke et al. [19] used this
fact to propose an experimental setup for the realisation of the parafermions. We will go through this
construction here.

Recall that the fractional quantum Hall effect arises when a two dimensional electron gas is subjected to a
strong magnetic field at low energies. The electron gas is confined to two dimensions by the construction
of an effective quantum well which is then doped at different filling factors. The Laughlin states (or the
fractional quantum Hall effect) are created when the doping is such that the filling factor (which are the
number of electrons to magnetic flux quanta in the quantum well) take on a nice rational number [22].

The setup proposed by Clarke et al. [19] works as follows: the Laughlin edge states run along the edges
of the quantum well, so a series of steps is taken to localise them in a type of particle, which will be our
parafermions. To create a localised edge mode, a gap is needed to be created. The gap is constructed by
running two counter-propagating Laughlin states through a setup of superconductors and spin-orbit-
coupled insulators in the region between two quantum wells (see fig. [1.T). The desired gap can appear
through (1) tunneling of electrons across the junction of the setup, (2) facilitating electrons from each
edge into Cooper pairs. In the latter case a pairing gap opens at the interface between superconductor
and spin-orbit-coupling insulator via the proximity effect with ordinary s-wave superconductors. A
tunnelling gap can arise from the spin orbit induced back-scattering between the edge states, either
through the quantum wells or the insulator.

Assume the electrons only tunnel through the interface by the spin-orbit-coupled insulator. We may con-
sider the momenta of the right-/left-moving e/p charged quasiparticles, ¢/, and their commutation
relations:

[6r/L(x),or/(")] = :ti%sgn(x —a') [or(x), pr(z")] = ig (1.55)
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L > J

Figure 1.1: Proposed experimental setup for realisation of parafermions. Two counter-propagating
Laughlin states are made to run through a series of superconducting and spin-orbit-coupling insulator
regions. Back scattering in the intermediate region localises the Laughlin states such that the anyonic
parafermions are formed. Figure is borrowed from Clarke et al. [19].

The electron operators are proportional to some vertex operator, 1p,;, ~ €¢'?%/%, where the ¢p,, fields
are bosonic. By the theory of bosonisatio we can split up the chiral bosonic fields as ¢/, = p+0 with
p = 0,0/m, where ¢ and 6 are bosonic fields. The commutation relation of the newly defined bosonic

fields is from (eq. [L.55).
(o), 00")) = i O ) (156)

Which is exactly what one would expect from the bosonic fields (see appendix [A). The Hamiltonian of
the interface is assumed to be H = Hy + H;, where H) is the Luttinger liquid Hamiltonian:

Hy = % / dz [(0:0)% + (0:0)] (1.57)

H, is the Hamiltonian of the superconductor and the spin-orbit-coupled insulator combined into one:

superconductor SOC-insulator

—_——~—
i = [ o | B@yinos + M@)ohn +He | ~ [ do (-A) cosZp(s) - M) cos(2p0(2))

(1.58)

The p = 1-case has previously been extensively studied, and leads to the formation of Majorana fermions
at the edges of the insulator.

For the p > 1-cases we assume the terms, A(z) and M (x), are so big in the superconductor and spin-
orbit insulator, respectively, that they will dominate in each of these regions, but will otherwise be
negligible. This results in the fields ¢ and 6 being pinned down in the superconducting and spin-orbit
insulator domain, respectively. For example, in the superconductor the minimal Hamiltonian will be

achieved when the term, —A(z) cos(2py(z)), is minimal, which renders € {0, =,2% ... (2m — 1) Z }.
Define 7 as a integer valued operator, such that in our experimental setup, p(z < z1) = %ﬁfol) and
olr > a2 +0) = %ﬁff) in the left and right superconductors, while p(z1 + ¢ < = < x3) = -y in the
spin-orbit-coupled insulator. Note by the commutation relation of ¢ and 6 we get:
A A= 0 A2 Al =i 1.59
[ngo ,ng] [ngo ,’/le] ¢ T ( )

Assuming the fields are pinned as prescribed in the superconductors and insulators, then at low energies
of the system we can focus on the regions (z;, z; +£) between the superconductors and insulators, where

1See appendix
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A(z) and M(z) both vanish. The effective Hamiltonian of the system is thus only displaying an gapless
bosonic mode in the these regions:

He = - " i [(0up)? + (0,0
eff—ﬁi:Zf Ao [0 + (207 (1.60)

The following operators «;, j = 1, 2,, commute with this effective Hamiltonian, and represent, therefore,
zero-modes that are bound to the domain wall in the system (black parts of fig[1.1):

) zi+L ) )
a; = elm (o) / dzx {e*iﬂﬁg)%e)ei(@*@)+e*iﬁ<ﬁfﬁ>*ﬁe>e"<¢*9>+H.c.} (1.61)

i

In the ground state limit, the integral in the above expression evaluates to a constant. Hence the opera-
tors «; become:

a; ~ eim (R +ho) (1.62)

These two operators are (Weyl) parafermions, since they obey the relations (provable by use of the BCH
formula and our definitions and commutators):

() =1 ajaj = ayoajel =l =) (1.63)

Notice that the constructed fermion is of even order with p = 2m. To get odd orders of parafermions
more steps need to be taken. The construction of a parafermion like the Z3 parafermion cannot be made
by the simple description that has ben outlined here. The Z3 parafermion has to be constructed through
a Read-Rezayi edge state rather than a Laughlin edge state [18]].

The astute reader might say that this proposed setup seems impossible, since it requires a quantum well
with a strong magnetic field to be right next to a superconducting region, which famously does not
like such fields, and a magnetic field is not something that can just be isolated to exist in local regions.
The practicality of the setup was consequently dubious until 2020 when Giil et.al. [23] constructed a
heterostructure device that displays superconducting behaviour at the edge of a fractional quantum
Hall edge.
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Chapter 2

Chiral Luttinger Liquids

Before proceeding to the main point of this thesis, which is to treat the Fock parafermions through boson-
isation, we will study a system which seems unrelated at first, but turns out to be of great importance in
our future analysis. The system in question is the one-dimensional chiral Luttinger liquid. This system
arises as a hydrodynamic description of the edge excitations of the fractional quantum Hall effect, the
derivation of which is made in [24] and [21] pp. 609-615]. In this chapter we will however derive the
system differently in a rather unorthodox way.

Consider the Tomonga-Luttinger liquid in one dimension defined on the system of size L. The Hamil-
tonian of such system, which is derived in appendix[A] looks like:

hw [t 5 (0.0 m [F 8,0\ 9.0\°
Hyp=— [ deK(d, == VK8, VK, — 22 .
L =5 ; x K (Oz0)" + % I /) dz ( Koy + \/E> + ( Koy \/F> (2.1)

Where we in the last equality have split up the Hamiltonian of the system in two parts. Our idea is to
consider each of the part by themselves. As we will see, each of these parts corresponds to one of the
dispersions of the Luttinger liquid that has velocity +v. The model is dubbed the chiral Luttinger liquid
for this reason. We let ¢ = hwK /4w and k = 1/K and consequently define the chiral Luttinger liquid on
a system of size L:

L
Hepp = € / dz (0, + K0,0)° (2.2)
0

Where € > 0 and & are real numbers. Note that we should impose the restraint e > 0, since ¢ < 0
will favour a system where d,¢0 — Foo0 and 9,60 — oo, which will be unphysical, while ¢ = 0 is a
pathological case of the system which will not correspond to any real system. The two fields ¢ and 6 are
a pair of dual bosonised fields, which commute as:

[6,,9

™

(a), @(y)] — _ib(y - ) 23)

Note that the chiral Luttinger liquid is not Lorentz invariant, because of the mixing between the dual
fields 0,4 and 0,0. This makes it impossible to go the standard way of finding a canonical diagonal
representation of the Hamiltonian that readily yields eigenvectors and such of the system. Instead, we
will study this system by deriving its correlation functions using the Feynman path integral formulation.
To do so we must first determine the Lagrangian of the system through a Legendre transformation of
the Hamiltonian.

2.1 Lagrangian Dynamics

2.1.1 ¢-Field Lagrangian

Our first step in studying the Lagrangian of our system in the field ¢, is to define the canonical momen-
tum field, II,(x), such that it obeys the standard canonical commutation relation with the field ¢(z),
ie.:

[o(2), (y)] = ihé(z — y) (24)
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By the definition, (eq. [2.3), the following operator obeys exactly this relationship:

I, (z) = Z@ﬁ(x) (2.5)

Substituting 0,0 in the Hamiltonian by the canonical momentum, II,, we find the time derivative of the
p-fields by Hamilton’s equation:
0 2Tek TR
Oy = —2— _ TR (ax ™
o oI, Hero h + -

These two equations make it possible to conduct a Legendre transformation of the Hamiltonian density,
getting the Lagrangian density of the system in terms of the ¢-field only:

I, ) 2.6)

1/ h\? h
Lerr =y 000 — Herr = = <> (8rp)” — — BppBrp 2.7)
€ TR TR

The quantum field theoretical Euler-Lagrange equations in (1 + 1)-dimensionsﬂ give us the equations of
motions of the p-field:

2€ TK

In this partial differential equation we carry out the integration over time. Assuming the integration
constant is zero, we find the dispersion relation:

drer
Orp = 0,020 Vp = W

Only one direction is present in the dispersion relation, which is why we called the chiral Luttinger
liquid chiral. With this velocity defined, the Lagrangian density can take on a simpler form:

(2.9)

Lop) = 1 (1 (Oup)? msoatso> (2.10)

TR \ Vp

Comparison to the Regular Luttinger Liquid and Considerations for x = 0

That the dispersion relation of the chiral Luttinger liquid only has one direction is in contrast to the case
of the regular Luttinger liquid, where the dispersion is in both directions with velocities +v. The chiral
Luttinger liquid is in fact a more general case of the standard Luttinger liquid. To see why this is the
case, note that we may construct a Luttinger liquid with velocities v, from two chiral Luttinger liquids
each with velocity +v and —v, respectively:

Herr,—o + Hett o = e/dx (Oap — £020)% + (Dup + KDu0)* = e/daz (Op)” + K% (0:0)" = Hyp (211)
In our analysis we have so far assumed « # 0. Lettingﬂ x — 0 the chiral Luttinger liquid becomes:

Hew — e [ do (0,0 (2.12)
K—

This Hamiltonian is that of the Luttinger liquid with K — oo. This is a zero dispersion mode since the
canonical momentum of the ¢-field, II,,, will not appear in the Hamiltonian. For this reason, Hamilton’s
equations will render d;¢ = 0. The same will be true for the §-field in this limit.

2.1.2 ¢-Field Lagrangian

We want to construct the canonical momentum to the 6-field, IIy. By the fundamental theorem of cal-
culus, the derivative of an integral of a function is the function itself. Using this theorem and partial
integration, it is noted that:

(p.0.0=0. [drlp.0.0)=0. [ dr (90,60~ (0.0)) =0, (w 0017, [0 - eam)

= —[0,,0] = [0, 0,4
(2.13)

!See appendix|D.2}
2The exact limit k — 0 cannot be taken directly, however, as € = oo
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Where we assume that the derivative of the fields ¢ and ¢ die off as x — oco. By invoking the commu-
tation relation of the fields (eq. , we determine the canonical momentum to the 6-field, IIy = % 2P
Hamilton’s equations are then used to determine the temporal derivative 0,0 = 2—26 (fi@aﬁ + %H@).
Whereby, it is possible to determine the Lagrangian through a Legendre transformation:

Lot =" (1@0)2 - axeate) (2.14)

Vg
Where we have used the Euler-Lagrange equation to determine the dispersion relation and velocity, vg:

drer

8,50 = 11983;9 Vg =

(2.15)

It is observed that the two dual fields 6 and ¢ have exactly the same dispersion with v = v, = vg.

2.2 Partition Functions

The Lagrangians of the chiral Luttinger liquid in the two fields ¢ and 6 (Egs. and proved very
similar. This will render calculations of the two-point correlation functions very easy to infer for one of
the fields, say 6, provided the other field’s correlation functions have been calculated, say that of ¢. To
do this we introduce a small abstraction as the constant «, and denote the velocity v = vg = v, such
that:

1
Lol = ah <v(8t<p)2 — Igoatgp) (2.16)

Where o = 1/7 for the ¢-field. The calculation of the two-point correlation function of the §-fields will
be exactly the same as the one for the #-field, but letting o = /7.

We rewrite the Lagrangian in imaginary time by letting ¢t — 7 = 4t. This substitution makes the partial

derivates 0; = 8—;87 = 10,. The Lagrangian in terms of this new imaginary time coordinate is:
1
Lo = —ah (iamgaaTga + U((“)Tgo)2> (2.17)
®

Cf. the Feynman path integral approach, we can define the partition function over the Lagrangian, £(y),
by:

7= /Dgp exp [}11 /d;vdT E(Lp)] (2.18)
To calculate this partition function, we define the Fourier transformation of the ¢-field:
ok, w) = /dxdT o(x, 7)e i hr—wr) oz, 7) = %/dkdw @k, w)etkr—wn) (2.19)
7r

By these definitions, we see that the partial derivatives on the (-fields can be written as:

Oripl,7) = o /dkdw k- (k, w)e ko)

—i (2.20)
Orp(x,7) = —/dkdw w - Gk, w)e ke =)
2m
By insertion of these definitions in the integral, (eq. 217), we find:
1 ‘ / /
/dde farln ) =—alt (2m)? /ddeddedk/dw/ k! - @k, w)p (k' w')el (EHE)e= (e
s

Ve (271—)2 /dxdek:dwdk’dw’ ww' - @(lﬁw)@(k‘/,w/)ei((k+k/)w—(w+w’)7—)

We may carry out the integration over the 7 and z, realising the integration will yield a Dirac-delta
function [25]:

/ ddt e/ (FFFIT=HeDD = (91)26(k + K)o (w + w') (2.22)
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The delta functions make the integration over &’ and w’ simple, such that we can effectively just replace
k' = —k and w’ = —w. All in all we find:

2

/ dzdr Lop(z,7) = ah / dkdw {@(—k, —w) (“ - ikw) @(k:,w)} = / dkdw Loy (k,w)  (2.23)

Vo

The partition function of the chiral Luttinger liquid (eq. [2.16) is:

ZewL = / Dy exp [a / dkdw $(—k, —w) (‘”2 - ikw) @(k,w)] (2.24)

Vo

2.3 Two-point Correlation Functions

In this section we calculate the two point-correlation functions of the ¢ field first, and then extend the
calculations such that the two-point correlation functions of the 6 fields can be found. We may do
this since the Lagrangian of the system in the two fields are very similar. We now define some small
generating function, n(z, 7):

2= [ Dp exp | [ v (4 - Lol + (b ~a)(k) )| (225)

This partition function will evaluate as [26]:

Z(n) = ZcLL - exp [/ dkdw n(—k, —w)G(hw)n(k’,w)} (2.26)

Where we have defined the Greens functions, which can easily be calculated in momentum space as:

w? !
Gk,w)=a"! ( — ik:w) (2.27)
Yo
The reason why we defined this partition function in terms of some generating function is that we
can easily infer the two-point correlation functions from this function. Cf. [27, p. 15] the two-point
correlation function is:
Z(n)

<90<k7 OJ)(,O(-]@ _w)> = %IL% 87](lc,w)an(—k,—w) E = G(ka OJ) (228)

Using an inverse Fourier transformation we can thus determine the real-space correlation functions:

(o(z, 7)o", ")) = Gz, 732", 7") = ﬁ /dkdw ei(k(zfml)f“’(TfT'))G(hw) (2.29)
The explicit calculation of the real space correlation function is a bit long, and is therefore relegated to
appendix[B} At its heart, the calculation makes use of the Cauchy integral formula to evaluate (eq. [2.29).
It is noted that the velocity plays a big role on the domain for which the integral will converge and be
non-zero. The results for the two-point correlation functions are enumerated below for varying values
of v. Note that we have defined § = k(z — ') /w —i(t —7') = (x — 2') Ju+ (t = t').

Casev >0

Other than the sign of the velocity we also need to take into account the sign of (z — 2’). If (z — 2’) > 0,
we find the two-point correlation function:

(2.30)

w

0 wé . f )
(ol Dl 1)) = _E/ dw & sgn(k) - 0o oré <0Oand (x —2') >0
2/ & —% (log(|¢] Amin) +7) foré>0and (z —2') >0
Where we have defined some cut-off frequency Amin, and v is the Euler-Mascheroni constant. While the
case (z — z’) < 0 renders the correlation function:

ews

o - Amin f d -
(elap ) = % [ dw_{ 3 (08((E] Amin) +7) for€ < Oand (z — ) <0

sgn(k) - 00 for ¢ > 0and (v — ') < 31)

w

16



Casev <0

Other than the sign of the velocity we also need to take into account the sign of (z — 2’). If (x — 2’) > 0,
we find the two-point correlation function:

o ws (1 Amin f -
2 /o w —sgn(k) - 0o foré > 0and (x — 2') >
While the case (z — 2’) < 0 renders the correlation function:
0 wé _ . )
(o, ol 1)) = f/ dw &0 sgn(k) - 0o for{ < 0and (x a:l) <0 (233)
2 J_» w 5 (log(|¢] Amin) +v) for{ >0and (z —2') <0
Casev =0
v — 0, means either that the Hamiltonian approaches the limit:
Hew —p ¢ [ do (0,0 (2.34)
K—

Or that the entire thing is zero due to ¢ — 0. Both cases will however yield (p(z,t)p(z’,t')) = const, as
noted earlier and evidenced by the calculation in appendix B}

Summary: General v # 0 and Equal Time Correlation Function

Note that v o ex, cf. (Egs. 2.9 and 2.15). However, earlier it was argued that we must require ¢ > 0 for
the system to be physically sound. This is due to the fact that if ¢ < 0 the state that will minimise the
energy of the Hamiltonian is the state for which 9,¢ — oo and 9,6 — oo, which is rather an unphysical
system. This will make the sign of v be the sign of . One can quickly check that the results above, where
the two-point correlation function (p(z,t)e(z’,t')) = oo, corresponds to the impossible case where the
sign of v and « are different, and would as such not be attainable. This underlines our intuition that
such a system should be unphysical.

On the other hand, if z — 2’ > v(t — t’) (like in the case of equal time correlation function ¢t = t’) the
correlation function is:

sl

9 (1Og(|€| Amin) + ’Y) (2.35)

(ple, (", 1) =
If we define the system over some one-dimensional lattice of length L and with lattice spacing a, a
natural definition of our cut-off frequencies Amin o< 27 L1 and Amax o 2ma~! arise due to the periodicity
of the unit cell in momentum space. Notice that we want the unit of the cut-off frequencies to be on
the energy scale, whereby we may let Apin = 27 |v| /L and Amax = 27 |v| /a. Hereby the equal time
correlation functions of the Chiral Luttinger liquid on the one-dimensional lattice are:

(ool 1)) = ~ 2 logle — | + const (236)
At small |z — 2| ~ a the system approaches a high energy description which is also treated in the
appendix. Here it is shown that the resulting two-point correlation functions are rapidly exponentially
decreasing, which makes them effectively zero at the long-range orders. We find that:

(p(z, t)p(x 1)) o —% e — for |z — 2| ~a (2.37)

2.3.1 Correlation Functions in the §-fields

To get the correlation functions of the #-fields, one simply substitutes x — 1/x, in the calculations that
were just made, due to the similarity between (eq. [2.10) and (eq. [2.14). Therefore, the equal time
correlation functions with ¢ = t' are:

1
O(z,t)0(2 1)) = 3] log |z — 2’| + const (2.38)
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If we have x = 2’ or if k = 0, we define:

(O(x,t)0(x,t)) = const (2.39)

2.4 The Chiral Luttinger Field v

In this section we will quickly go over an alternative approach of representing the chiral Luttinger liquid.
This is done by defining the chiral field, 1:

Y = (p + k) (2.40)

This definition will make it such that [0,¢(z), ¥ (2')] = —i2wkd(z —z'). Note that hereby we find that the
canonical momentum is I, = 5-9,1. The Hamiltonian density of the chiral Luttinger liquid is thus:
2K

Hzemawf:w~(7l)inw2 (2.41)

From the Hamilton equations we find that the time derivative 0,9 = %&C 1, which makes the velocity

vy = 275€ - exactly the same velocity as those of the two fields ¢ and 6. A Legendre transformation
yields the Lagrangian:
R 1
L= (athw - (atw?) (2.42)
TR Uy

The Lagrangian is on the same form as we studied in previous sections, where we let the abstraction
constant « = —(4k)~!. The calculation of the two-point correlation functions saw that this size was
proportional to the absolute value of half of this value, ie. () « |a|/2. The two-point correlation
functions are thus:

(x—a') = vyt =)

a

(W(2, )y (a',t)) = —2|x|log (2.43)

Notice that this value is different from the two-point correlation function of the normalised chiral field
where with [0,¢(x), ¢ (2')] = —imkd(x — 2') by a factor of 2.
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Chapter 3

Fock Parafermion Tight Binding Model

3.1 The Model

In the rest of this thesis we will analyse the nearest neighbour tight-binding model of the Z,, Fock
parafermions. It can be considered as a generalisation of the Hubbard model for Z,, Fock parafermions.
We define the model in one dimension but it is possible to expand this to multiple spatial dimensions
by the introduction of some lexicological order that we touched upon in section[I.1.1]

The model assumes a one-dimensional chain of length L of tight-binding sites, with equilateral lattice
spacing a, to which Z, Fock parafermions can bind. The nomenclature, tight-binding sites, are meant
to denote sites where it is assumed that the overlap of the wave functions of the Fock parafermions of
adjacent sites is small such that it is effectively ignored, and the Fock parafermions at each site can be
treated by themselves. A system such as this is achieved by a deep potential well at each lattice site,
which will effective bind the Fock parafermions to them.

Up to p — 1 Fock parafermions can be bound to each site of the lattice. This stems from the fact that p is
the smallest integer such that (F,;r)p =0, cf. (eq. . This means (Fj)p*1 |0) # 0, and we may interpret
Fj as creating the Fock parafermions at site ¢ by the second quantisation.

Occasionally, a Z,, Fock parafermion may jump from one site, i, to another, j, by quantum tunneling.
This action is described in the language of second quantisation as the operator FjT F;. Nothing prevents
us from only allowing more than one Fock parafermion to make the jump, in fact m Fock parafermions
can make the jump, which is described by (F]-T)m (F;)™. Each hop of m Fock parafermions from site i to j
has an energy associated with them, which we will denote t,, ; ;. In general the Hamiltonian describing
the physics of this Fock parafermion tight-binding model is:

L p—-1
Hrp=— Y Y tmii(F))™(F)™ +He (3.1)

i,j=1m=1

The locality of the wave function makes nearest-neighbour hopping much more likely than hopping
over distances that are bigger than this. These other types hopping are thus ignored. We derive at this
by assuming the potential at each site is a quantum well, which makes the shape of the wave function
sinusoidal on the inside of the well but exponentially decreasing at the edges and outside the well.
Furthermore, if we assume translational invariance, it can be assumed that no site is favoured over
another such that ¢,, ; j+1 =ty j j+1 = tm forall ¢, j € [1, L]. This gives us the model:

p—1 L
Han ==Y tm Y _(Fl,))™(F)™+Hc (3.2)
m=1 i=1

Arguably t,,, should be a real number bigger than 0 to make the Hamiltonian an observable and facilitate
the hopping. The total number of parafermions in the system will be:

L L p—1
N=Y Ni=) > (FEHmE)" (3.3)
i=1 i=1m=1



This operator is very clearly a symmetry of the system, since it will commute with each of the terms in
the nearest-neighbour Hamiltonian. Intuitively the number of particles should also be conserved in the
model with Hamiltonian (eq. [3.2). It is in fact a U(1)-symmetry, since it generators the algebra for such
a symmetry as described in (e

To this model might be added other terms as we please to describe our system. One such term could be

the chemical potential:
L p-1

H :_MN__’LLZZ FT m m (34)
i=1 m=1
Another term is the on-site interaction energy, which will seek to spread out the Fock parafermions
such that they are not all concentrated on the same sites. The term is constructed such that each Fock
parafermion at site 7 interacts each of the other Fock parafermions at site 7 with energy U (which is V;
choose 2):

L p—-1
HU—UZ gz 2( _1 FT m F)™ + Z FT n n) (3.5)

=1 m= n=m

With the help of some algebra this interaction term has been written out. However, doing so yields no
further insight.

Particle-Hole-like Symmetry

In this section we prove that a form of particle-hole symmetry exists, which makes it possible to study
the system for filling factors n = N/L < 2% only. The following argumentation is based on a generali-

sation of the argumentation by Rossini et al. [4]. Define the transformation 7" : F7, /5 ; L J2mjr , which
both takes the Hermitian conjugate of the Fock parafermion operators and mirror them in the midpoint.
The translation conserves the generalised Clifford algebra of the Fock parafermions. For example, since
for0<i<j<L/2

Fl

L/2+1 F

L/2—j

Frjoi — w  Fp o F (3.6)

Frorj — Frjo_iF} L)2+i

Lj2—j —

Where we have used the commutation relations (eq. [[.28). This is exactly what one would expect. The
rest of the commutation relations can be similarly calculated.

For real values of ¢,,, this transformation does not alter the tight binding or nearest-neighbour hopping
Hamiltonians (egs. and , since all powers of (F;r)m(F,-)m are transformed into their complex
conjugate mirrored around the midpoint L/2. Summing over all sites keeps the Hamiltonian intact.
Hereby it is concluded that the transformation T': F7, /5, ; — FL /2 is a symmetry of the system. The
total number operator N is however not preserved:

L p—1 L p—1 p—1
T t m —m
T:N=> > (FHY"(F)"—> => > (= (FHE)™ 57)
i=1 m=1 i=1 m= 1 i=1 m=1 .
=(p-1)L-N

Where the second to last equality is per the general anti-commutation relations of the Fock parafermions
(eq. . Furthermore, we have not bothered with the mirror inversion in the transformation step, since
the sum includes all the terms and is left as is. In conclusion, the symmetry, 7', shows a correspondence
T: n— (p—1) — n, which demonstrates that the system is symmetric in n around (p — 1)/2.

Nearest Neighbour Hopping from Vector Potts

A nearest-neighbour Fock parafermion hopping term appears in the vector Potts model (eq. [1.49). In-
serting (eq. [1.39) into the Hamiltonian we find:

=—= (ZhU+ZJ o >+H.c.

L-1

1

(Zh Ui+ Z Ji (Bz+lB + (BHP N (Biy1)P ™! + (Biy1)P ' Bi + Bz+1(BiT)p_1)> + H.c.
i=1 i=1

(3.8)
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Numerous terms appear in this Hamiltonian. The first term, h;Uj;, is the coupling of the clock operator
to an external magnetic field. We ignore this term but note that it may be used to favour a type of filling
(single, double, triple, etc.) of Fock parafermions at a site, due to the relationship wNi = U;. Le. if some
Ui is favoured it will correspond to favouring N; Fock parafermions at site :.

i+1
This stems from the fact that the number operator, N; = Y7 (F/y™(F;)™ = Y2 (BI)™(B;)™, does
not commute with the terms in question. The action of the operators are however constrained by the
configuration of the system, since they only work on a site that either contains no particles or is full with
p — 1 particles. What the operators do is to completely fill/empty a site that is completely empty/full
and create/remove a particle at an adjacent site. This is indeed quite an interesting and counter-intuitive
pair of operators.

The fourth and fifth terms, J; ((BHl)p’lBi + B! (BZT )Pfl), do not conserve the number of particles.

The second and third terms of the Hamiltonian, J; BZHBZ- + (Bj)p_1 (Bl-ﬂ)p_l) and Ji(BZ)p_l (Biy1)P7 1,
are where the nearest-neighbour hopping arises. This model only allows for the hopping of a single
particle, or (p-1) particles from a full site, as opposed to all possible numbers of particles that our gen-
eral nearest-neighbour model does. If we conduct a Fradkin-Kadanoff transformation of the hard-core
bosonic operators we recognise the nearest-neighbour hopping Hamiltonian arises from the single hop-
ping site (if we let t1 ; = J;w™i):

L—-1
1
va,NN = ) § JiWNiFZ‘T_;_lFi +H.c. (3.9
i=1

Some of the physics of the vector Potts model is contained in the Fock parafermion nearest-neighbour
hopping model, but as we have seen a big part of it is unaccounted for, and there exists no one-to-one
correspondence between the two models.

3.2 Nearest Neighbour Model of Z; Fock Parafermions

This nearest-neighbour hopping Hamiltonian of the Z3 Fock parafermions has been the subject of anal-
ysis in recent years [4] 5]. In this section we sum up the key takeaways of these two articles.

3.2.1 Review of Rossini et al. 2019 [4]

In [4] the nearest neighbour hopping model of a single Fock parafermion was treated by Davide Rossini
et al. The Hamiltonian in question is:

L
H=—tY Fl Fi+Hc (3.10)
=1

Compared to previously studied anyonic models, the Hamiltonian is non-integrable through Bethe
ansatz or similar. In fact that the model is non-integrable may be proved by considering the level spac-
ing statistics of the mode]ﬂ The reason for this non-integrability behaviour of the system, is that the
Fock parafermions are strongly interacting, whereby the many-body system cannot simply be reduced
to a problem of single particle systems. This strong interaction stems from the fact that the commuta-
tion of two Fock parafermions depends on their lexicological order, and is as such either w or w™? for
w = €2™/P_ If p = 2, which is the case for fermions, w = w™! and whereby the commutation of the
particles do not depend on their lexicological order. This system can be solved, as is known from the
Hubbard model [28].

Even though the system does not allow for a directly integrable solution, the low-energy description
of Fock parafermions of order p = 3 is a conformal field theory with central charge ¢ = 1 for n < 1.
Rossini et al. derived this result by calculating the bipartite entanglement entropy of the system. In a
one-dimensional conformal field theory Calabrese and Cardy showed that the bipartite entagnlement

entropy is of the form [29]:
c 2L . (w¢
S(pl) =a+ 6 log (77 Sin <L>> (311)

1See appendix
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Where ¢ is the length of one of the bipartite sections and a is some constant. Rossini et al. observed that
the entanglement entropy agrees with the Calabrese-Cardy formula for ¢ = 1. In conformal field theory
the central charge has a central position, as it indicates the types and numbers of free field theories
contained in the system [30]. Another way of stating this, is that it measures the effective number of
degrees of freedom of the system. The central charge for a free boson is ¢ = 1, while for a free fermion
itis ¢ = 1/2. Hence the central charge ¢ = 1 indicates that the system can be describe by a boson. One
possible way of having this happen is if the system is a Luttinger liquid, which many systems can be
described as through the process of bosonisation (see appendix[A).

Anyonic correlation functions

Define the Fock parafermion correlation:
Gi(z,x+7) = (FlFpy,) Go(z,x +71) = (F])*(Fuir)?) ... (3.12)

In the gapless phase (n < 1 for p = 3) these exhibit a clear power law r~* behaviour [4] (see figs.
and 5.2), which is what one would expect of a gapless bosonic system. It is provable that a low-energy
Luttinger liquid description of our system based on [31] results in the correlation function:

Gy (2, + 7)| ~o ™ (T KHL/E)/2 (3.13)

Where K is the Luttinger parameter, which is K = 1/« for a free anyonic gas [31]], where x = 2/p. Hence
the model dictates the power law |G| ~ r~2/?, which suits very well what has been observed (see fig.
B.1). This description overestimates the exponent in the power law behaviour of Gy (z, z + r) for p = 3,
however, at |G| ~ r~8/7 (see fig. .

In contrast to the bosonic case, the correlation functions G1(x, « + r) in the general anyonic systems are
complex. A rough estimate can elucidate the expected behaviour: assume the one-dimensional anyonic
gas is uniformly distributed. To compute G (z,x + ) we need to move a Fock parafermionic operator
N1 = pr times from z to z + r, where p is the density of the system. As such a factor of w?”, would be
expected to appear in the correlation function G;. In the calculation of G two operators are moved for
each step, hence it would be expected that Gy o w?er,

The correlation functions in the gapped phase decay as e~"/¢, where ¢ is of the order of a few lattice
spacings. The correlation function is very short ranged, and thus effectively zero in the low-energy
description.

An important concluding remark is that there is an effective strong interaction between the Fock parafer-
mions, such that they describe more than just fractions of fermions. To see why this is the case let p = 6.
Fermionic operators, ¢;, may be constructed from the Fock parafermionic ones as ¢; = F3. Numerics
show that the correlation function G3 ~ r=3 [4, p. 8]. This is clearly different from the decay of the
free fermionic correlation function of r~!. It is concluded that some strong interaction coming from the
special commutation of the Fock parafermions, makes the model more than just fractionalised fermions.

3.2.2 Review of Mahyaeh et al. 2020 [5]

In [5], the system considered is the one-dimensional Hamiltonian of the Z3 Fock parafermions on a chain
of length L with open boundary conditions:

L—1
H(g) ==t Y (1= 9)F} Fya + g(F}2(Fy11)?) + He. (3.14)

j=1

This model describes the interpolation of single particle hopping (at ¢ = 0) and coherent pair hopping
(at g = 1) of the Fock parafermions. The system displays four phases (see fig. [3.1). The phase diagram
contains three gapless phases and a gapped phase. Two of the gapless phases (L and R) has a central
charge ¢ = 1, which should allow for a single bosonic mode to describe the system. The difference
between these two phases is that the two-point correlation functions G; and G display different power
law behaviours. The last gapless phase (M) has a central charge ¢ = 2, which is very interesting to note.
This suggests that a system that describes this phase should consist of two bosonic modes. The gapped
phase (G) shows that the gapped phase observed in [4] is extended to g < 0.45 atn = 1.
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Figure 3.1: Phase diagram of of the Z3 Fock parafermions. Four phases (R, L, G and M) arises as the
filling factor n and the relative strength of the hopping of single Fock parafermions and pairs of Fock
parafermions, g, are varied. Notably has the M phase a central charge of ¢ = 2, while the phases R and
L has ¢ = 1 and the G phase has ¢ = 0. Three of the phases meet in . Phase diagram is from the article

[5].

Numerical calculations of the correlation functions Gy and G'» show that the number of single occupied
sites dominate the L phase, while almost no sites exhibit double occupancy [5]. The converse is true for
the R phase. Mahyaeh et al. use this observation to simplify the terms in the Hamiltonian. For example
in the L phase they ignore the doubly-occupied sites and project the system onto the Hilbert space with
at most one particle per site. In this space the matrices B and U become:

B (8 (1)) U ((1) g) (3.15)

Recognise the B; = aj. Le. we are left with two (spin) states per site and may use a Jordan-Wigner
transformation to map the system to spinless fermions, ¢;. The fermions are linearised around the
Fermi points & = +kp, and cf. bosonisation:

. . 1
R ikpx —ikpx _ i/m(E£p(x)—0(x))

=+a (e T)+e _(z = e 3.16

i = Va (et s (@) b-@) = e (3.16)

Where a is the lattice spacing constant, = ja, and « is a momentum cut-off. Cf. the theory of bosoni-

sation 1+ = ¢ £ 0, where ¢(x) and 6 are dual fields, such that [¢(z), 0(2')] = imO(a’ — z). Rescale these

fields by the Luttinger parameter K, such that ¢ +— /K¢ and 6 — /'K, to account for the interactions
of the fields.

Carrying out the calculation of the correlation function in the L phase, yields [5]:

1 2 2K
|G1(z,z + 7)] o r—(FR+3K) (1+cos2kpr (g)s > 3.17)
T
This is very similar to the result in [4], however this result also allows for the subtle oscillating behaviour
that is seen in (fig. [5.I). Recall that the Luttinger parameter is K = 3/2. A downside to this approach is
that the behaviour of G2 (r) cannot be derived in the L phase by this bosonisation approach.

In the R phase, the system is projected to the Hilbert space that does not contain the single occupied
states. This makes the calculation of G4 virtually equivalent to the calculation of G; in the L phase,
whereby G is equivalent to the right hand side of (eq. [3.17) in the R phase.

The Luttinger parameter is set to be KX = 1 in this case, since it is argued that the theory is free be-
cause only the doubly-occupied and free sites are allowed [5]. However, I will argue that this is up to
debate since it contradicts the point that Rossini made about the effective strong interaction of the Fock
parafermions [4]. It turns out K = 1 and K = 3/2, yield very similar two-point correlation function,
G, in the R phase. Hence making a distinction between these two cases is difficult. We will discuss this
topic further down the line in section[5.2}
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Chapter 4

Bosonisation of Fock Parafermions

In this chapter, we will try to define a field theoretical continuous version (¢ (z), ¥ (x)) of the discrete
Fock parafermion creation and annihilation operators, F;, F;. The operators should obey the generalised
Clifford algebra defined by the following relationships:

FI" =F? =0
! . (4.1)
FiFj = W) R, FIF; = w0 py it
And:
(FIy™(F)™ + (F)P™(F)P™ =1 melp-1] 42)

Two types of bosonisation exist: fields theoretical bosonisation, and constructive bosonisation [32]. We
will first employ a phenomelogical, field theoretical approach of bosonising the Fock parafermions. This
approach is effectively done through the generalisation of the standard bosonisation of the bosons and
fermions. We will see that this approach describes the system well in some cases, but not in general.
With that in mind, we derive another description for the bosonisation of the Fock parafermions that
utilises a constructivist approach. It is seen that this latter description better describes the system, as it
theoretically allows for phases with central charge ¢ > 1 to arise. The constructivist approach to bosonise
the Fock parafermions will in fact result in a theory of p — 1 pairs of dual bosonic fields.

It was conjectured that Fock parafermions are abelian. The following section will thus treat the bosoni-
sation of the Fock parafermions as abelian. For a non-abelian approach to bosonisation see [33].

4.0.1 Continuum (Field Theoretical) Limit

Before we proceed to describe the Fock parafermions in terms of bosonised fields, we note that the
description arises in the continuum limit, where the physical fields of the system can be described as
liquids. In the continuum limit we assume a model defined on some hyper-lattice with lattice spacing,
a, lets the lattice spacing approach zero, a — 0. In this limit we might consider our lattice a continuum.

In one spatial dimension we define the the lattice of length L, where each lattice site is spaced at a
distance a apart. The total number of sites is then L/a. In the continuum limit, it is possible to define the
derivative of some field f in terms of the difference of two adjacent points. We will use the following

definition:
1 1

O:f (i) = 0 (f(zi +a) = f(x:)) = a (f(zir1) = f(z:)) 4.3)
Furthermore, note that in continuum limit, the sum over the sites turns into an integral:
L/a L
Z—>/ T fora 0 (4.4)
i=1 o @
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4.1 Field Theoretical Bosonisation of the Fock Parafermions

In the derivation of the bosonisation operators of the bosons and fermionsﬂ we saw how the description
of the fermions could be constructed from the bosons by changing the sum over ¢ such that 2¢ — 2¢ + 1.
The addition of this +1-term in the exponent will cause the bosonised fields to anti-commute, which is
expected of the fermionic operators. It is hypothesised that this approach can be used on the Z, Fock
parafermions by letting 2¢ — 2¢ + 2/p:

1¢(x 3 LY (mpox—06(x 8£9(33)
Py (z) = € )282(q+p)( poz—6(x)) po— F

! (4.5)
i) = /,00 3 3xi(x) Z87i2(q+%)(Trp[)m79(w))efi¢(z)
q
Where we have defined the dual bosonic fields:
[p(x),¢(a)] =0 [0(x),0(z")] =0
9.0(x) (4.6)

s

2 o) = iote - 0) Bl 0t = im0 - )

It is true that this definition of the fields obey the commutation relation, which is at heart of the physics
of the Fock parafermion operators for = # «':

Ypr(@)Ypr(@’) = wB Y pp(@ ) ppr(x)
Uhp(@)pr(a) = B Wpp (2 )by (2)
The all important exchange statistics of the Fock parafermions is hereby obeyed by the proposed can-

didate. The same site relations are more difficult to calculate and are as such just assumed to also be
obeyed.

(4.7)

Ties to Bosons and Fermions

We recognise that the Z, Fock parafermions condense to the fermions and bosons, when p = 2 and
p — oo, respectively. This is indeed reflected in the bosonised parafermionic fields ¢,(z) and (),

since the fermion fields arise as p = 2: ¢hy(z) = ¥p(x) and }(z) = w}(x) While the letting p — oo
results in the bosonic fields: 1o (z) = ¥p(x) and ¥} (z) = w};(m).

We may ask ourselves what the case p = 1 corresponds to. The resulting commutation relations of this
system tell us that it is bosonic. This system is however quite uninteresting, since in terms of the clock
model it corresponds to a case where only one state is allowed per site. This system is obviously not
displaying any forms of dynamics, because only one state is allowed.

Lowest Order Bosonisation Mode

Following the literature [34} 27], it is arguable that the bosonisation operator mode that has the biggest
influence on the ground state of the system is the one for which ¢ = 0. Recall that this approxima-
tion corresponds to letting the dispersion of the parafermions be linear. Furthermore at low densities
the variation in the change in the density fluctuation will be minimal thus 0,0/ < po. Under these
assumptions the bosonised field can be assumed to be:

Wy () ~ \/pfoew(x)e%(mozfe(x))

' (4.8)
1/1;5 (x) ~ \/poe~ 2 (mpoz—6(x)) o i9(@)

Note that the pg is simply a constant that doesn’t do much for our operators and can consequently be
omitted in our analysis.

1See appendix
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4.1.1 Nearest Neighbour Hopping of a Single Fock Parafermion

The nearest neighbour hopping of these Fock parafermions between two sites a apart in a 1-dimensional
lattice is described through the operator (in the lowest order bosonisation mode):

1/);;(33)1/1;)(95 +a) = e~ 3 (mpoz—0(2)) ,—id(z) yid(x+a) o 3 (mpo(v+a)—0(z+a))

27

. T (4.9)
= exp (z (¢(z +a) — ¢(z)) s (O(z +a) —0(x)) + N (2p0a — 1))

The BCH-formula is used in collecting the exponents together, and all the terms except for the ones
containing ¢(x) and 6(z 4+ a) commute as per our definitions.

In the continuum limit (as per section 4.0.1) with the lattice spacing a — 0, the single hopping Hamilto-
nian is calculated to be:

L L
H, = —tl/o % w;(a:)wp(x +a)+H.c = -2t /0 C%x cos (a (&Eqﬁ — 28939) + —(2n— 1)) (4.10)

T
p
By a Taylor expansion of the cosine in a (Bl.qﬁ — %&U 9) which we will assume small around zero, we find
that the Hamiltonian gives rise to a second order term:

L 2
Hl(z) =tjacos (W(Qn — 1)) / dx ((%;(b — 28956‘) (4.11)
p 0 p

This Hamiltonian we recognise as that of the chiral Luttinger liquid with fractional charge x = 2/p.
In previous section we showed that the equal-time two point correlation functions of this system (for
x # x') are:
1 P
(@)(e)) = —"loglo —a'| - (B(x)0(x)) =~ log |z — 2 (4.12)

Correlation Functions

The correlation functions of the hopping operator in the system H; are by the cumulant expansion:

(W) @ip(a + 1)), = e o |7 (4.13)

In [4] it was observed how this system does indeed seem to display a power law behaviour equivalent
to the one we just found ‘<z/zg(x)wp(x + r)>H1) = || "7, for the cases p = 3 and p = 6. The correla-

tion functions of the square of the hopping operators (corresponding to the hopping of a pair of Fock
parafermions) yield an erroneous prediction, however, as:

(@)@l + 1)) | = 177 (4.14)

For p = 3 this prediction is arguably not correct as it overshoots the the size of the power-law exponent
(see fig.5.2).

Our key takeaway from this analysis is that bosonising the Fock parafermions as per (eq. is a good
description in the single hopping Hamiltonian (eq. at low amounts of filling of fock parafermions,
where it can be assumed that powers of the Fock parafermionc operators are zero, ((¢})™ (1,)™) w, =0
for m > 1. When this is not the case, the description breaks down, since it does not give us an accurate
prediction of the theory for the powers where m > 1.

4.2 Constructive Bosonisation of the Fock Parafermions

The idea behind the constructive bosonisation procedure is to rewrite a particle operator in terms of
bosonic vertex operators multiplied by some factors that first of all, act as ladder operators changing the
number of particles in the system; secondly, they ensure that the commutation relations of the original
particles are obeyed [32) p. 14-15].
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The Fradkin-Kadanoff transformation maps the Fock parafermion creation and annihilation operators,
F JT /F;, onto creation and annihilation operators of hard-core bosons, BJT /B;. In doing so, the Fradkin-
Kadanoff transformation automatically maps the system from a basis of Z,, Fock parafermions to a basis
of hard-core bosons that allow up to p — 1 bosons to exist at each site. Recall the defintion of the Fradkin-
Kadanoff transformation over some lexiocologial order of the Fock parafermions:

Jj—1 Jj—1
Fy=B;[[u Fl = B! 11 Ul (4.15)
=1 =1

On the one-dimensional lattice of length L and lattice spacing a, the natural lexiocological order is nu-
merating the sites, {z;}, from one end to the other. The hard-core bosons operators have the following
matrix representation in the basis consisting of the number of hard-core bosons occupying each site, j,
{INj=n)[nel0,p—1]}

P
010 0
001 -0
Bi=1l® --@lx|. . . . J®le---21
_— Dooror e
i—1
000 -~ 0 (4.16)
1
w 27
U;=1l®---®1l® ) RLIR---®1 w:exp(z)
N—— .. p
i—1 1

Notice that the operator B; works as a ladder operator between the state where N; and N; — 1 hard-core
bosons occupy each site. Furthermore, the string, [],_ j U;, will ensure that the commutation relations
of the Fock parafermions are obeyed. The Klein factors are precisely this combination of ladder and
‘commutation keeping’ operators, hereby we identify the product, B; [[,_; U, as the latter operators
that simultaneously preserve the commutation relations of the Fock parafermions.

Now;, a crucial ansatz for our bosonisation is stated. We assume that each eigenstate of the hard-core
bosons are described by its own species of dual bosonic fields ¢ and 6, for k € [1,p — 1]. In the
eigenbasis we defined earlier, k represents the number of particles, ie. |N; = k). That ¢;, and 6, are dual
is meant that:

[0:0k (), ppr (2)] = —imd(x — 2 )Op i (4.17)

Notice that by integrating this commutation relationship over the variable x, the variable =’ does not in-
fluence this integral at all, since it is defined over a different field than x is. Hence, the partial derivative
of x can be removed from the commutation relation:

/
[0k (2), drr (2)] = —im0p 1 O(z — 2”) , O —2') = 1 fore> a:/ (4.18)
0 forz<uz

There is some leeway for determining the definition of the ©-function in the point © = 0. The way we
have defined it is the right way due to our definition of the continuum limit for the partial derivatives
(eq. . The fields are moreover bosonic, which means that:

[Pr(z), 0w (2)] =0, [Ok(),0k ()] =0 (4.19)

Furthermore, we assume that the eigenvector |N; = k) is described by the vertex operator of the field
Pr:

IN; =k) = ek (z;) 0) (4.20)

Where x; denotes the spatial coordinate of the j’th site. Notice that the bosons we describe have a hard
core which means only one vertex operator can be on each site. Algebraically this means:

IN; = k) = e~ i@ |0) (e—wmw) (e—wnm)) 0y =0 (4.21)

Where k = m + n. A corollary to this result is that the square of any two bosonic vertex operators
is zero. And it is also shown that we cannot go between dfferent states by application of these vertex
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operators only. The only two types of bosonic operators that can be put together to render something
different from zero are the vertex operator and its hermitian conjugate, in this case the result is the
identity, e!?m (i) e=¢m (%) |0) = |0). With this in mind, we define the hard-core bosonic operators:

p—1
Bj = exp (ig1(z;)) + ZGXP (i(Pr(z)) — dr—1(x5)))
k=2 (4.22)

p—1

Bl = exp (—iga(x;)) + Y _ exp (=i(¢r(x;) — r-1(x;)))

k=2

The latter operator creates a hard-core boson, as B]T |N; = k) = |N; = k+1). The former operator on
the other hand annihilates a hard-core boson, since B; |N; = k) = |N; = k — 1). These relationships are
easily derived with (eq. [4.21) in mind. The m’th power of these operators are:

p—1
(Bj)™ = exp (idm(z;) + Y exp (i(dr(r;) — drm(;)))
k:";f 11 (4.23)
(BD)™ = exp (=igm(z,)) + D exp(=i(dr(x;) = drm(x;)))
k=m+1

It was earlier shown that the unitary operators U; = w”i. We have so far distinguished between the
number of hard-core bosons and Fock parafermions at a site i. This distinction is redundant, however,
since the number of hard-core bosons is exactly equal to the number of Fock parafermions. This is
proven by the fact that the form of the number operator is left invariant under the Fradkin-Kadanoff
transformation:

Nj= Z:l(F})m(Fj)m = Z:I(B})m(Bj)m (4.24)

The density operator of the bosonised field was defined through the 6)-field which is dual to the ¢y-
field used in the vertex operator that describes the eigenstates of the system, (eq. 4.20). To reiteratéﬂ the
density operator of the k’th type bosonised field is:

i 0,61
P = pre = = () (4.25)

Where pj, is the average of the number of sites that contain k& Fock parafermions/hard-core bosons (di-
vided by the length of the system L). From this equation it is understood that 9,.0;, defines the deviation
of the density from the average p;. We also introduce a rescaled version of the density operator, p;,
which we will call the number density operator, 7;:

00k

N = apy, =Nk — a (x5) (4.26)
Where we have defined the average of the number density operator n; = ap;. The idea behind this
definition is to get an operator that is able to count the number of parafermions at a site x;. There is 1
Fock parafermions at the site z; in the state | V; = 1), 2 in the state |N; = 2), etc. A natural definition for
the total number density operator, n, which counts the number of Fock parafermions at any gives site,
arises naturally:

L/ap—1 L/a
kig =Y N;=N (4.27)
j=1k=1 j=1

The total number of Fock parafermions, N, remains invariant in the nearest-neighbour hopping Hamil-
tonian, cf. (eq. , which makes the average number density n = )" knj, a well-defined constant of the
system. We have in the above made it explicitly clear that p and 7 are operators by including the hat.
This degree of explicitness is rather redundant and will be left out unless otherwise stated.

2See appendix
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The last piece of the puzzle, in order to write the operator U; in terms of our bosonic fields 6, and ¢y, is
to rewrite the derivative a0,0;(z;) = 0x(xj+1) — 0x(2;). The unitary operator U; is thus:

U; = exp <2mn - — Zk’ (O (zj41) Qk(xj))>
(4.28)

2m 2 X
U; = exp ( » n-+ — Zk (O ( 93]+1) - 9k(%))>

k=1

Note that w is Z,-symmetric, meaning that the powers wP™* = w*. This makes the powers (U;)™ difficult
to calculate explicitly:

(Uj)m — mej — wz mknk—f >z mk(Qk(xj+1)—9k(xj)) (429)

Due to the periodicity of w the above cannot simply take out m from the sums over k. If we define
kj = kj (mod p), the powers of U; are:

omika— 2k
U)™ =exp | =Y mhn — =Y mk - (6x(2;41) — 0;(x;))
p k=1 p k=1

(4.30)
.p—1 . p—1
(U™ = exp (‘2;% > mkny + % > mk - (O(wj1) - 9j(93j))>

k=1 k=1
Lastly, it is important to note that the right commutation relation is obeyed when U; and B; commute,
(eq. [1.46). Namely:

(Bi)™(U)" = ™ U (B)™ - (B)™M(U)" =W (U) B (43D)

This is quickly checked by having in mind that for a specific value of " € [0,p — 1]:

+i(r (25) — Prr—m **an (Ok(zj41) — O (a ))]
(4.32)
2mi

= 22 (R 0 ), 530)) = 0 =) (B (2) - 0)]) = S

4.2.1 Bosonised Fock Parafermions

The Fock parafermion operators, F;, in the bosonised description are described through a Fradkin
Kadanoff transformation of the operators B; and U; that was just studied. Notice that the string of
U; operators in the bosonised description simplifies, since the product changes into a telescopic sum in
the exponent:

i 2mi Ry s
H U = exp (pn j—1)—— sz (Or(z141) — 9k($l))>
=1

=1 k=1

(4.33)
2mi
The bosonised description of the Fock parafermions is then:
p—1 . .p—1
F; = et1(z) 4 Z i @r ()= bk -1(2)) | oxp @n(j —1)— 2 Z k (Ox () — Ox(z1))
k=2 P Lyt
i - (4.34)
2 24
FJT = |gid1(;) + Z e CHCTIE T 1(%]))] exp (_;Zn(] —1)+ EZZ k (ek(l’j) _ 9k(£1))>
k=2 k=1

This result is one of the main results of this thesis. Recall that the bosonised fields commute by the
following relationship:

[0 (), b (2')] = —imp O (x — ') @@x—mq::{l forz >’ (4.35)

0 forz<zua
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Powers of these Fock parafermion operators are:

p—1
(Fj)m = lemm(l‘j) + Z Ok ()= bk —m(2;))

h=mtl (4.36)

2mi - 2i {~
X exp <(] -1) ka‘nk - — ka Ok (z;) — Hk(xl))>
p k=1 P =
Where the power (F]-T)m is found by the complex conjugate of this expression.

4.3 Bosonisation of One-dimensional Z; Fock Parafermions

A framework for bosonising the Fock parafermions has been made in previous section. To see whether
this framework is good or not we study its application to the one-dimensional Z3 Fock parafermions,
and study what kinds of prediction this model yields.

The matrix representation of the Fradkin-Kadanoff transformed operators, B; and U;, of the Z3 Fock
parafermions are defined as:

0
Bi=1l® --®1l® 11 91l®---®1
0

i—1

(4.37)

U;=1® -1
————
i—1

OO = OO0
OoO& o OO+

0 27
0l1l®---®1 w:exp<i>
w? 3

In the analysis to come the tensor product notation is dismissed for simplicity, but note it will still be
implied. The basis of each of these 3 x 3-matrices are the states containing n € {0, 1,2 } number of Fock
parafermions occupying the site i, { | N; =n) |n € {0,1,2} }.

4.3.1 Hard-core Bosonic Operator 5; and its Powers

We derived the general form of the bosonisation of the B;-operator of the Z,, Fock parafermions. For the

specific case of the Z3 Fock parafermions the non-zero powers of this operator is:
Bj = ei®1(zi) o pi(¢2(zs) =1 (2;))

, (4.38)

(B)? = e

Where z; = ia is the placement of the i’th site in the lattice with spacing a. Notice that the cube of the
operator B; should simply yield zero:
(B;)? =0 (4.39)

Identities of B;

If we directly take powers of the B; it would be reasonable to expect that the resulting equations give us
a pair of relations that will act as constraints on the ¢;-fields. We note that:

o (it o iba—on)\" — (i(er—262) o i(3ea—61))" (Lite)® _ on on 1 2o
(B;) (e +e ) (e 2%2) 4 "2 ) (e ) 2" cos™ | ¢ 2(;52 e
(4.40)

The square of the hard-core bosonic operator should obey the relation, 15 = €2 = (B;)?. This equation
will yield a constraint on the ¢;-fields such that, cos (¢1 — 1¢2) = £3, hence:

b2 — 21 = gw (mod 27), n=124,5 (4.41)
Another defining feature of the hard-core bosons are that they obey the relation (B;)® = 0. From the

equation above it is then implied:
¢2 — 2¢1 = w (mod 27) (4.42)
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We cannot simultaneously obey both constraints on the ¢;-fields (Eqgs. and [4.41). Therefore, the
above constraints of the vertex operators cannot be imposed from the get go. Note that the fact that
the operators B; are that of a hard-core boson, should hint to us that these same site relations cannot
be imposed, due to the fact that hard-core bosons are strongly interacting at the same site. Hence this
discussion is rather redundant.

4.3.2 Unitary Operator U; and its Powers

The powers of the unitary operator U; of the Z3 Fock parafermions on the one-dimensional lattice are:

U, = wn—% [(91(111+1)—91(ri))+2(92($i+1)—92(f1))]
(4.43)
(U))2 = w2ritne= 3 2001 @) =01 @) +0a(w i) 02 (@)

Where we have defined the average number density, n = n; + 2ny. Before we proceed further in our
analysis, we note that a seemingly equivalent way of defining the operator U; exist: it seems that one
would be able to define the operator through the difference, U; = w™ ~"2, rather than by U; = w™1 272,
This alternative definition is sound by the earlier definition of the operator, (eq. , since w? = w1
However, by this definition of the operator U; we will need to keep charge of each of the number of
species of Fock parafermions, since the exponent will be (ny — n2) — 2(9,61 — 9,62). Compared to n,

n1 — ng is not a conserved quantity, hence this approach is not preferred.

For the square of U; there are two seemingly equivalent definitions of the operator (U;)? as well. The

first way of finding the square is as in (eq. [4.43). The other way is by straight-forward squaring U;:
(U;)? = W2 R [(01(2141) =01 () +2(02(1 1) 0 (1)) (4.44)

The difference between these two operators stems from the fact that the number, w, is Z3 symmetric,
such that w? = w. Even though the operators are mathematically equivalent, the physical interpretation
is quite different between the two of them: Compare simply doubling both of the fields §; and 65, versus
changing the two fields into each other, 6; «> 6. As we will see the definition as given in (eq. , is
the better choice.

Identities of U;

Lastly, the unitary operator, U;, should by definition obey the fact that its cube is the identity operator.
Hence:

p2min—i2 [(91 (@it1)—01(z4))+2(02 ($i+1)—92(m))}
(4.45)

1=(U;)% = Rt [(91(wi+1)—91(Ii))+2(92($i+1)—92(wi))]

Which is obeyed when:
2mn — 2[(01 (fl;i+1) — 91 (.’EZ)) + 2 (92(1'i+1) — 02(%2))] =0 (mod 27T) (4:4:6)

From this constraint, we can define a stronger version, by summing over the sites z; up to z;_; and
letting [01(zo) + 262(z0)] = 0, which we may define, since it is only the dynamics of the system that
matters to us. In total we find:

2mnj — 2[01(z;) 4+ 262(z;)] =0 (mod 2n) (4.47)

4.3.3 Fock Parafermion Operators

We are now able to describe the Z3 Fock parafermion operators in our bosonisation description. Re-
member that the product of Uy, operators from k = 1to k = j — 1 is described as a telescoping sum over
the ¢-fields. Hence, the single occupation Fock parafermion becomes:

= exp (00 = 1) = 5 [0a5) — 0201)) 42 i) — )] ) - (652659 4 o=t

3
(4.48)
By the same calculation we find that the double occupation Fock parafermion is:

(Fj)2 = exp (237”(2711 —+ TLQ)(] — 1) — %[2 (91(173) — 91(501)) + (92(1’]) — 02(I1))]> . ei¢2(l’j) (449)
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Fock Parafermion Hopping Terms

The operator describing the hopping of a single Fock parafermions from site j to site k is described by

the normal ordered operator F,;r F};. Inserting the bosonised form of our Fock parafermion operator we
get:

FiF, = b (e—ml(zk) n e—l’(@(m)—dﬁ(m))) o= 3 [(01(2) =01 (1)) +2(02(25) — 02 (1)

(4.50)
y (ewl(mj) n ei(@(w)—m(zn))

Note, if j = k the above expression will simply become 1 if the site x; is occupied by one or two Fock
parafermions, and zero if there is no occupancy, due to the vertex operator ¢’**(%i) on the right hand
side. This is exactly what we would expect. The nearest neighbour hopping, j = k % 1, is of special
interest to us, as we will study it in the sections to come. Note, how the prefactor in (eq. becomes
3" in the case of the nearest-neighbour hopping term.

Other than the hopping of a single Fock parafermion from site j to k, a pair of Fock parafermions can
do the hopping together, signified by the operator (F,I)Q(Fj)2. We can simply write the pair hopping
operator in its bosonised form as:

(F2(Fy)? = 25 Gratna) =) g—ida(en) = 3 [201(2141) =012 +Oa(2i41) =022 i i) (4.51)
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Chapter 5

Field Theoretical Limit of Z3 Fock
Parafermion Nearest Neighbour
Hopping Hamiltonian

The system that is to be analysed in this chapter is the system of nearest neighbour hopping of Z3
Fock parafermions on a one-dimensional lattice with | = L/a equally spaced sites of distance a. The
Hamiltonian is:
1-1
H==Y tFFi1 +t:(F)*(Fiy1)” + He (5.1)
i=1

The Fradkin-Kadanoff transformation of this Hamiltonian is:

-1 9
H=-— Z tlBjUiBi-&-l + 12 (BZT) (l]z)2 (Bi+1)2 + H.c. (5.2)
1=1

Symmetries of the Hamiltonian

By writing the Hamiltonian in terms of the vertex operators we have lost the symmetries of the system.
We will reintroduce these symmetries by finding he right constraints to put on our fields. Consider the
operator:

l 1 0 0
v=[Jvi . U=[0 w 0 (5.3)
i=1 0

0 w?
This operator will in fact define a global Z3 symmetry of the Hamiltonian. It is Z3, since:
1 0 0 ) 1 00
U)P=10 w? 0 =10 1 0f=1 (5.4)
0 0 w 0 0 1

While it’s a symmetry of the Hamiltonian, since the operator commutes with each of the terms in the
Hamiltonian. The commutation relations of each of the individual terms of the Hamiltonian with U
are easily calculated keeping in mind U;B; = w™1B;U; and UiB;r = ij U;. The globally Z3 symmetric
operator, U, tells us something important about the boundary terms of the §;-fields. Note, we can
evaluate the product over the U; operators as a telescoping sum over the §;-fields :

l ) =L | r=L
U— H U, — St (61 () +265 () o N3 (61 () +265 () o (55)
j=1

This operator is a symmetry of the system, which must make the sum in the exponent of w a constant
number. We earlier showed that NV was a constant of our system. Therefore, the edge term of the 0;-fields
will also be a constant of the system:
=L
[01 (x) + 205(x) = const (5.6)

=0
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5.1 Single Hopping Hamiltonian

Before proceeding to treat the entire Hamiltonian (eq. , we first study two extreme cases, where t5 =
0 and ¢; = 0, by themselves. In this section we will analyse the ¢;-term of (eq. [5.I). This Hamiltonian
corresponds to the hopping of single Fock parafermions between nearest neighbouring sites in the one-
dimensional lattice:

-1 -1
Hy=—-t, Y F/F+Hec=-t1 ) BlUBi +Hec (5.7)

i=1 =1

5.1.1 Field Theoretical Limit

We will evaluate the field theoretical limit of the F) F;,;-operator as given in (eq. , see appendix
for this calculation. In conclusion we get four complex exponentials, to which adding their hermitian
conjugate, will render cosine terms, assuming ¢; is real.

The lattice spacing a is then set to approach zero, letting the two points z; and z;11 approach one
another. By defining the differential quotients as in (eq. we may rewrite the Hamiltonian (eq. in
terms of the partial derivatives in x of the fields, ¢, and 6;. In the continuum limit the sum becomes an
integral, and for simplicity we may denote the x;-variable 2. Hence the expression for the Hamiltonian,
which is derived in appendix|C|becomes:

L
H1 = 72151/ dﬁ lCOS |:aam¢1 — ga (6191 + 23’r02) + E (277, — 1)i|
0 a 3 3

2
-+ cos |:¢2 — 21 + a0, b2 — adyp1 — —a (0501 + 20.02) + T (2n — 1)}
3 3 (5.8)

2
+ cos [ — g + 201 + adypp1 — ga (001 +20,02) + g (2n — 1)}
2 T
+ cos |:CL81¢2 —ady01 — 3¢ (001 + 20,602) + 3 (2n—1) ”

Now, we let ¢ — 0, and only keep the most relevant terms in a. The two middle terms of (eq. are
very easily considered, since here we can simply let a = 0 to get the following:

cos [qbg —2¢1 + g (2n — 1)} + cos [— (P2 — 2¢1) + g (2n — 1)} = 2cos {qbg — 2(;51} cos {g (2n — 1)(} |
5.9

Le. we see that these two terms give rise to a sine-Gordon term. The two other terms, however, do not
behave in this way as the arguments inside the cosine are proportional to the lattice spacing, a (bar the
constant —7/3). To find the most relevant part of these terms, we Taylor-expand the cosine functions.
For the function cos(kx + b) the Taylor expansion in x around a point z, is:

cos(kxzg + b)

5 E2(z — 20)? 4+ O(z?) (5.10)

cos(kx 4+ b) = cos(kxg + b) — sin(kxo + b)k(z — xo) —

This Taylor expansion of the first and fourth term of (eq. [5.8) is carried out in a around Zer(ﬂ The result-
ing Hamiltonian densities are proportional to the zeroth, first, second, etc. order in a. The Hamiltonian

is approximated at the three lowest of such orders, such that H; ~ H 1(0) +H 1(1) +H 1(2). All the zeroth
order terms of the Hamiltonian densities are gathered to yield a sine-Gordon term Hamiltonian:

H = 44, cos [g (2n — 1)} /OL %‘T (1 + cos [¢>2 — 2¢1D (5.11)

When studying the dynamics of the system, we can ignore the constant term in this Hamiltonian as it
will simply account for a constant energy. The physical interpretation of the cosine term in the integrand,

1See appendix
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is that it will seek to gap out the combination of fields, such that ¢o — 2¢; = 27n, for some n € Z. The
first order terms to the Hamiltonian are:

L
HY = 2t asin [g (2n — 1)} / dr <3z¢2 - % (0201 + 28192))

0o G
— —2¢ sin [g (2n — 1)] ([qsz(x)]::g - %[al(a;) n 292(33)}2:3) (5.12)
T =L
— t sin [5 (2n — 1)] [@@)] .

Which is dependent on the boundary terms of the bosonised fields. The 6;-boundary terms in the Hamil-
tonian, (eq[5.12), sum to a constant cf. (eq/5.6) and can in consequence be omitted from the calculations.
In the bulk we can by definition disregard the boundary terms of the ¢;-fields as well. This also works
under the assumption of periodic boundary conditions, since here ¢;(0) = ¢;(L), or if we consider the
system in the thermodynamic limit where L — oco. Thus we may simply ignore the boundary terms of
the Hamiltonian in the following analysis, where we limit ourselves to studying the bulk behaviour of
the system. However, if we were to calculate the Hamiltonian for a finite system, we would indeed need
to account for these edge contributions.

The second order part of the Hamiltonian is:

T 2
@ _ ha® mo dx 2
H™ =2 5 Cos {3 (2n 1)} /0 ; ( (8$¢1 3a (0261 + 20,.02)

2
+ (895(;52 — Oz 1 — %a (0201 + 289592)) ) (5.13)

L 2 2
= 2t1a cos [g (2n — 1)} / dx ( <;8m¢2 - §(8x91 + 23192)) + <aa:¢1 - % x¢2) )
0

This second-order Hamiltonian gives rise to some dynamics, which will be the attention of our analysis.

5.1.2 Canonical Transformation of the Single Hopping Hamiltonian

Our first impulse to treat the second-order Hamiltonian that we have just derived, is to find a unitary
canonical transformation that will diagonalise the Hamiltonian. This is not possible for this particular
system, since it is not Lorentz invariant, which will make this particular approach impossible.

This doesn’t hinder us from defining some canonical transformation such that the Hamiltonian becomes
easier to deal with. Start by noting that the 6;-operators always feature as the sum 6; + 26, in our
Hamiltonian. This observation leads us to define the transformation:

~ ~ 1 ~ ~ 1
0, =0, ¢1 =1 — 541)2 02 = 01 + 20, P2 = 541)2 (5.14)

The transformed field, qgl, is defined such that it will commute with the f-field, which is what we want
from a canonical transformation:

[527¢~51} = [01, ¢1] +M+M‘F [292, —;¢2} = [01,¢1] — [02, 2] =0 (5.15)

We have a bit of leeway in defining the two other operators, while still keeping the transformation
canonical, such that the commutation relations are preserved. It turns out the definition we have just
used is the simplest way of defining these two remaining fields, ¢» and 6;.

Hereby the quadratic part of the Hamiltonian (eq. [5.13) becomes:
L B 5 9 2
0

Where we have defined: -
t; = 2at, cos {g (2n — 1)} (5.17)
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We recognise the Hamiltonian (eq. as that of a chiral Luttinger liquid in ¢, and a massless free
scalar in ¢;. Note that the chiral Luttinger liquid as we previously discussed requires that #; > 0 for
the system to be physical. We proved earlier that the system displays a mirror symmetry around n =1,
hence only on of these mirrored regions (say 0 < n < 1) needs be considered. We note that t, > t1a/2 >0
in this region, if t; > 0.

Some interaction term should be added to the Hamiltonian to account for the constraint on the 6; that
arose from the cube of the unitary matrix U; (eq. 4.47). We keep in mind that z; = ja. We pin the 6-fields
with the addition of a cosine-term:

a

Hint(01) o cos <27Tm - 252) (5.18)

We also include the cosine-term in ¢; that arose from the first order Taylor expansion, hence the the bulk
Hamiltonian of the system is:

L
H; :/ dx ty (8Iq~52 - z@m@) — Mj cos (
0

We see that this bulk Hamiltonian consists of some second order terms and a couple of cosine terms. In
the subsequent section we will analyse the second order part of the Hamiltonian. One of the points of
interest in our analysis going forward will be to determine when the different terms in this Hamiltonian
will be relevant. We will do this in one of the following sections by conducting a renormalisation group
analysis on the system, where we will consider the cosine terms as a perturbation to the second order
Hamiltonian.

2
2mnx

- 292) +t ((%51)2 - % COS(2¢~1)> (5.19)

5.1.3 Correlation Functions

Note that the second order Hamiltonian of our system (eq. [5.16) is the sum of two different systems,
which we will denote as:

) - - \2 - -2 \?
Hi = Hqgl + Hqu H‘Z’l =1 (az¢1) ,Hqu =1 <(’)x¢2 — 363592) (5.20)

By finding the Lagrangian of the system from a Legendre transformation of its Hamiltonian, we notice
we may define a diagonal Lagrangian matrix:

L= (‘g ﬁ(; ) (5.21)

If we define the vector (Z = (¢ qNSQ)T and some small generating fields 7 = (m ng)T, we may calculate
the generating functional/partition function of the system by the Feynman path integral:

Z(if) = / Dé exp [ / dudt (; 3L+ ﬁTq_s')} (5.22)

Note that the non-mixing of the fields of species ¢1 and ¢y in the Hamiltonian (eq. , and by ex-
tension the diagonality of the Lagrangian matrix £, will make the total Hamiltonian separable into two
systems that can be solved independently. This will mean the mixed correlation function between fields
of different species are zero, i.e.:

(12, )2 (2, 1)) = (da(z, 1)1 (2, ) = 0 (5.23)

The two-point correlation functions of the chiral Luttinger liquid were calculated in section In the
low energy limit with |z — 2’| > a and for equal time ¢ = t/, these two-point correlation functions are:

(¢1(z, 1)1 (2, 1)) = const
; 7 1 (5.24)
(po(x,t)pa(a’ t)) = -3 log |z — 2’| + const
And:
<9~1 (:L‘, t)él (l‘/, t/)> =0

- (5.25)
(O2(z,t)02(2, 1)) = 72 log |z — 2’| + const
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Figure 5.1: Numerical results of the two-point correlation function |G1(z,z + r)| = (FJF,1,) of the
single hopping Hamiltonian (with ¢, = 0) versus the theoretical predictions made in the text with

Gy (z,z +7) o e 2r=1) . =3 Numerical results and graph courtesy of Rossini et.al. [4].

Two-point Correlation Functions of the Fock Parafermion Operators

The two-point correlation functions of the bosonic fields ¢, and 6}/, do not readily yield any particular
physical significance to us. Of bigger importance are the two-point correlation functions of the Fock
parafermions, which are defined as:

Gl(xvx + T) = <F;Fx+r> G2(m7$ +T) = <(F;)2(Fm+r)2> (526)

Where F, is the Fock parafermion operator in the spatial coordinate x. The bosonised Fock parafermion
operators to be inserted are defined in (eqs. [4.50| and 4.5I). Notice that these operators are defined
on the lattice. In the continuum we change n — p = N/L, since the density should be used because
nj = nx;/a = px;, when going from the site number j to its position in spatial coordinates. In the tilde
transformed fields (eq. [5.14), G is:

Gi(z,z+7) = e%’l‘pr< (e—i(éz(ww&l(z)) + e—i(ém)—&l(z))) o3 (02(2)—02(z+1))
% (ei($2<z+r>+$1(x+r)) + ei($2(z+r)—$1(x+r))) >
Invoking the BCH formula, the correlation function becomes:

Gilxx+r) = e (2or=1)

<eXp (z (ég(x +7) = Go(x) + 1 (x +7) — g1 (z) +

2

3

+ <eXP <z (gsg(x +7) — go(x) + I (x +7) + ¢1(z) + %
(o (i (Galo +) = o) = a4 = Ba(o) + 5
(

+ <exp <z (g?)g(:r +7) = ga(z) — Gr(z +71) + b1 (z) + ; 02 (x) — Oz(x +7'))>
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Each of these four terms can be calculated by the cumulant expansiorﬂ For example we see:

<exp (z <¢32(x +7) = da(a) + il + 1) = (o) + 2 (Bale) Dol + ’“)>)>>

x exp <_; <(¢32(x+r) - <;32<x))2> -3 <(<z31(x+r) - qu(x))2> -3 (5)2 <(<§2(x+r) - ég(x))2>>

Note that the same site two-point correlation functions are ignored. Furthermore, N; is a U(1)-symmetry
of the system, as discussed earlier. That such a symmetry exists guarantees that the one point correlation
functions are all zero. By these same assumptions the two-point correlation functions of the square are
easily calculated:

<(¢§1 (z+7)— q%(a;))2> — 2 <<51(x + r)<51<x)> = const
<(a~52(w +7)— (2)2(56))2> =2 <¢32(x + r)¢32(x)> =-2. <; log r) + const
<(9~2(sc +r) - 92(1:))2> = 2l + i) ) = 2 (—i logr) + const

This result is inserted into the correlation function, we get that the first term of G is proportional to

r~%. The same is the case for the four other terms. In total we find that the one body density matrix G4
is:

Gi(z,z+71) x es2or=1) =3 (5.27)

This result is substantiated by the literature [4} 5]. For comparison to numerical results made in [4] see
(fig. p.1). Notice also that the complex factor in front of the right hand side agrees with the non rigorous
prediction made in [4]. This complex oscillating factor could not be described by the former treatments,
but was however predicted to be there [4}[5]. The result does not predict the weak oscillating behaviour
that G, exhibit, which was one of the strengths of [5]. It is possible that some higher order terms could
account for this oscillation.

The calculation of G is very similar to that of G, but before we can carry it out, one should note that
the square of the Fock parafermion operator changes n = n; + 2ns — 2ny + n4, in the exponent (eq.
. In general one cannot say what the relationship between n; and n; is, since F; can change this.
However, two extreme cases arise: no = 0 and n; = 0. In the first case n; = n, while the latter case
yields ny = n/2. In the following the first case is assumed, where n; = n and ng = 0.

In the tilde transformed variables (eq. ) we find 20, + 05 = %91 + %ég, hereby we may find the
two-point correlation function, G:

Galay4r) =¥ ) (exp (21 (Gl + 1) = da(e) = 5 (Bata 4 1) = ) = (Aa(o 1) = 61(0) ) )

The cumulant expansion yields:
17
2

Ga(z,x + 1) x e (or=1)p—1 (5.28)

At different filling factors the fraction of doubly-occupied states might increase, resulting in a change
in the value of 4p in the above. In the extreme case, where all sites are doubly-occupied, the correlation

. . s _ _ 17
function is Go(x,x + 1) o €5 (7= Np—13,

This correlation function does resemble the numerical results closely (see Figure[5.2). Compare this to
the result, if the Z3-symmetry of w is ignoredﬂ and (U;)? is given by (eq. . Under these assumptions
we find that |G| oc 7~8/3. This corresponds to the prediction made in [4], which was based on the
argument that the system is a single anyonic fluid. We also saw that the phenomenological bosonisation
we defined earlier, where only one pair of dual bosonic fields was used, yielded this result.

The numerical results as seen in (fig. do indeed favour our new prediction of |Ga(z,z +7)| ~
r~12. Fundamentally, the change came from the Z3-symmetry of our model and by introducing multiple

2See appendix
3See appendix
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Figure 5.2: Numerical results of the two-point correlation function |Ga(z,z + r)| = ((F))*(Fyqr)?) ver-
sus the theoretical predictions. The system in question is the single hopping Hamiltonian with ¢, = 0.
Theoretical predictions are |Gy (x,z + )| &< 7=%/3 and |G (2, = + r)| o< r~7/12 depending on the model
and type of bosonisation used. Judging from the plot the latter prediction is better. Numerical results
and graph courtesy of Rossini et.al. [4].

species of dual bosonic fields for the bosonisation. The latter part is important since squaring the U;-
operator takes the two 6-fields into each other, 6; <+ 65, rather than just multiplying both of the by two
in the exponent. Le. the difference in the two descriptions is:

(Ui)Q ~ w201+92 versus (Ui)Q ~ w201+402 (529)

These two descriptions are mathematically equivalent as they are portrayed, but their Taylor expansions
are very different. This result underlines the importance of describing the system as multiple pairs of
dual bosonic fields, rather than just as one pair of dual bosonic fields that most of the literature have
done until know.

5.1.4 Phases of the Single Hopping Hamiltonian

We now return to consider the full bulk Hamiltonian with ¢, = 0 that includes the second order terms
and the cosine terms (eq. [5.19). We do this by considering the cosine terms a perturbation to the chiral
Luttinger liquid that we just treated. Note that we may only consider the system for fillings 0 <n <1,
since a form of particle hole symmetry arises that will render the fillings 1 < n < 2 mirroring the system
ato<n<1.

Whether the Mj-term becomes relevant depends on the value of n. If n # 1, cos (27:% - 252) will be

fast oscillating as it will strongly fluctuate as x goes along the lattice. By the idea of the theory of the
renormalisation group this term is thus non-relevant. If n ~ 1 the term begins to oscillate more slowly
and will hence be able to become relevant. We will therefore calculate the scaling dimension of the
Mj-term for n ~ 1. We Taylor-expand around n = 1 to find:

2rnx ~ - (1—-n)x ., _=x 1-n\>
cos P 205 | = cos 20, + Y sin 205 + O (5.30)

a

We note that this will blow up if (1 —n) > a. Hence we need (1 —n) < a, which means in the continuum

limit only n = 1 will yield a term that is not non-relevant in the RG sense. Euler’s formula tells us

that cos(x) = % (exp(ix) + exp(—iz)), and the scaling dimension of the vertex operator ¢i202(@)

=3 is easily
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Figure 5.3: Phase diagram of the single hopping Hamiltonian. For n # 1 a gapless bosonic mode
arises and the system is described by a chiral Luttinger liquid. This phase is denoted by GL in the
above diagram. This bosonic mode is however gapped out when n = 1 by the Mj-term in the bulk
Hamiltonian (eq. 5.19). This phase is denoted by G in the above.

calculated:

202 () ,—2i02 (' 22 ) O () 3 / =3
<e 2(2) g = 2i02( ))> = exp (—2-(—2<92(x)92(a: )))) = exp (4 (—410g|x—x |>> = |z — 2|
(5.31)

The scaling dimension of the cosine-term will be half of the negative value of this exponent. Thus the
scaling dimension of the Mj-term for n = 1is Ay, = 3/2. Notice that the dimension of the system
is D = 2, corresponding to one spatial and one temporal dimension. We thus see Ay, < D and the
Mj-term is relevant for n = 1.

The cosine terms will try and pin the field, such that 26, ~ 27m, for some m € Z. How strong this
pinning is compared to the chiral Luttinger liquid part must be considered for us to be able to determine
if the pinning will actually happen. Consider some small fluctuation about the pinned fields, we may
write this as a linear term away from the pinning value, for some small dz: 6, ~ 7wm(l + dz) and
¢y ~ 2rm/ (1 + 6z)/3. The Hamiltonian in these fields finds its minimum in these pinnings if m = m’:

N -2 2 . -2 2
H =ty (&Cd)g — g&ﬂrm(l + 537)) — Mj cos (2rmdx) = to (&Cd)g — 37rm5x) — M; (5.32)

Minimising the energy will pin the other field ¢, = 2rmdx. This corresponds to gapping out the free

bosonic mode that corresponds to the dual fields ¢, and 65 [12]. In general this “gapping out” will not
happen if n # 1, since here the Mj-term is irrelevant.

Lastly note that the term —(2¢;/a?) cos 2¢1 will always be relevant. The term has scaling dimension
A 5, = 0, since the two-point correlation function of the (bl:ﬁeld is zero (eq. . It is evident that
the energy will be minimised if the pinning happens, since ¢; = 0 yields a minimum of the energy. In

other words, a gapping out of the free bosonic mode that corresponds to the fields ¢; and §; will always
happen in the single hopping Hamiltonian (eq. [5.19).

Both of the cosine-terms, —(2t; /a?) cos 2&1 and —Mp cos (27?% — 252) , can gap out bosonic mode simul-
taneously as the two terms commute [12], ie. [¢1,62] = 0. To sum up, consider (fig. for a phase
diagram. We saw that the term — (21 /a?) cos 2¢; is relevant and will gap out the field ¢, for all n, which

2tnx

makes only one bosonic mode is present. At n = 1 the term cos ( -

— 292) gaps out the remaining
bosonic mode, whereby the system becomes fully gapped.

5.2 Pair Hopping Hamiltonian

In this section we will analyse the t,-term of the nearest-neighbour hopping Hamiltonian (eq. for
Z3 parafermions. This Hamiltonian corresponds to the hopping of a pair of Fock parafermions between
nearest-neighbouring sites in the one-dimensional lattice:

-1 -1
Hy=—ty Y (F)*(Fiz1)? + He = —t2 Y _(B))?(Ui)*(Bi1)* + Hee. (5.33)
i=1 i=1
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The bosonised version of the pair hopping operator is found in (eq. 4.51). The BCH formula grants us
the ability to gather everything in the same exponent:

(FN2(Fi11)? = exp |i (¢2(@is1) — ¢a(1)) — %[2 (01 (zi1) — O1(x)) + (B2 (2ip1) — O2(24)) |

w27
_g + 7(277/1 + 77,2)
Compared to the single hopping terms, the square of the Fock parafermion operators looks to be taking
the 6-fields ”into each other”, such that #; — 26, and 205 — 65.

It must be mentioned that by n; and n, are meant the averages of these densities, rather than the exact
densities at the sites. n; and ng can be understood as the fraction of sites that are occupied by a single
Fock parafermion and a pair of Fock parafermions, respectively. It is reasonable to assume that these are
somehow determined by the parameters of the system in particular ¢, and the filling factor n. This makes
the latter part, %(2111 + ny), a number and as such a conserved quantity. Another observation that
underlines this fact is that we can write the operator that counts the number of sites that are occupied
by 2 Fock parafermions as No = ) | i(FiT)z (F;)Q. This operator is a symmetry of the Hamiltonian, and as
such ny = Ny/L is constant of the system. We can determine n; from ny, since n; = n — 2ny, and hence
ny must likewise be a constant of the system.

The system with the Hamiltonian, H», cannot contain only one Fock parafermion per site. Only free
sites or doubly-occupied sites are allowed. To see why this is the case, notice that for any site j:
-1
Hylny=1) =153 [(FJ)Q(FZ»H)Q n (F;l)Q(Fi)ﬂ Floy=o0 (5.34)
i=1

In other words, the single occupied orbitals are eigenstates with eigenvalue zero of the Hamiltonian,
H,. Notice furthermore, that the Hamiltonian does not allow for the single occupied sites to move
around, whereby they will effectively act as partitions of the system. The choices for how we fill the
sites with Fock parafermions are thus constrained to be either zero or two per site. This makes n; = 0
and ne = n/2, for any given filling n € [0, 2].

Continuum Limit and Taylor Expansion

We insert the bosonised description of (Fj)z(FiH)2 in the Hamiltonian, Hs, and let the lattice sites
approach each other such that lattice constant ¢« — 0. In this limit, natural definitions of the spatial
derivatives and integrals arise, as per section [4.0.1} The Hamiltonian of the t,-hopping term is:

Hy = -2t / dx cos [a (&C(bg — g (20,01 + 8192)) + g (n— 1)} (5.35)
a
As before, we Taylor-expand the integrand, and terms of equal order in a are collected:

0 _ 2L (T
Hy' = . cos(3(n 1))

1 = atzsin (3 0= 1)) (16201556 — Si20e) + )22 ) (5.36)

L 2
H2(2) = aty cos (z (n — 1)) / dx (8m¢2 — 5 (20,01 + 6:1092))
3 0 3

The resulting system is very similar to the single hopping Hamiltonian H;. As was the case for single

hopping Hamiltonian, we ignore the boundary terms that arise in H. él), which corresponds to the peri-

odic boundary conditions or the thermodynamic limit L — oo. For a given set of parameters n and so

(0)

on, the zeroth order Hamiltonian, H; ", is simply a constant and can be ignored in the dynamics of the

system. The first non-trivial terms of the hamiltonian are the second order terms, H. 52).

Notice, both the operator and the average of the single site filling will yield zero, i.e. 7; = ny = 0. This
will in fact put a constraint our bosonic fields such that:

0z01 ~n1 =0 — 61 = const (5.37)
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This constrain was lost on us, when we went to the bosonised description. However it may be rein-
troduced as a cosine-interaction term to our Hamiltonian. Without loss of generality we let const = 0.
Hereby the full bulk Hamiltonian becomes:

L 2 L
Hy =15 / dx (azqsz §(23$91+am92)> M / dz cos(01) (5.38)
0 JO

Where we have defined: -
ty = aty cos (§ (n— 1)) (5.39)

It is reasonable to assume the energy associated with the constraint on ;, M, is of the same order as the
zero point energy. We saw that this was the case for the constraining of the fields ¢; — ¢ in the single
hopping case. Therefore it may be assumed that:

2ty

My =~ (5.40)

a2

The hopping energy, #, is bigger than zero for all n € [0, 2]. We define the following canonical transfor-
mation: R .
b= 2 0 =20, + 06, (5.41)

The second order Hamiltonian is thus a chiral Luttinger liquid in these newly transformed fields with
fractional charge k = —2/3:

L 2
HY — i, /0 iz (axé— gamm) (5.42)

In fact defining this transformation is a little redundant since the cos-interaction term in (eq. [5.38), will
pin the field 6,, such that its spatial derivative disappears from the Hamiltonian entirely, and the result-
ing system is a chiral Luttinger liquid in the fields ¢, and 60, exclusively. We construct these definitions
to make our approach more general, which will come in hand later.

5.2.1 Correlation Functions
The equal-time two-point correlation functions of the bosonic fields ¢ and 0 are:
R n 1
(o(a, )o(a’, 1)) = =3 log|z —a'| + const

(5.43)
O(z,t)0(2", 1)) = —g log |z — 2’| + const

Since the Hamiltonian (eq. [5.42) is that of a chiral Luttinger liquid with fractional charge x = —2/3.

Two-point Correlation Functions of the Fock Parafermions

Earlier it was argued that the lattice sites only contain zero or two Fock parafermions per site. The
case where a single parafermion occupies a lattice site is simply not an eigenstate of the system. An
important consequence of this fact is that a single Fock parafermion operator acting on the ground state
of the system is zero, F; |GS) = 0. This in turn guarantees that:

Gi(z,x+71) = (FFpr) =0 (5.44)

This result is what is expected from the single Fock parafermion filling not being allowed. The result is
furthermore substantiated by the phase diagram (fig. [5]. The correlation function of the square of
the Fock parafermion operators, is non-zero on the other hand:

Gata o) = (FLP(Fas)?) = 307 (exp (i (oo +1) = ) + 5 (0o +1) - 00) ) ) 55)

By the cumulant expansion we find:

2

Go(z,z+7) o e®Pr=Hyp=5 (5.46)
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Noticeably, this result displays the same power law behaviour as the correlation function G; in the
system H;. The marked difference between the two correlation functions is the different complex factor
in front, e® (/=1 versus e (27—1),

Compared to previous treatments this correlation function is predicted to be |Gy| o« 7~ 1%, which nu-
merical results substantiated [5]. This prediction is nevertheless very close to our prediction, since
2/3 = 12/18 ~ 13/18. The prediction, |G5| o r~ 1%, arises from our system too if we change the specific
fractional charge —2/3 to be the general symbol . We find that the correlation function is:

Golz,x + 7“) _ <e—i<ﬁ(x)e4§ipr+in(§(x)—é(x+r))ei({&(z-i-r)> . e%(4pr+1)r—(ﬁ+%‘) (5.47)
In [5] it is assumed k = 1, by arguing that the system we just considered can be mapped onto a non-
interacting fermionic system. This assumption yields G (x, 4 7) o r~15. The validity of this assump-
tion is however dubious, since the fractional charge x = —2/3 in the second order Hamiltonian terms
(Egs. @ and has its roots in the definition of w = e~*™*, which described the commutation re-
lation of the Fock parafermions. So it is not evident how x = 1 can be allowed to explain our system,
without ignoring the underlying statistics of the Fock parafermions.

5.2.2 Consideration for General Z, Fock Parafermions

The study of the Z3 Fock parafermions is put on a temporary hiatus, in favour of a small interim where
we consider the Fock parafermion of some general order p. Note that the hopping of a pair of Z3 Fock
parafermions is a special case of the hopping of (p — 1) Z, Fock parafermions. Recall that the general
Hamiltonian of nearest-neighbour hopping of Fock parafermions of general p on a one-dimensional
lattice of length L with lattice spacing a is:

L/ap—1 L/ap—1
= wE) (Fa) +He == > > t(B)HU)F(Bi)* + He (5.48)
i=1 k=1 i=1 k=1

Let p denote the average density of Fock parafermions, and n = ap, be the average number of Fock
parafermions per site. If all the hopping parameters except for the last one, ¢,_;, are zero we end up
with a system that is easier to consider. Note that the (p — 1)-power of the bosonic operator gives rise to
a two-state system consisting of the state |0) and |p — 1):

27rz 2 !

(Bi)P~! = exp (igp-1(z:)) (U)P~! =ex » - 0;(xit1) —0;(x;)) | (5.49)

J=1

TheA tranéformation ¢ — ¢ =, 1(x;)and § — 0 = Z?;i(p —7) (0;(xix1) — 0;(x;)) is canonical, with
[0:0(x), p(2")] = —imd(x — 2’). In the continuum limit the Hamiltonian becomes:

L 9.
Hy 1 =-2t,1 /0 c%a: cos (&C(é — 5@9 + % (2(p—1)n— 1)> (5.50)

As we have calculated many times before, the second order Taylor expansion of this system gives rise to

a chiral Luttinger liquid with fractional charge x = % and energy term € = ¢,_ja cos (% 2(p—-1)n— 1)):

L 2
Hl(i)l =t,_1aCO0S8 (Z 2(p—1)n— 1)) /0 dx (&EQAS - ;%é) (5.51)

As we just calculated this system gives rise to the two-point correlation function:
(P (o)1) o €5 Co=Der=1) =3 (5.52)
The two-point correlation function of the Fock parafermionic operators, ((F})*(F,,)*), will be effec-

tively zero (specifically exponentially decreasing with some small correlation length) for k # p — 1, since
H,_1|n;) =0foralli e [0,L/al.
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5.3 Combined Single and Pair Hopping Hamiltonian

Now that we have studied each of the systems for single and pairs of Fock parafermions hopping indi-
vidually, we want to consider the system where both can happen simultaneously. The two Hamiltonians
(egs. p.19and [5.42) added together becomes up to the second order:

2

L./ 2 S 1
H = / dx |t 55’x¢2 - §(5x91 +20,02) ) +t1 | Owpr — 5@@2
0

+1 (éwg —~ ; (20,6, + aﬁeg))Q — My cos (27””3 —2(6 + 292)> (5.53)
2 . -
- (t1 cos (201 — o) + to 008(01)) ]
Where we have defined:
i, = 2at(1 — g) cos (% (2n — 1)) fp = atgcos (g (4ny + 2ng — 1)) (5.54)

Note that ¢ = t3/(t2 + t1), which measures the relative strength of the hopping of a pair of Fock
parafermions (compared to single and pair hopping). In most physical systems, hopping of a single
particle is more likely than the hopping of multiple particles, hence it would be reasonable to assume g
is rather small in physical systems.

We encounter a problem in our calculations, since we don’t know the number of sites that are occupied
by a single Fock parafermion, n;, and/or how many are occupied by a pair of Fock parafermions, n,.
At least one of these is needed to be known to calculate £,. When only the pair hopping terms of the
Hamiltonian were considered, it was shown that n; = 0, which simplified things greatly. We cannot do
this in the general case however, when including the single hopping terms, which guarantees the single
hopping sites are still eigenvectors of the Hamiltonian.

Even though we cannot definitively determine n; and ny based on analytical reasoning, we can nonethe-
less make a few remarks on it’s behaviour. Remember that n,. tells us the fraction of sites that are oc-
cupied by k Fock parafermions. The total fraction cannot exceed one, hence n; + ny < 1, and the total
number of Fock parafermions n = n; + ng, as always. If g is big and close to 1, we have determined
that n; =~ 0, and for small n and g ~ 0 the converse must be true with ny ~ 0. The difficult part is in
determining the behaviour of the region in between the two extreme cases. The numerical calculations
by Mahyaeh et.al. [5], showed that the intermediate region experienced a discontinuity and was split
up in two phases, where one phase, L, was characterised by ns ~ 0, while in the other phase, R, n; ~ 0.

Assuming that the two phases L and R are extensions of the systems, for which ¢ = 0 and g = 1,
respectively, the former phase will be dominated by single hopping, while the latter is dominated by
pair hopping of the Fock parafermions. The strength of the pair hopping in the R phase is then:

Ty ~ atg cos (g (n— 1)) (in R phase) (5.55)

Recall that the zeroth order energy of the singleH and pair hopping terms are I 1(0) = —2Lt;/a* and
H éo) = —2Lty/a?, respectively. If it is assumed only one type of hopping is allowed, the type of hopping
that will happen is determined by which of these energies is the smallest - which means finding which
is maximal between t; and t,. For a given n the critical g*, where the ¢; in the L phase is equal to ¢3 in
the R phase, is:
. 2cos (5 (2n —1))
Yy (2(2n—1)) +cos (% (n—1))

Systems with g < g* are dominated by the single hopping, while systems with g > g* are dominated by
pair hopping, as per our assumptions. The resulting phase diagram derived by this phenomenological
approach is seen in (fig. . It shows a decent approximation of the phase diagram (fig. calculated
by Mahyaeh et.al. [5]. The differences that arise might come from the fact that n; # 0 and ny # 0 as is
assumed. This will make changes to the curve of g*, since the second term in the denominator in (eq.
5.56) will be cos (% (4ny + 2ns — 1)) A few points of criticism arise in this phenomenological approach.

(5.56)

“Excluding some term proportional [ dz cos(2¢1 — ¢2)
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Figure 5.4: Phase diagram of the model distinguishing between the single and pair hopping of the Fock
parafermions. The phase diagram is derived from phenomenological observations, and is as such not
theoretically rigid. In the left region, phase L, the single Fock parafermion hopping (denoted by the
hopping strength #;) is dominant. In the right region, phase R, it is assumed n; = 0, and the region is
defined such that the pair hopping (denoted by the hopping strength #,) is dominant. The critical line
g* is defined in (eq.[5.56). At the ends g* = 2/3 forn = 0 and g* = 1/2 forn = 1.

First of all, this analysis doesn’t show why it is that n; = 0 in the R phase and ny = 0 in the L phase.
Second of all, we cannot account for the M phase in (fig. that had central charge ¢ = 2. Compared to
(fig. B.), in (fig[5.4) the R and the M phases are fused together to one phase. The phase transition from
the M to the R phases in (fig. happens at a constant g = 0.58, so a possible explanation of this phase
could be that single hopping will always be allowed whenever g < 0.58.

5.3.1 Analytical Description of Chiral Luttinger Liquid Fields

We analyse the second order terms of the Hamiltonian (eq. [5.53) and consider the cosine-terms as a
perturbation to the resulting system at a later point, as was done in earlier chapters. We define three
fields ;, j = 1,2, 3, such that:

| = Vi (61— 362) (5.57)
113 Viz (62 — 2(201 + 62))

It is true that £; > 0, for all n < 1, but we need to assume t5 > 0 for all considered values of n < 1,
whereby it will makes sense to take the square root of these values. In practice we do this by letting t»
be defined as in (eq. [5.55). This is not strictly true, but we assume it is good enough to display to us the
physics of the system.

(771) Vi (302 — 2(61 + 265))

The second order Hamiltonian of (eq. is diagonal in (&cm OzxMa 8$n3)T. We define a fourth
component 74, to make the system invertible, since we can thus go back and forth between our two
descriptions. We define 7, such that it commutes canonically with the other components: [0,;74,7;] = 0
for i = 1,2, 3. The following definition of 7, obeys these relationships:

4 /3 1
Ny = \/g <4¢)1 + 591 + 92) (5.58)

In summation we can express 7] as a linear transformation of the original fields:

0 Vi —3VE —5VE g
0

m =
ho—iVEhoo
S me | 1 —3vh _ _ P2
== Ve -ivE -2VE||e (5:59)
G R A
S
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Whereby the Hamiltonian becomes:

3
L | 0= z; Danf O (5.60)
0 "

Y ——
T

H®) = o,i7"

We define some transformation of the system, 7 — \fl, such that the commutation relations of the re-
sulting species of fields are [0, ¥;(z), ¥, (y)] = £i2nd(x — y)J; ;, which makes it possible to split up the
system in simultaneously diagonalisable parts. Note that the sign in front of the commutation relation
will determine the chirality of the field ¥;. We define the matrix W, which keeps track of the current
commutation relations:

[0emi(x),mi(y)] = 206 (x —y)Wi; , W=

0 0 Vhi | 0 (5.61)
tit 0

This matrix is a block diagonal matrix, consisting of a 3 x 3 block, W/, and a 1 x 1 identity block. This
block diagonal construction is the motivation for the way we defined the fourth component 7,, since it
does not influence our system, which simplifies things a lot. If we are able to diagonalise the matrix W’
with an orthogonal matrix O, this matrix will define the transformation 7 — T. We note that W' is a
symmetric 3 x 3-matrix, which guarantees it has 3 not necessarily distinct eigenvectors, \;, each with
an eigenvector, U;, that make up an orthogonal basis [25]. The eigenvectors can be determined from the
characteristic polynomial of the matrix:

2. 2. -~ (12 17

This equation is not easily solvable analytically. However we note a few things about the solutions.
First of all the determinant det W’ = —3(f1)%f, < 0 which tells us that either exactly one or all of the
eigenvalues are less than zero, since det W' = A A2)3, while the trace Tr W’/ = %(fl + 1) > 0 tells
us at least one eigenvalue is greater than zero, since Tr W/ = Ay + Ay + A3. Hence we find that two
eigenvalues (say A, and \3) will be positive and one (say A3) will be negative. Numerical calculations of
the eigenvalues supports these claims (fig. 5.5).

Denote the eigenvectors corresponding to the eigenvalue \; by v;. These eigenvectors will be orthonor-
mal and will make up the first block of the orthogonal matrix O:

0= , oTo=1 (5.63)

‘o 0 o1/

Therefore we may define a diagonal matrix, A, consisting of the eigenvalues ); in its diagonal, such that:

A1
A=0TWO = A2 (5.64)
A3
~1/2
The commutation relations are then described as:
i2n6(x — y)A = i2r6(x — y) OTWO = O [0,17(x), 7j(y)|O = [0 O,i7(x), O ij(y)] (5.65)

Le we find that the following vector will have the canonical commutation relations between its compo-
nents, which are diagonalised and normalised:

+1

+1

U = |A|_1/2 oty , [(‘Llf'(x), ‘i(y)} =2wd(x — y) (5.66)
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Figure 5.5: Numerical calculations for the first three eigenvalues of the matrix W. The last eigenvalue is
simply —1. W is defined as keeping track of the commutation relations [9,n;(x), n; (y)] = ind(x — y)Wi;.
In the calculation of the eigenvalues it is assumed that ¢, = atgcos (5 (n — 1)). By assuming the value
of 15, the calculations are not exact, however it looks as if As ~ —\3. This is especially true for small g.

Note that we need to take the absolute value of the eigenvalues in our definition of ¥, since two of the
eigenvalues of the matrix W are negative, which complicates things from just taking the square root
directly. The Hamiltonian of the system is found to be:

| A1
H® = (0,7) " T, = (3, 9)" (|A]/*)T OTO" |A]? 9,9 = (2, 9)"

3
= >INl (0:9)*
i=1

The Hamiltonian is that of three chiral Luttinger liquids in the fields ¥;. The signs of the commutation
relations, [0, ¥,(x), ¥;(z’)] = Fi2nd(x — 2’)d; 5, will correspond to a (fractional) charge k = +1, for the
negative and positive values of the commutations respectively. The sign of the fractional charge will
determine the chirality of the field ¥;, since the velocity of the mode is proportional to the chirality (eq.
and 2.15). In other words, will the sign of the eigenvalues ); in fact determine the chirality of ¥;.

The eigenvalues Ay and A3 are zero in the extreme cases, where g = 0 and g = 1. The system is in this
case a sole chiral Luttinger liquid in ¥,. This agrees with our previous calculations, where we saw that a
single chiral Luttinger liquid arises. In particular, if g = 0, the system corresponds to a Chiral Luttinger
liquid in the field 71 = £¢2 — 2(61 + 26-). If g = 1, the system simplifies to a chiral Luttinger liquid in
N3 = ¢ — 2(201 + 62).

In the general case the eigenvalues A\; and A3 are non-zero. And as such three chiral Luttinger liquids
should arise in our model. This is more than expected, especially since our model started out as only
described through two species of dual bosonic fields. However the first order calculations we just did,
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Figure 5.6: Two-point correlation functions in the extreme cases of single and pair hopping, and what
their result translates to in terms of coefficients v;; and ¢;;. A successful theory should yield these results
for g = 0 and g = 0, in our interpolated Hamiltonian (eq. [5.53).

showed interestingly that A; =~ —\3. To realise why this is interesting one needs to remember that a
normal Luttinger liquid can be constructed from two counter-propagating chiral Luttinger liquids. Let
Uy =@ — 0 and ¥3 = & + O, where [0,0(x), ®(z')] = —imd(xz — 2’). Crucially these two fields still
commute by the canonical commutation relations, [0, %2, 3] = 0. Their total Hamiltonian is:

HE) 4y = (Dol + Pa)((0:2)% + (8:0)2) — (|Aa] — [As3])(8: 90,0 + 8,00, )
~ (o] + Pa)((8:9) + (9.0)?)

The system is thus the sum of a chiral Luttinger liquid in ¥ = ¥, and regular Luttinger liquid in ® and
© with Luttinger parameter K = 1:

(5.68)

HE) = D] (D, 2)% + (Pl + M) ((0:9)° + (9,0)?) (5.69)

In conclusion, it is seen that the system is the sum of three chiral Luttinger liquids, which themselves
show a notable resemblance to the sum of a chiral Luttinger liquid and a regular Luttinger liquid. It is
thus argued that the free field part of the Hamiltonian, (eq. [5.53), is made up of two bosonic modes - the
chiral Luttinger liquid and the regular Luttinger liquid.

5.3.2 Correlation Functions

The system is described by three chiral Luttinger liquids, ¥;, ¢ = 1,2,3. The two-point correlation
functions in ¥; were previously calculated and is, no matter the value of |A;| > 0:

_ ) _
(Wy(a, )0 (2! ) = —2 - log | E=F) =0 =) 5 (5.70)
a

While |\;] = 0 renders the correlation function equal to zero. The original fields ¢; and 6, can be
expressed in terms of the fields ¥; through an inverse transformation of (egs. and [5.59):

P

92| _ 510|012 & G.71)

01 —_———

0> M

The two-point correlation functions of the original fields are found by squaring each element in the
matrix M and multiplying the sum of the first three elements in each row. This statement makes more
sense when it is written out. For example for ¢; we have:

(¢1(x) <<ZMM i ) (ZMU )> =) MMy (¥(2) ¥ (')

isj (5.72)
x— Y 2(My)logla — |

i={1,2,3}

We define the equal time two-point correlation functions of the fields ¢; and 6;:

(pi(z)9j(a")) = —vijlog |z — 2| (0;(2)8;(2")) = —e;5log |z — 2| (5.73)
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Figure 5.7: Numerical results of the coefficients of the two points correlation functions of the fields ¢;
and ;. For i = 1,2 we have defined (¢;(x)¢;(z')) = —v;log|z — 2’| and (;(z)0;(2")) = —e; log |z — /|
A mixing of the fields makes it such that the cross terms, (¢1(z)¢p2(z’)) = —yi2log|z — 2’| and
(01(z)02(x")) = —e12log |z — 2|, are non-zero. The plots show the values of the different coefficients for
varying filling, n, and the relative strength of the hopping of a pair of Fock parafermions, g = to/(t1+t2).

Note that the two-point correlation functions of our original fields are not orthogonal, so the mixed cor-
relation functions are generally non-zero. Le. in general 12 = 721 # 0 and €12 = €21 # 0. Furthermore,
for ease we denote v;; = 7; and €; = ¢;. We study the predictions of these coefficients, v;; and ¢;;, for
varying g and n. The calculations are made numerically using Python and the Numpy package. The
resulting plots are shown in (fig. .

At the extremes g = 0 and g = 1, we have already calculated a few values that the coefficients, v;; and
€;;, should obey. In (fig. we sum up these values, and show how they translate to ;;’s and ¢;;s.
One of the predictions is that v, = 4/3 at ¢ = 0, while 75 = 1/3 at g = 1. This behaviour is however
not what we see in the plot of 79, (fig. , where it is seen that v = 4/3 atboth g = 0 and g = 1.
The other two-point correlation functions follow the same tendency - the values obtained for small g
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Figure 5.8: Criteria for the relevancy of the cosine-terms in the Hamiltonian (eq. [5.53). For the terms the
be relevant in the RG sense their scaling dimensions need be lower than the dimension of the system,
D =2.

resemble the expected results, but the same is not true for the values at g =~ 1. This discrepancy might
partly be explained by our approximation that 2n; + ns ~ ny = n/2 in the coefficient ¢,. However this
approximation was shown to be the case at large g ~ 1, hence the disagreement to the study of the pair
hopping Hamiltonian would actually be expected to be less for large values of g.

The eigenvalues Ay and A3 both go to zero when g — 0 and g — 1. Notice how the fields ¥, are defined
as the multiple of the inverse of the eigenvalues, cf. (eq. [5.66). This means that the fields ¥, and U3
will inexpediently blow up at the ends, where ¢ — 0 and ¢ — 1. The blowing up of the fields makes
numerical calculations less certain. This likely explains why we do not get the expected values of the
power-laws for g = 0and g = 1.

5.3.3 Interaction Terms

So far the analysis has not considered the cosine interaction terms in the Hamiltonian, (eq. [5.53). We
saw in the study of the single hopping Hamiltonian that these terms, when relevant, can pin down a
field, which will gap out a bosonic mode of the description.

Two cosine terms can gap out two different bosonic modes, only if the terms commute. If the two terms
do not commute the one that is the most relevant will “win” resulting in that mode being gapped out
while the other runs freely [12]. The cosine term, Mj cos (222% — 2 (6, + 26,)), commutes with the rest
of the interaction terms, 3, cos (2¢1 — ¢2) and 215 cos(6;), and can as such simultaneously gap out the
fields, 6 + 26, with either 6, or 2¢; — ¢, being gapped, depending on the relevancy of the cosine-terms.
The two cosine-terms in ¢; and 2¢; — ¢2 cannot be simultaneously gapped however, since they do not
commute. It is necessary to determine which term is most relevant to see which field will be gapped
out. Notice that the cosine terms are proportional to #; and ¢, respectively, which hints as us why the
explanation that was used comparing the strength of these hopping energies, (fig. [5.4), showed a good
approximation of the phase diagram (fig. 3.1).

Whether a term in the Hamiltonian will be relevant or not, is determined by its scaling dimension (up to
first order RG). A cosine-term, cos(af; £(305), will have the scaling dimension A = (e;a? + €282 £ 2e12a8) /2,
since:

(e (2 (000 — e (3 (0l ) = () £ Blba(o) — ) )

sconp (= 3= 202 (@) 28 Ba(a)6ale’) £ (=205 (0 2)ala) + o)1) )

_ |1‘ B m/‘_(€1a2+6262i2612aﬁ)

The exponent is double the scaling dimension of the cosine-term. A similar calculation can be done for
a cosine-term in the ¢-fields, cos(ag; + B¢s), where A = (y102 + 728% & 2v1208) /2. The cosine-terms
are relevant (to the first order RG) if their scaling dimensions are less than that of the system, which in
our case is D = 2. (Fig. sums up when the different interaction terms of the Hamiltonian (eq.
are relevant by comparing their scaling dimension to the scaling dimension of the system, A < D = 2.
In (fig. the actual numerical values of the scaling dimensions of the interaction terms are plotted.

The scaling dimensions of the interaction-terms, A; for i = 1,2, 3 (see fig. for definitions), as they are
in (fig. show a couple of tendencies. First of all the scaling dimension A; < 2 for g < 0.1, whereby
01 + 26, is gapped out at n = 1 for small value of g. This result agrees with the analysis of the single
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Figure 5.9: Scaling dimension of the cosine-interaction terms of the Hamiltonian (eq. [5.53). The black
striped line signifies the limit for which the interaction is relevant in our model, and scaling dimensions
above the line will render the term irrelevant.

hopping system that said such a gapping out of this field would take place. The scaling dimensions of
the other cosine-terms, As and Ag, are both below D = 2 for values of g € [0.2,0.8]. However, over all
the possible values of g, at least one of the terms is relevant. It is thus guaranteed that one bosonic mode
will always be gapped out, according to this analysis. We assume that the bosonic mode that is gapped
out is the mode that has the lowest scaling dimension. This creates a phase transition in the system
where the sites may be occupied by a single Fock parafermion, n; # 0, when 2¢; — ¢» is gapped out, to
one where single occupancy is not allowed, n; = 0, due to the gapping out of the 0;-field. This phase
transition happens in this direction for increasing ¢ for all filling factors, n. The point where Ay = Aj
denotes the boundary of the phase transition. In (fig. this phase transition is found numerically.

If the phase diagram (fig. is compared to the phase diagram (fig. made by Mahyaeh et al. [5],
a few changes are immediately visible. First of all, we do not observe a phase where two bosonic modes
are gapless, which was observed for n around 1 and suitable g in (fig. B.I). Second, the fully gapped
phase that arises if both of the interaction-terms, 2[1%2 cos (A1) and %1 cos(2¢1 — ¢2), are relevant, is much
smaller and only observed for n = 1 in values g < 0.1. In Mahyaeh et al. this phase was observed
for g < 0.45. Third of all, the phase transition from the (n; # 0)-phase to the (n; ~ 0)-phase takes
place at too low g’s as compared to Mahyaeh et al. Note that to this last point we can move the phase
transition boundary left and right by multiplying the argument of the cosine term 2% cos (6), by some
appropriate factor. It is not set in stone that this factor is 1, since we based the argumentation of this
term on requiring the field ¢, is pinned to 0 in the pair hopping Hamiltonian.

It should be kept in mind that our calculations are made up to the first order of renormalisation group
theory, and furthermore utilises perturbation theory. Difference between our result and the numerical
result by Mahyaeh et al. would be expected. With the exception of the exclusion of a phase where two
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Figure 5.10: Phase diagram of the interpolated single and pair Z3 Fock parafermions hopping Hamil-
tonian (eq. [5.53), based on first order RG and scaling dimensions of the interaction fields. In the left
region sites may be occupied by a single Fock paraefermion. The phase transition changes this such
that single occupancy is not allowed in the right region, ie. n; = 0. The purple region at the top of the
plot, is the fully gapped region, where the remaining un-gapped bosonic field is gapped out by the term
My cos (27?% —2(61 + 202)).

bosonic modes exist, the phase diagram (fig. portrays an overall structure similar to the earlier
numerical calculations. It offers us a good qualitative explanation of the processes happening in the
nearest-neighbour Fock parafermion hopping Hamiltonian: We see that one phase for which n; = 0
exists, which entails only hopping of pairs of Fock parafermions is happening in this region. For smaller
¢’s a phase exists that allows for both single and pair hopping, but gaps out the bosonic field 2¢; — ¢.
Furthermore, a fully gapped phase appears for n = 1 at small g’s.

Our analysis encourages further work to be done on the system. Of interest in particular would be to
study the phase transitions at higher orders of the renormalisation group, where other factors than the
scaling dimensions plays a factor. It could also be fruitful to include the interaction term, a%fg cos(fy),
in the calculation of the fields. Notice that the term comes from the realisation that 9,0, = 0 in the
pair hopping system. If we assume it is small, the cosine term can be Taylor-expanded yielding the
Hamiltonian:

2

L 1 2 1 2
H = / dx [1?1 (23x¢2 - §(3x91 + 2&92)) + 1 <5x¢1 - 23x¢2>
0

. 2 *
+ to (&L(bg 3 (20,01 + a_L02)> + a—z(&ﬁl)z (5.74)

— Mpy cos (272”@ —2(6 + 202)> - 20%1 cos (2¢1 — ¢2)‘|

However, this Hamiltonian is valid in the right phase only, since this is the only region where we can
assume 9,60, = 0.

Notice that we have assumed that ¢, ignored the single site occupation, since it would otherwise become
negative for n; > 5/8. That a constant like 7, that should not be negative, is negative, is often an
indicator that the description has some problems. A possible explanation could be that in the Taylor
expansion of (eq. the assumption that the bosonic fields ¢, and 6, are slow oscillating, so their
partial derivatives may be expanded around zero, is not true. The interaction terms and the symmetries
of the system will effectively pin down the fields as discussed multiple times already. The pinning
might happens such that zero is not a good point to Taylor expand about. We try to see if this type of
pinning can be the explanation for the shortcomings of our model. We assume that the combination of
fields a (GI(ZSQ — % (20,01 + 8192)) are pinned around some value §. The second order Hamiltonian of
the system is thus:

’ L 2
H2(2) — %COS (g (477,1 + 277,2 - 1) - 5) /O dx (a <8x¢2 - % (287«61 + 87«02)) - 5) (575)
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We can square out the integrand with respect to the value §, but notice doing so will only yield some
boundary terms that we will ignore and a constant, which can be ignored. Thus the only influence the
introduction of ¢ has was changing the factor in front of the integral, such that:

ty —> ats cos (g (4ng +2ng — 1) — 5) (5.76)
We have done the numerical calculations and found the phase diagram for different values of § €

{m,7/3,2m/3,... }. None of these calculation yielded something that would be considered more cor-
rect with respect to the phase diagram (fig. B.1), however.
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Chapter 6

Conclusion and Outlook

In this thesis we effectively studied the anyonic particles called Fock parafermions, which are a type of
emergent particles defined by Cobanera and Ortiz in 2014 [3], and derived field-theoretical description
of these particles. This description was derived from a constructive bosonisation of the Weyl hard-core
bosons, which are defined from the Fock parafermions through a Fradkin-Kadanoff transformation.
The resulting bosonised description of the Z;-symmetric Fock parafermion annihilation and creation

operators at site j, F; and F]T, was shown to be:

211
F; = [ id1(z;) | Ze bk ()= dr—1( ))] exp (pn j—1)— ; Zk (01 () ek(ﬂh)))
B (6.1)
21 2
FJ]L = [ —id(z;) 4 Ze—z(qﬁk(m) br— 1(@))1 exp (_n j-1)+= Z (Or(x5) 9k(”¢'1))>
P p p
Where the dual bosonic fields, ¢;, and 6, commute by the following relationship:
1 f !
61 (x), b (&) = —inb Oz — ') O —a)={ T (62)
’ 0 forz<zua

Of special note is that the description requires p — 1 pairs of dual bosonic fields ¢ and 6. A descrip-
tion like this has not been previously considered. Even though, that more than just one bosonic field
is required to describe the Fock parafermions is backed up by the numerical studies of the Z3 Fock
parafermions [5], that found the system under the right conditions has a central charge ¢ = 2.

The newly-defined bosonised Fock parafermions were used to develop a low-energy field theoretical
description of the nearest-neighbour hopping Hamiltonian of the Z3 Fock parafermions (eq. [5.1). The
study of the Hamiltonian was split up in three cases: the study of the single hopping Hamiltonian,
where g = 0; the pair hopping Hamiltonian with g = 1; and a general case where both types of hopping
was allowed and the relative strength between them was varied by an interpolation variable 0 < g < 1.

The field theoretical description of the the Z3 Fock parafermion nearest-neighbour hopping model pre-
dicted that the system could be described by a single chiral Luttinger liquid in the extreme cases, where
either only single hopping or pair hopping is allowed. This system has not been studied in the literature
as much as its older brother, the regular Luttinger liquid, but a connection of it to the edge modes of the
fractional quantum Hall effect has been made [21]]. Earlier suggestions for bosonisation pointed to the
Luttinger liquid rather than this chiral version as a as a low energy field-theoretical describtion of the
Fock parafermions [4]. That the system should be described by a chiral Luttinger liquid rather than a
Luttinger liquid is likely owing to the fact that a chirality is inherent in the commutation relation of the
Fock parafermions (eq. [L.28).

Furthermore, the two-point correlation functions of the chiral Luttinger liquids were calculated, and this
result was used to calculate the two-point correlation functions of the Fock parafermions in the nearest-
neighbour hopping Hamiltonian. The obtained values are summed up in (fig. [6.1) and the power law
behaviours agree with earlier numerical calculations [4} [5]. For more see (fig and . It was
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Figure 6.1: Two-point correlation functions of the Z3 Fock parafermions tight-binding model. G1(z,z +
r) = (FiFyqr) and Go(z,x + r) = ((F])?(Fy4,)?). The obtained values agree with earlier numerical
calculations [4,5].

seen that the Z3-symmetry of the Z3 Fock parafermions, coupled with the fact that the bosonisation was
defined in terms of (p — 1) pairs of dual bosonic fields, were at the base of our successful predictions.

For general g the field-theoretical limit of the Z3 Fock Parafermion nearest-neighbour hopping Hamil-
tonian was calculated to be:

L1/ 2 SR 1 2
H= / dx ltl <25a:¢2 - §(8x91 + 239592)) +t (3z¢1 ~3 m¢2>
0

+ 1 (amg - g (20,61 + am(b)) o My cos (27”” —2(6, + 292)> (6.3)
2 - -
-5 (t1 cos (2¢1 — ¢2) + ta cos(91)) 1
Where we have defined:
t, = 2at(1 — g) cos (g (2n — 1)) ty = atg cos (g (4nq + 2ng — 1)) (6.4)

It was shown that this system gives rise to three chiral Luttinger liquids. Numerical calculations showed
that two of the counter-propagating chiral Luttinger liquids could indeed be approximated by a regular
Luttinger liquid. This constringes the number of bosonic modes of the system from three to two, which
is what we expected the theory to describe.

Moreover, it was shown how the cosine terms in (eq. gave rise to an interaction that effectively
pins the fields in the argument of the cosines, when the cosine-terms themselves were relevant. A
phase transition between two phases consisting of a single bosonic mode, were one phase allowed the
tight-binding sites to be occupied by a single Fock parafermions to one that did not, was observed for
increasing g. Furthermore, a fully gapped phase at » = 1 and g < 0.1 was observed. The phase diagram
derived by the model can be observed in (fig. [5.10). The description failed to capture a phase, where
the two bosonic modes of the system would be simultaneously gapless, which earlier work prescribed
would exist [5]. In consequence, further work is encouraged to study this system. A couple of points for
further research which might remedy the shortcoming of our model are:

* Renormalisation group analysis for the combined single and pair hopping Hamiltonian (eq. [6.3).
Including higher orders in the calculations could be the way to expand the derived phase diagram,
such that it includes a phase whose central charge ¢ = 2, where two bosonic modes are allowed;

* Finding another way of transforming the interpolated Hamiltonian (eq. [6.3), such that it does not
depend on some fields that blow up at the ends where ¢ —+ 0 and g — 1;

* Finding a way of determining the ratio n,/ns for specific values of g and n. The hopping param-
eter £, was shown to depend explicitly on these values. In the analysis we assumed n; = 0 for
when calculating #,. This is however a gross simplification, which made the calculations of the
interpolated Hamiltonian (eq. less accurate.

Furthermore, we have not explicitly made the calculations that shows the Fock parafermions are abelian
versions of the non-abelian parafermions. This would need to be done to render credence to the validity
of our bosonisation, since we assumed abelian bosonisation could be used.

In conclusions, in this thesis we have discovered the consequences of the bosonisation of the Z3 Fock
parafermions as a proof of concept. The bosonisation (eq. is applicable also to general Zp Fock
parafermions. Further work is encouraged for the study of the general case. One point of interest could
be to study the case p = 2k, since it bridges the gap to fractional fermions.
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Appendix A

Bosonisation of Fermions and Bosons
and the Luttinger Liquid

In this appendix we will review the theory behind the bosonisation of bosons and fermions. This tech-
niques consists of a clever way of rewriting the creation and annihilation operators of some interacting
particles mapping them to free scalar fields theories. This technique works most often only in the low
energy limit, where fluctuations are not too pronounced, and is as such a field theoretical low energy
approximation of the system.

There are two approaches to bosonisation: fields theoretical and constructive bosonisation [32, pp. 4-
5]. In this appendix we will recount the field theoretical approach to bosonisation of the fermions and
bosons. The derivation is based on chapter 3 of [34] the lecture notes [27].

Density Operator and Phenomelogical Bosonisation

Consider a 1-dimensional chain of particles located at sites z = z; for j € [1...[]. The density operator
of such chain can be explained by the operator:

N

pla) =) 8z — ;) (A1)

j=1
To count the number of particles before the point z; we introduce the field 6 such that:
0(z;) = 2wy (A2)

This field has its definition expanded such that it is continuous in z. It is assumed to behave nicely such
that it is monotonically increasing. We define the function:

fla)=—i (e”(‘”) - 1) (A3)
Notice that this function has zeroes when x = z;. The following identity:
1 1
6(f(z)) = 0 — ) = —0(z — ;) (A4)
Z |0 f ()] ! Z |0,0(x;)] !

J€ zeroes of f j€ zeroes of f

Notice that the function f(z) is zero when 6(x) = 2mj. We have also assumed 6(z) is monotonically
increasing, and can thus omit taking the absolute value of it spatial derivative. In other word we may
recast §(x — z;) in terms of the function 6(z). Hereby we find that:

N
pz) = 3 0u0(x)5(0(x) - 27j) (A.5)
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We solve this equation by Fourier transformation the summand. Poisson’s integration formula guaran-
tees that the sum stays the same:

0:0() = igo(a)
p(x) = o q;oo el (A.6)
So far the function 6 has kept track of all the particle in the field. But if the number of particles are N
and the one-dimensional chain has length L, we may define py = N/L, which is the average density.
Now we can recast the definition of § such that it only accounts for the derivation from this mean. In
particular we let:

0(x) — 2mpox — 260(x) (A7)
Whereby the density becomes:
aﬂ?g z — i2q(mpox—0(x
g=—00

Notice that the density operators of both bosons and fermions are bosonic. Hence we will find that
[0(z),0(z')] = 0, in different # # z’. Summing over large distances compared to the average distance
between the particles all other powers of ¢ # 0 sum to zero. Thus, the part of the density outside the
sum over ¢ turns out to dominate in many applications.

We note that the density operator can be constructed from the single particle operators (z). Namely,
YT (2)y(z) = p(z). This construction is well known from quantum mechanics.

Bosons

We make an ansatz that we may write the bosonic operator as:

vh(x) = V/p(z)e ) (A.9)

Notice that this operator obeys that w}; (x)¥p(x) = p(z). For the operator to be bosonic we must require
that it obeys the relationship:

[Wp(2),¥h ()] = 6z — ") (A.10)

If x = 2’ we find that this equation gives us:
@ p(x)e” @) — p(z) = §(x — 2') (A.11)

Multiplying this equation by e~*#(*) from the left on both sides yields:

{p(m), 67i¢(w)] = e @5z — ') (A.12)
We insert the definition of the density operator (eq. with only the slow oscillating parts, ¢ = 0.
Furthermore, using that [A, e 5] = —i[A, Ble~*, we find:
{W, d)(m’)} = —id(z — ') (A.13)
77

Hence the two fields 6 and ¢ obey this relationship. This relationship is very fundamental so rather than
just being a coincidence we let it be one of the defining features of the bosonisation theory. Integrating
over z (notice that 2’ will be a constant under this integration), will yield a commutation relationship:

[0(z"), p(z")] = —imO(x — ') (A.14)

Where ©(z) is the Heaviside step function.

With this commutation relation in mind it can be shown that the fast oscillating terms of (eq. [A.8) do not
contribute anything to the commutation relation. The bosonised version of the bosonic field is expressed

as:
8939(.%) —1 Tpoxr—O(x —i¢p(x
w};(x) =1/po — - Ze (29)(mpoz—0(2)) o —id(x) (A.15)
q
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Fermions

The fermionic operators, 1/)} (x), can be defined from the bosonic operators z/;};, (x) by changing the sum
over ¢ such that 2¢ — 2¢g + 1, hence:

Wh(x) = 1/ po — %@) 3 eiCar o) id(e) (A16)
q

The addition of this term in the exponent makes it such that the operators, w}(x) and vp(z'), anti-
commute. This is quite easily derived from application of the commutation relations (eqs. and
D to the anti-commutator {w} (2),vr(2")}. The calculations will be omitted here.

Notice that it is often expedient if we linearlise this mode around the Fermi surface. Around the Fermi
surface we have py = kp/m, where kp is the fermi wavevector. Linearlising effectively means that only
the lowest orders (of oscillation) are allowed. Notice two such exist, one for ¢ = 0 and one for ¢ = 1. As
such we may write:

Wh(z) ~ N (empxe—iw(xw(x)) n e—ikmce—iw(w)—@(m))) (A17)

Where N is some normalisation constant. On the lattice with lattice constant a thisis N = y/1/2wa

Luttinger Liquids

The Luttinger liquid arises as a low energy-field theoretical description of the one-dimensional tight-
binding model Hamiltonian with quartic density-density interactions:

H=-t Z (ciJracr + H.c.) + UZ chac,«JracIcr (A.18)

Where cf and ¢, are the creation and annihilation operators in the site r on the lattice of length L and lat-
tice constant a. In the field theoretical description we assume the model becomes a continuum where we
can describe the creation and annihilation operators in terms of the bosonised description that was just
derived. In this section we will derive the Luttinger liquid description of the fermions, but it can like-
wise be done for one-dimensional chain of bosons or a p-wave superconductor. We define the density
operator:

p(z) = lim ¢} (2)r(z + a) (A.19)

a—0
Through a first order Taylor expansion of the fields:
o(r 4+ a) = ¢(r) + adyp(r) O(r+ a) = 0(r) + ad,0(r) (A.20)

It can be shown that the density operator approximates as:

_81-(9 n K (e—ZikpazeZL'G(r) _ e2ikpze—2i0(z)> (A21)

ple) = T 2ra

The same Taylor expansion yields that the product of two density operators becomes:

plx + a)p(x) — % [(1 — cos(2kpa)) (0,0(x))* + ésin(2kpa)8x6(w) + % cos(2kzpa)] fora—0
(A.22)

We insert this result in the Hamiltonian Hiye = U [ dz(p(z))?. The last term can be ignored as it is a
simple constant. The second term with integrate to give us a boundary term in ), which we will dismiss.
The interaction Hamiltonian is then:

Hie = U / dm% (1~ cos(2hpa)) (2,0(2))° (A.23)

We now direct our attention towards the the free part of the Hamiltonian. We rewrite the creation and
annihilation operators in their bosonised description. The Taylor expansion that was used earlier yields:

w}(:r + a)}zpp(x) = ﬁ [2 sin kpa — aisin kpady¢ — a cos kpady — a® sin kpa(aqu)Q

(A.24)
— a?sinkpa(9,0)? + 2icos kFaangama}
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Plus some fast-oscillating terms that will be ignored. We add the Hermitian conjugate to this expression,
whereby the imaginary terms disappear. The free part of the Hamiltonian (eq. [A.18) is thus:

—asink
Hy = —t/d:z: 2. % ((0:0)% + (0:6)) = /dx % ((0:0)% + (9:6)?) (A.25)
Where we have defined v = 2tasin kra. We have integrated out the 2sin kpa and a cos kpad, 0-terms,
which would yield a constant and a boundary term that can be ignored. The total Hamiltonian of the
system is:

_Vr 2, 1 2
o= / dr K (0,0)° + 4 (0.6) (A.26)
Where we have defined the Luttinger parameters s.t.:
vpK =u vp = \/u (u+ %(1—0082/@@))
v 2U == m (A.27)
% =u+ 25(1 —cos2kra) K = e (T

The Hamiltonian (eq. is the famous Luttinger liquid. It is very useful to describe a system as a Lut-
tinger liquid since so many types of systems becomes Luttinger liquids in their lowest order description.
Furthermore are correlation functions easy to calculate since the Luttinger liquid yields the correlation
functions of the two fields:

G@6O) = —snlel ., @@H0) =~ Inal (A.28)
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Appendix B

Chiral Luttinger Liquid Two Point
Correlation Functions Calculations

In this appendix we show the explicit calculations used in the derivation of the two point correlations
function of the chiral Luttinger liquid. The correlation function (Eq. [2.29) is evaluated by noting that the
iw may be taken out of the denominator of the integrand /Green’s function:

—1
Gk,w) = (012 - ikw) ST (B.1)

; W
Uy iw ﬁ—kk

Hereby the calculation of the correlation function splits up into two integrals, such that:

1 1 irer PV |
ez m)ola’, 7)) =~ ss / dio 2o / dk 0 g (B.2)

Note that w and v, both are real numbers. The integration over k can thus be carried out using Cauchy’s
Residue Theorem [25]. To use this theorems we must require that the function eth(@=2') ig analytical in
k € C, which may be denoted as k = k; + iky, for k1, k2 € R. Thus:

eik(m—x’) — eikl(aﬁ—m’)e—kg(m—x’) (83)

This function will blow up and be non analytical for ks — +o0 if ko(z — 2’) < 0. Hence for (x — ') > 0
we must require that k2 > 0 as well, and we can choose a path in the upper half of the complex plane to
integrate over. On the other hand will (z — z’) < 0 require the imaginary part of k to be negative, hence
a path in the lower part of the complex plane is to be chosen to be integrated over. Thus by choosing
a closed contour path C ,_ in the upper or lower half of the imaginary plane in the cases (z — z') > 0
or (x — 2’) < 0, respectively, and if the point —iw/v,, is contained in the closed contour, it will act as a
simple pole of the function, rendering the integration:

k+ 2

Ve

. ’ 1 W (g
7{ o )ﬁ — 2mieve ) (B.4)
Cyy

Where we have assumed v, # 0. If the point —iw/v,, is not inside the closed contour on the other hand,
the integral will evaluate to zero. Note that w, v, € R, so —iw/v, will be in the upper half of the complex
plane for w/v, < 0, while it will be in the lower half if w/v, > 0.

Assume we consider the case (z — z’) > 0, so that we may construct the curve C going from —R to R
in the real numbers and in a half circle from R back to —R, denoted by I', for some R > |w/v,,|. In this
case the integral can be deconstructed as:

1 , / 1

4 dk ezk(xfr) i

k‘—F:TM i k4 X
@

Ve

R
N W = / dk === (B.5)
k+ vy -R

Cr
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The integral over the curve CT'; can be rewritten as taking the integral over the curve with k = Re® for
¢ € [0, 7). Substituting this value into the integral and by the triangle inequality we find:

. , 1
/ dk ezk(ac—w )7“‘}
I, k+ 2=

Ve

™ —R(z—z')S3(e%f)
< / 40 Re
0

/71' iR 0 eiRem(a:—;E/) -
e ——a——~ ; B.6
0 Ree—i—zﬁ ‘Rei9+% (B.6)

Note that S(e'?) > 0, since we are in the upper part of the complex plane. If we let R — oo, the term
Re'” will dominate the denominator, hence:

dk eik(r—z’) . 1
T, v~k

< / df e BE=213") 5 0 for R — 0o (B.7)
0

Thus this integral will evaluate to zero in this R — oo limit. Hence for (x — 2’) > 0:

Rl ) ; 1 ; ' 1  (p—g’
/ dk M) — k) — 9mjens T g <—w> (B.8)
oo k —+ ﬁ Cy k + ﬁ Ve

We have introduced the heavyside step function to make sure the pole of the function, —iw/v,, is con-
tained inside of the closed curve C.. If (x — 2’) < 0, on the other hand, we may only integrate over the
lower half of the complex plane, getting by the same steps as before:

: ’ 1 ; ’ 1 W (g’ w
ik(x—x ik(zx—x R (z—z")

Ve -
We can ignore the integration with value w = 0, since we can exclude a single point from an integral and
not change the value, since the measure of a single point is zero [25].

Evidently the sign of the velocity has a great impact on the two point correlation functions, as its value
determines the domain for the integration over w. Note the fractional charge ~ of the chiral Luttinger
liquid determines the sign of the velocity, v, so it will be most telling to consider each of these cases by
themselves.

However, before we proceed to calculating the exact correlation functions we observe that the correlation
function will generally be on the form:

1 (B ir=) et
o P S (B.10)
ol Tl ) = 5 [ o S 3ra |

Where we have defined:
rz—a xz—a

=—0" i(fr—1')= - +(t—=1t) (B.11)

No matter the value of £, the integral in (Eq. [B.10) will diverge when integrating over the both the
domains (0, c0) and (—o0,0). To get around this issue we introduce some cut-off frequencies, Amin and
Amax, such that we may carry out the integration by parts:

0 w Amax w Amax
/ dw et — / dw et [e¢ log w]:ff“f“ —¢ dw ¢ log w (B.12)
0 w Amin w o Amin
Two extreme cases arises for evaluating the integral on the right hand side. The first case is to let Ayin <
Amax. The second case lets Apmin = Amax, which is to be considered for the renormalisation group in a later
section. If Amin < € < Amax, the latter integral on the right hand side of (Eq. can be approximated
as an integral from 0 to co. If £ > 0 the integral will diverge and go to co. Hence we will only evaluate
the integral for £ = —|¢| < O:

o0 o0 1 o0 o]
/ dw e "l logw = / du e logﬁ = — (/ du e "logu — (/ du e‘“) log §|>
0 o 1€ &l 1€l \Jo 0

1
=~ (—y—1
|€|( v —log [€])

(B.13)
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Where we have substituted u = w |{| in the integral, and where 7 is the Euler-Mascheroni constant. The
first term of the right hand side of (Eq. |B.12) is in this limit:

w=Amax

[e‘*’5 log w] = hmaxd log Amax — ehAmin€ log Amin & —1og Amin (B.14)

W=~min

Since letting Amax — oo for £ < 0, the first term disappears due to I'Hopital’s rule:

log A Amax ! 1
Amax§ . max max o
e log Amax = o Amax €] | eAmaxl€l T Aoy | €] eAmalé] — 0 (B.15)
And Apin — 0 will make e®=né — 1. Thus, for Amin < € < Amay:
/oo " ﬁ - —log(|¢| Amin) —v for& <0 (B.16)
0 w 00 for >0
On the other hand the integral over the domain (—o0, 0) will become:
0 wé —Amin wé — Amax wé Amax —ué
/ dwe——>/ dwe—:—/ dwe—:—/ du < (B.17)
—00 w 7Amax w 7Amin w Amin u
Where we have done the substitution « = —w. Carrying out the integration over u, by previous calcula-
tion we see, for Apin < € < Apax:
0 wé _ fi 0
/ dow S~ 17 or{ < (B.18)
o w log(|¢] Amin) +v  for& >0
Casev =0

So far we have not considered the extreme case for which the system is v = 0. This instance can be
achieved either by letting x = 0 or € = 0. The case € = 0 is not very complicated, since this corresponds
simply to letting everything, including the two point correlations functions, be zero. For x = 0, the
Hamiltonian becomes:

Heipp=0 =€ / dz (0,¢)? (B.19)

As mentioned earlier, the absence of a dependence on the §-field, will render the time derivative d;¢ = 0.
The Lagrangian density is easily found through a Legendre transformation, since the time derivative
8t(p =0:

Lern, =0 = —€(0zp)? (B.20)

This Lagrangian yields the partition function:
ZCLL,k=0 = /Dgo exp {2 /dkdw O(—k, —w)k*$(k,w) (B.21)
From this partition function we easily find the Green’s function:

h1

Gﬁzo(k,W) = 7;@ (B22)

Taking the Fourier transformation over k and w gives us the correlation functions in position space:

h o1 ) T pik(z—a') h1 oo oih(o—a")
(el olal g = 2 [~ awerern [T S M [ a2

oo oo €2m s
(B.23)
The integral can be rewritten as
o] ik(z—a') 00 ik(z—z') —ik(z—z") o] o
/ dkeiz/ dk & te :2/ dkw (B.24)
k2 k2 k2
— o0 0 0
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This integral will blow up and diverge if we integrate from x = 0. Hence we introduce some cut-off
frequencies, Mmin and Mmax to do the integration over. Integrating by parts yields:

Mmax - o ! k=Mmax Mmax .3 -
/ dk cos(k(a:2 x')) _ {cos(k(x x ))] - x’)/ " sin(k(z — z')) (B.25)
» k k ko= Mmin Miin k

imin
The latter integral converges in the limit (Mmin, Mmax) — (0,00) to Fsgn(z — z’) [35, p. 110]. In this
limit the first term will disappear for & — oo, but diverge for k¥ — 0. However for k — 0 the cosine will
approach 1. In total we get that the real space partition function for x = 0:

(ol 00l o = 5

+7rx—m’)(5t—t' (B.26)
T e —all) o~ )

This result works for = 2’ too, hence we need not consider this case separately, as we did when
considering the system for « # 0. Note that the units of the above expression is in length, as i has units
energy times time, and 6(¢ — t') will have units one over time.

Defining the chiral Luttinger liquid on a lattice of size L and lattice spacing a, the natural definition of
Mmin = 1/L and Mpyax = 1/a, whereby the equal time correlation functions are:

(ol ', 0)) = 2% (2L + 7|z — /) (B27)

In the thermodynamic limit, the latter term becomes irrelevant, hence the correlation is simply a con-
stant:
, hL
(o, )o@ 1)), g = = = const (B.28)

e

B.1 High Energy Limit

We have so far assumed Amin > |£] > Amax, which corresponds to a low energy approximation of the
system. In the high energy limit we assume ¢ is of the same order as Apmax. Furthermore are smaller
values assumed to be negligible, which mwhich gives us the ability to let the cut-offs approach each
other, such that Apin ~ Amax. We can define an infinitesimal dl such that:

A
" x1+dl (B.29)
Amin
Remember that through integration by parts:
Amax e—wlél w=Amax Amax
/ dw = [e*wlﬁl log w} + 1€ / dw el og w (B.30)
Amin w w=Amin Amin

The latter integral will approach zero in the limit Apnin = Amax, since we can approximate the integral as:

Amax Amax - Amin A, A
/ dw el log w ~ — 5 (e_ mxlél 1og Apax — e~ Amnlél og Amin)
Amin (B.31)

2
~ %gAmx\s\ log Amax ﬂeﬂ\mx\f\

i 2
min
This integral is infinitesimally small on the order of (dl)? and can thus be ignored. Since Amin ~ Amax,
we may let e~ [§1Amin x ¢ ~€1Ama whereby:

Amax e—w|£| A A Amax
/ dw ~ e~ 1€/ Amax (log Amax — 10g Amin) =~ 1€ Amax log —— (B.32)
Amin w min
Thus the correlation functions are:
A
(o, ol 1)) o — L] clelm g Amax (B.33)
2 Amin
And:
Oz, )02, 1))~ — L« o= IElhmn g Amax (B.34)
’ ’ 2 ‘KJ| Amin ‘

What is important to note is that the correlation functions are exponentially decreasing, and very rapidly
50, since Amax in the exponent is a big number. Effectively the correlation functions are zero at the long-
range orders that we will consider.
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Appendix C

Z3 Fock Parafermion
Nearest-Neighbour Hopping
Hamiltonian Calculations

In this appendix we sum up a few of the calculations made in the derivation of the field theoretical
description of the Z3 Fock parafermions nearest neighbout-hopping Hamiltonian.

Single Hopping Hamiltonian Continuum Limit Calculation

The Hamiltonian to evaluate:

-1 -1
Hy=-t,y FlF+He=-tY BlUB; i +Hc (1)
i=1 i=1

By our definitions we may calculate the single Fock parafermionic hopping of the Hamiltonian:
BlU;B;y1 = (efwl(m 4 efz'wz(m)fm(m») i 1 CHOTCRREERACH) (ewl(ml) 4 ez’(asz(mm)—m(zm)))
(C2)

Where we have used the fact that the total number of parafermions is a conserved quantity, and will
simply be a number. Hence n is a conserved quantity that can be absorbed in a pair of canonical, unitary
transformed fields, ¢’;, by defining:

—a (arol + 2@92) =n—a <Ml + 23192> (C3)
s ™ s

™

By the BCH formula, we calculate the first terms of the expression above:
) 27 , .
exp [—i¢1(x;)] exp |:Za3 {33701 (x;) + 20,0, (m,)H exp [i¢1(Tit+1)]

— exp (—ifbl(a:i) _ z%“ (0.6, (2:) + 20,03(20)] + i1 (i) + % [—iqﬁl(as?;), —igaaxa;(xi)D C4)

= exp [z (¢1(xi+1) —¢1(x;) — % |:(9,1(=Lz+1) - 9/1(%)) + 2(0/2(561‘4-1) — 9,2(11))} - ;W> ]

Likewise, we calculate the other terms of the expression:

exp i1 (5] xp | i3 (61 0140) = 0 00) + 2065 (z102) — 03(0)] | ex i0a(ain) = on (s

= o [ (6atosn) = d1(0140) = 01(00) = 3 [(Bharn) = 61 0) + 26 w000) = 65 0)] - 37 ]
(C.5)
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And:

+% [—Z%(xi)’ _7;36,2(1'i+1):| +% |:i¢1(xi)a_i30/1($i+l):| )
= exp [Z <—¢2(xi+1) + ¢1(zit1) + o1 (xi) — % [(9; (wi41) = 0y(2:)) + 265 (wi11) — 9/2(9%'))} - ;W)

(C.6)

And:
exp -i(0a0) ~ dn(a)]exp |~i3 [0 zs0) = 0, 00) = yoin) — 65(0:)] | xp i0a(aien) = o1(0110)]
= exp [l ((¢2(33i+1) = ¢2(x:)) = (d1(wiv1) — d1(wi)) — ; (01 (@is1) = 01 (2:)) + 2(0a (wir1) — 9,2(%‘))] - ;)77) ]
(C.7)

Adding the hermitian conjugate to these expressions renders the term, BJ U;Bi+1 + H.c,, equal to, as-
suming ¢ is real:

2 cos [¢1(mi+1) — ¢1(x5) — g (9/1($Z+1) — 9/1(1%)) + 2(9/2(33#1) — 9/2(&%)) - %w

2008 [gbz(xim — 1(oi) = G1(w0) = 3 O w1e1) — 6,20 + 26 (i) — 1)) - g

270, ’ ’ ’ 1 1
+2 cos l d2(x;) + O1(Tig1) + (i) — 3 _(91(9~“z‘+1) =0y (z1)) + 2(02(wiy1) — 92(%‘))_ — 37
270, ’ ’ ’ 1 1 :
+2 cos [(¢2($i+1) = ¢2(2:)) = (A1(win1) = 01(@1)) = 5 | (O1(@in1) = O2(22)) + 2005 (wi41) = Oa(0))| — g7
(C.8)

The single hopping Hamiltonian is thus:
La 2 , N1
Hy = —2t1/0 f [cos [a@qul - Za (axel + 23m92) - gw]
2 ’ ’ 1

+ cos [¢2 — 201 + a0y — adppy — 3¢ (83591 + 2&92) - gw} o)

+ cos [— do + 2¢1 + aly 1 — %a (8339/1 + 2659/2) - %77]

+ cos [a@mq&g —al0y¢1 — ga (8939'1 + 25}9/2) - le)w”

In the second and third line we have used the approximation:
Gj(it1) + ¢5(xi) = @j(wira) = (95(xi) — ¢5(2i)) + ¢j(2i) = adpd(wi) + 2¢(z;)  for j=1,2 (C.10)

In the end, we need to substitute the 9;—fields that were considered by the 6;-fields. Remember the

9; -fields came from having absorbed the constant number density, n, into the §;-fields, i.e. by the trans-
formation:

2 ’ ’ 2 271'
- Za (amel + QazaQ) — =20 (0,61 +20,62) + S (C.11)
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Taylor Expansion of the Single Hopping Terms

The taylor expansion of a general cosine-function in = around zero is:

~ cos(b)

cos(kz + b) = cos(b) — sin(b)kx kz? + O(2?) (C12)

Taylor expanding the first term in (Eq. in a, we find:
2
cos [a@xd)l — 20 (0,6: +20,6,) + g (2n — 1)}

~ cos [g (2n — 1)} — asin [g (2n — 1)} (am - % (9,0, + 289092)) (C.13)
2

9 2
- % cos [g (2n — 1)] ((%qbl ~3 (0201 + 23z92))

While Taylor expanding the fourth term in (Eq. in a, yields:

2
cos {a@mqﬁl — adypgy — ga (001 + 20,02) + g (2n — 1)]

~ oS [g (2n — 1)} — asin [g (2n — 1)} <3m¢2 —0:z¢1 — g (0201 + 28192)) (C.14)

2

2
_ % cos [g (2n — 1)} (amqbg Oy — g (9.0, + 2@092))

Calculation of G(x, x + r) Ignoring Z;-Symmetry

We now consider the parafermionic correlation:

z+r—a
G,z +71) = (F))? (Fosr)?) = <(B;>2< 1T (Um) (Bx+r>2> (C.15)

k=x

We ignore the Z3-symmetry that makes w2 = w"2. This is equivalent to naively squaring the operator
U}, such that:

T+r—a o B
H (Uk)2 _ 64§ipr€7%(02(x+r)762(x)) (C16)
k=x

Whereby the product:

z+r—1 ) e B . B
<(BJ:)2 ( I1 (Uk)2> (Bz+r)2> _ 5 (pr—) <ezz<¢2<z+r>—¢z<m>>—%(02<m+r>—02<z))> (C.17)

k=x

The cummulant expansion yields:
<ei(¢2(w+7')—¢2(1‘))> o =3 (=2)2% (= § loglz+r—al) _ . —% (C.18)

And: )
<€i<ez<r+r>—ez<z>>> x =3 (3) (=2 (-3 logle+r—a|) _ -4 (C.19)

Multiply these together, we notice get:
Go(z,x +71) o 5 =1y =3 (C.20)

This corresponds to the prediction made in [4], which was based on the argumentation of the system
being an anyonic fluid which had it’s correlation function calculated in [31]. However the numerical

results in [4] do not back up this prediction, where the result is closer to |Gy(x, = + )| ~ 77 3.
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Appendix D

Various Results

D.1 Cumulant Expansion
This rather short section simply states the cumulant expansion:

(£7) a ()= (%)= (2)?) (D.1)

D.2 Derivation of the (d+1)-dimensional QFT Euler-Lagrange Equa-
tion

Consider a Lagrangian density in (d + 1)-dimensional space, such that L[y, 9;¢], for i € [0, d], where 0 is

the time dimension and [1, d] are the spacial dimensions. The variation in the action, S is:

d
58 = / ditly (giéwrzg 8(68;)5(@ )) (D.2)

It is evident that:

% (3aa7) =2 (563 % * 55O ®3)

Setting d¢ = 0 at the spatial and temporal start and end points of the integration, integrating the above
expression yield a left hand side of zero. Hence we see:

[ oL L, [ oL
55_/d g (a@—;@(a(w)»&p (D.4)

Minimising the variation of the action for arbitrary ¢, we arrive at the Euler-Lagrange equation:

d

oL oL
7~ 20 (30) = ()

=0

D.3 Level Spacing Statistics

Level spacing statistics is a technique to study the integrability of quantum systems by studying the
statistics of the energy eigenstates of the Hamiltonian. The probability that the energy difference be-
tween to adjacent levels s,, = E,, 41 — E,, lies in a given interval [s, s + ds] is considered. If the system is
integrable the probability distribution will be Poissonian, ie. Pp(s) «x e *. For non-integrable solutions
the spectrum is conjectured to follow the rules of random matrix theory which leads to the probability

distribution being a Wigner-Dyson surmise: Py p(s) ~ AsBe—Bs”,

The value of 3 is most often determined by the symmetries of the system, where 5 = 1 is true for
anti-unitary symmetries (time reversal invariance) and the probability distribution is called Gaussian
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orthogonal ensemble, whereas for more general complex systems have 3 = 2 called Gaussian unitary
ensemble. The term with s” spreads out the probability distribution and is exactly what measures the
level repulsion.

The article uses exact diagonalisation to simulate the energy levels of the system with open boundary
conditions. And then show that they observe convergence to the Gaussian unitary ensemble fairly
quickly for p = 3 and even quicker for p = 6, for a given number of particles N with varying the length
of the system L. Furthermore they observe a crossover from a Gaussian unitary ensemble to a Gaussian
orthogonal ensemble by increasing the tunneling strength of the hopping between neighbouring sites,
quite possibly signifying a change is symmetry of the system, which they call for further work into.
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